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CHAPTER 1

General Introduction






Alzheimer’s disease, mild cognitive impairment, and subjective cognitive
decline

Dementia is an umbrella term that describes a syndrome characterized by
memory loss, language problems, and disturbances in social and problem-
solving abilities; all severe enough to interfere with daily life [1]. According to
the World Health Organization (WHO) 2021 datasheet, around 55 million people
suffer from dementia worldwide, with 10 million new cases every year. In 2030
and 2050, this number is expected to rise to 78 and 139 million, respectively.
Additionally, dementia has a significant impact not only on the patient and their
caretakers, but also at the socio-economic level. In 2019, the global societal cost
for dementia was estimated a total of 1.3 trillion US dollars [2].

The most common type of dementia is Alzheimer’s disease (AD), accounting for
60%-70% of dementia cases, followed by vascular dementia (VaD), Lewy body
dementia (LBD), frontotemporal dementia (FTD) and mixed dementia [2].
Notably, individuals with mild cognitive impairment (MCI) or subjective
cognitive decline (SCD) are at an increased risk for developing AD. MCl patients
experience similar symptoms as dementia patients with one major difference,
1.e., that the symptoms do not yet affect their day-to-day life [3]. SCD refers to
individuals who notice a decline in memory or other cognitive abilities, while
clinical diagnosis shows no proof of such decline [4]. A recent large meta-
analysis has shown that the annual conversion rate of SCD to MCI and dementia
was 2.33% and 6.67%, respectively. Additionally, longitudinal studies over 4
years reported SCD to dementia development to be 14.1%, while 26.6% of SCD
individuals converted to MCI during that same time frame [5].

The main pathological phenomenon observed in dementia is damage to or loss
of nerve cells and their ability to communicate with other cells. Additionally,
dementia is a heterogeneous syndrome involving impaired memory and
judgment, confusion, changes in personality and behavior, difficulty in speech,
motor alterations, and affects patients differently depending on the affected brain
region(s) [6, 7]. Furthermore, the neuropathology is different for every dementia
type. For example, AD-specific learning and memory impairments are mainly
associated with the accumulation of amyloid-beta (AP) plaques and
hyperphosphorylated tau protein in the hippocampus [8]. While VaD is
characterized by blood vessel and vascular related brain damage due to reduced
blood flow after stroke(s) [9], LBD is caused by abnormal aggregation of a-
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synuclein protein as well as AP and tau [10]. Lastly, the main risk factor for
dementia is aging, while genetic factors are also known to play an important role
[11]. For example, different apolipoprotein E (APOE) alleles have been
associated with differential risk for the development of AD. There are three
major APOE allelic variants, €2, €3, and &4, of which APOE*¢2 is associated with
decrease risk while APOE*¢4 is associated with increased risk of developing
MCI and AD [12].

Affective symptomatology in dementia: depressive- and anxiety-like
symptoms

Studies have shown that depressive- and anxiety-like symptoms are commonly
observed in patients with dementia or in individuals at risk of developing
dementia. Depression is characterized by chronic sadness and a lack of interest
or pleasure in previously rewarding or amusing activities while anxiety is
characterized by intense, over-reactive, and continuous worry and fear, and that
interfere with day-to-day functioning [13]. The exact cause of these affective
symptoms are unknown, but a variety of factors may be involved including
biological factors such as gender, and genetic and epigenetic variation, but also
environmental factors such as stress and drug exposure. For example, a meta-
analysis reported that the overall prevalence of depression was 32% in MCI
patients [14]. With respect to anxiety, SCD patients with anxiety symptoms
showed a hazard ratio (HR) of 1.3 for developing MCl/dementia [15].
Furthermore, a recent meta-analysis by Leung et al. (2021) investigated the
prevalence of depression, anxiety and apathy symptoms across dementia stages
over 20 studies and reported that the prevalence rates of depressive and anxiety
symptoms in mild, moderate, and severe dementia were 38%, 41%, and 37%,
respectively [16].

The mechanism of the kynurenine pathway

Recent studies point towards metabolic dysregulation as a potential mechanism
that could explain the intricate link between neuropsychiatric [17, 18] and
neurodegenerative disorders [19-21]. Tryptophan (TRP) is one of nine essential
amino acids, indicating that it can only be obtained through diet or supplements.
Moreover, TRP is a precursor to the 1) kynurenine pathway (KP), e.g., as part of
the biosynthesis of nicotinamide adenine dinucleotide (NAD), 2) the
neurotransmitter serotonin pathway, e.g., as a part of the biosynthesis of
melatonin, and 3) tryptamine pathway [22] (Figure 1).
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Figure 1. Overview of the kynurenine pathway. Blue boxes indicate metabolites, white boxes indicate the
metabolic enzymes, green circles indicate coenzymes/cofactors that activate the enzyme, and red circles
indicate coenzymes/cofactors that impair the associated enzyme. Abbreviations: IDO, indoleamine 2,3-
dioxygenase; TDO?2, tryptophan 2,3-dioxygenase; FKF, N-formylkynurenine formamides; KYNU,
kynureninase; KMO, kynurenine 3-monoaxygenase; KAT, kynurenine aminotransferase; HAAO, 3-
hydroxyanthranilate oxygenase; ACMSD, 2-amino-3-carboxymuconic-6-semialdehyde decarboxylase; PLP,
pyridoxal phosphate; RIBO, riboflavin; Zn, zinc; Fe, iron; Co, cobalt; Cu, copper; Mn, manganese; Mg,
magnesium.

The KP is the dominant pathway, accounting for about 90% of overall TRP
metabolism. While it is mainly active in the liver, extrahepatic activities are also
present, accounting for 5% - 10% of TRP degradation under normal
physiological conditions [23]. The KP is initiated by two first and rate-limited
enzymes, tryptophan 2,3-dioxygenase 2 (TDO2) and indoleamine 2,3-
dixoygenase 1 and 2 (IDO1; IDO2). TDO2 is induced by cortisol and it is mainly
expressed in the liver, but also present in the brain. Astrocytes, microglia,
microvascular endothelial cells, and macrophages are the main cell types
expressing IDO and induced by pro-inflammatory mediators [22, 24, 25]. Aside
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from the aforementioned KP enzymes, there are coenzymes and cofactors that
play a role in the KP [26] (Figure 1). These coenzymes are pyridoxal phosphate
(PLP), active form of vitamin B6 [27-30], and riboflavin (RIBO), active form of
vitamin B2 [31-33]. Furthermore, cofactors such as minerals can influence KP
enzymes, which will not be discussed in-detail for this thesis [34-45], but still
shown its influence in Figure 1.

The kynurenine pathway in the blood and the brain

The KP is particularly activated by inflammatory conditions. In such a scenario,
unbound free TRP, which competes with other large neutral amino acids
(LNAAs), is transported into the brain by the L-type amino acid transporter 1
(LAT1), located in the capillaries of the blood-brain-barrier (BBB). In the brain,
TRP enters microglia or astrocyte and is converted to kynurenine (KYN), which
can be further metabolized in two distinct metabolic branches, i.e., either through
kynurenic acid (KA) or through quinolinic acid (QA). KYN is converted to KA
through irreversible transamination by kynurenine aminotransferase (KAT)
predominantly in astrocytes and neurons, while microglia and infiltrating
macrophages are responsible for the production of QA [22]. Aside from the
aforementioned KYN conversion inside the brain, peripheral unbound TRP can
be converted to KYN and, subsequently, to 3-hydroxykynurenine (3-HK) by
macrophages before passing the BBB (Figure 2).

Cytokine-induced kynurenine pathway activation

As mentioned before, inflammation has been associated with increased KP
activity, especially in the brain. Multiple studies have investigated the role of
pro-inflammatory cytokines on the activity of enzymes involved in the KP in
healthy volunteers [46-54] and in a variety of disorders, including psychiatric
[55], neurodegenerative [56], and inflammatory disorders [57, 58], cancer [59-
61], respiratory disorders [62], arthritis [63], and obesity [64] (Figure 3). For
example, numerous studies focus on IDO, that is the first and rate-limiting
enzyme activated upon inflammatory stimulation. Studies have shown that under
normal physiological or non-inflammatory conditions, IDO mRNA expression
was either undetectable or very low, but upon interferon gamma (IFNy)
stimulation [46, 49, 57, 58], it is up-regulated substantially [64, 65]. Similarly,
other pro-inflammatory cytokines such as tumor necrosis factor alpha (TNFa),
interleukin 6 (IL6), IL12, IL18, and IFNf have been reported to up-regulate IDO
expression [46, 56, 58-61], shifting the KP towards KYN. Aside from IDO
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expression, pro-inflammatory cytokines can influence other downstream
enzymes, reducing KAT expression and increasing KMO expression in dendritic
cells and macrophages [49]. Additionally, KP metabolites, also known as
kynurenines, can also affect the immune system. For example, studies have
reported KYN, 3-HK, 3-HAA, and QA to induce apoptosis of T, B, neutrophils,
and natural killer cells [66-68], while KA was shown to decrease TNFa and 1L4
levels [69-71] (Figure 3).

Macrophage
IDO IDO
KMO / TDO TDO KMO
Blood Blood
Brain Brain
TRP@ KYN-- . _ 3HK
SHK/
3HAA
~ KA KA aa¥
Infiltrated "’-.‘QA Microglia ;i Astrocyte Microglia
Macrophage
- s o X ‘.’
oh s
2le 7
a7nAChRR— o
. = A NMDAR
o
Glutamate o

(o]
Presynaptic Postsynaptic

Figure 2. Overview of the kynurenine pathway in the blood and the brain. Unbound free TRP is
transported to the brain by the LAT1 or, alternatively, converted to KYN and 3-HK by macrophages, before
passing the BBB and entering the brain. Astrocytes and neurons are responsible for converting TRP and KYN
to KA, while infiltrated macrophages and microglia produce QA. Abbreviations: BBB, blood-brain barrier;
IDO, indoleamine 2, 3-dioxygenase; TDO2, tryptophan 2,3-dioxygenase; KMO, kynurenine 3-
monooxygenase; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-
hydroxyanthranilic acid; KA, kynurenic acid; QA, quinolinic acid; a7nAChR, alpha 7 nicotinic acetylcholine
receptor; NMDAR, N-methyl-D-aspartate receptor; LNAA, large neutral amino acid; LAT1, L-type amino
acid transporter 1. Adapted from Schwarcz et al. (2012) [22].
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Figure 3. Overview of cytokine-induced KP enzymes and the effect of the KP on immune cells. Blue boxes
indicate metabolites, black boxes indicate KP-associated enzymes, and red-dotted arrows indicate the effect of
metabolites on immune cells. Cytokine-induced KP enzyme activities designated by green circles indicate
increased activity, yellow arrows indicate no influence in activity, and red circles indicate reduced activity.
Abbreviations: KP, kynurenine pathway; IDO, indoleamine 2,3-dioxygenase; TDO2, tryptophan 2,3-
dioxygenase; KYNU, kynureninase; KMO, Kkynurenine 3-monoaxygenase; KAT, kynurenine
aminotransferase; HAAO, 3-hydroxyanthranilate oxygenase; ACMSD, 2-amino-3-carboxymuconic-6-
semialdehyde decarboxylase; QPRT, quinolinate phosphoribosyltransferase; IFN, interferon; IL, interleukin;
TNFa, tumor necrosis factor alpha; LPS, lipopolysaccharide; PHA, phytohaemagglutinin; DC, dendritic cell;
iNKT, invariant natural killer T; PBMC, peripheral blood mononuclear cell. Adapted from Baumgartner et al.
(2019) [72].

Neuroactive properties of the kynurenine pathway metabolites

Certain kynurenines have been studied extensively in view of their neuroactive
properties. KA is a well-studied metabolite owing to its neuroprotective
properties. It is an antagonist of glutamatergic N-methyl-D-aspartate receptors
(NMDARs), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPARs), and kainate receptors [73]. Furthermore, recently KA has been
shown to inhibit o7 nicotinic acetylcholine receptors (a7nAChRs) [74]. In the
periphery, KA acts as an agonist for the orphan G protein-coupled receptor 35
(GPR35) and aryl hydrocarbon receptor (AhR) [75]. Aside from its receptor
properties, KA also has antioxidant properties by scavenging hydroxyl,
superoxide anions and other free radicals [23]. Another well-studied metabolite
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is QA, which is particularly known for its neurotoxic properties. In contrast to
KA, it acts as an agonist of NMDARSs, with the potential to induce excitotoxicity
[23] (Figure 2).

The association between the KP and cognitive and affective disorders

Since kynurenines possess neuroactive properties and are highly active under
inflammatory conditions, recent KP studies investigated the association between
kynurenines and cognitive and affective disorders. For example, studies
examining the serotonin hypothesis of major depression (MD) found that
serotonergic dysregulation in MD patients is related to alterations in TRP
metabolism through activation of the KP. It is suggested that this switch from
the serotonin pathway to the KP is strongly influenced by pro-inflammatory
cytokine-induced activation of IDO [76, 77]. In addition, AD pathology such as
AP and tau also triggers an innate immune response, causing neuroinflammation
in the brain [78]. Lastly, clinical studies have shown similar trends in TRP and
KP metabolite concentrations for both disorders. For example, two independent
systematic review and meta-analysis studies have both reported lower KA levels
and no difference in 3-HK levels [17, 18], while one study reported lower TRP
level in patients with depression compared to controls [17]. AD dementia studies,
also reported lower TRP [21, 79-89], and KA [86, 90] levels, and no difference
in 3-HK [19, 21, 83, 84, 86, 91] levels in AD dementia patients compared to
controls. This was also shown in MCI studies, in which MCI patients showed
lower TRP [21, 79, 92], and KA [21] levels, and no difference in 3-HK [21, 93]
levels compared to controls. As such, there is an interplay between affective
symptomatology and dementia and the involvement of TRP metabolic pathway,
particularly the KP.
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Overview of the thesis

The objectives of this thesis were to investigate the role of kynurenine pathway
in different patient populations including individuals suffering from SCD, MCI,
and AD dementia by identifying differences in KP-associated metabolites
between patients with dementia and healthy controls, identifying whether other
factors such as differential transcriptome and epigenome in TRP catabolic
pathway-associated gene(s) are present in patients with AD compared to
controls, and lastly, identify KP-associated metabolites and systemic
inflammation markers associated with affective symptomatology, i.e.,
depressive- and anxiety-related symptoms in patients with or at risk of
developing dementia.

CHAPTER 1 familiarizes the reader with dementia and associated risk groups,
i.e., SCD and MCI, and the link between AD, depression and anxiety disorders
as common comorbidities. In addition, it introduces the essential amino acid
TRP, the KP as its dominant downstream metabolic pathway, as well as the
potential role of the immune system in the development and course of AD and
associated neurocognitive and neuropsychiatric symptomatology.

Next, in order to get a thorough understanding of KP-associated metabolite
research in dementia performed to date, CHAPTER 2 presents a systematic
review and meta-analysis. It presents a summary of the available evidence for
differences in TRP and KP metabolites between patients with evident cognitive
impairment or dementia and neurologically healthy controls. In addition, the
association between TRP and KP metabolites (in plasma, serum, cerebrospinal
fluid [CSF], urine, saliva, fecal matter, and post-mortem brain tissue) and healthy
aging and cognitive test scores was reviewed. Finally, a meta-analysis was
performed in order to examine the effect sizes of KP metabolites in plasma,
serum, and CSF when comparing AD dementia patients and controls.

In CHAPTER 3, we performed a transcriptomic, DNA (hydroxy)methylomic,
associated gene regulatory network (GRN), and network perturbation analyses
on the TRP metabolic and the NAD pathways, making use of data generated
from middle temporal gyrus (MTG) tissue of AD patients and age-matched
controls. Furthermore, the methylomic profiles were validated in an independent
blood-based cohort, i.e., the German Study on Ageing, Cognition, and Dementia
in Primary Care Patients (AgeCoDe) that compared baseline differential DNA
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methylation profiles between AD converters and non-converters within 4.5 years
follow-up. Based on the findings in the MTG and validation within the AgeCoDe
cohort, we identified a potential candidate cytosine-phosphate-guanine (CpG)
site in the /DO?2 gene, predicting the development of AD.

CHAPTERS 4 and 5 represents large cross-sectional molecular-epidemiology
studies making use of various models to adjust for different factors. Previous
studies have already investigated the association between KP metabolites,
inflammatory and endothelial markers, and clinical symptoms in patients either
suffering from a neurodegenerative or affective disorders. CHAPTER 4
describes the first study investigating the association between plasma KP
metabolites and affective symptoms associated with depression and anxiety in
patients with or at risk of developing dementia (making us of the Biobank
Alzheimer Centrum Limburg [BBACL] cohort). In CHAPTER 5, using the
same cohort, we investigated the association between plasma inflammatory and
endothelial markers in a similar context.

Finally, CHAPTER 6 discussed the results of this thesis, CHAPTER 7

summarized the main findings of each chapter, and CHAPTER 8 discussed the
scientific and societal impact in which the findings of this thesis brought.
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Abstract

Studies suggest that the kynurenine pathway (KP) is involved in the
pathophysiological processes associated with dementia, while alterations in KP
metabolites have also been associated with age, the most important risk factor
for dementia. However, as clinical studies reported contradictory results and
often do not correct for important confounders, the role of the KP in dementia
remains unclear. Therefore, the aims of this systematic review and meta-analysis
were to summarize the available evidence for i) differences in KP metabolites in
patients with evident cognitive impairment, ii) associations of KP metabolites
with healthy aging and cognitive functioning. English, full length articles
published in PubMed, Embase, PsycINFO, or the Cochrane Database of
Systematic Reviews with a prospective, cross-sectional, case-control or
randomized controlled study design, up to April 21 2021, were included. A
random effect meta-analysis of standardized mean differences (SMD) was
performed. Heterogeneity, meta-regression, small study bias, and study quality
assessments were carried out. Out of 7233 retrieved studies, 103 were eligible
for the systematic review. Twenty six studies were included in meta-analysis
comparing patients with Alzheimer’s disease (AD) dementia with neurologically
healthy controls and showed that AD dementia patients had lower blood levels
of tryptophan (SMD = -0.42 [95% CI -0.55, -0.29]), kynurenic acid (-0.37 [-0.53,
-0.21]), xanthurenic acid (-0.40 [-0.59, -0.21]), and anthranilic acid (-0.33 [-0.63,
-0.03]). Quinolinic acid displayed a tendency towards lower blood levels in AD
dementia, but this did not reach statistical significance. Studies included in the
systematic review suggest that age is associated with lower blood levels of
tryptophan, whereas blood levels of kynurenine and the kynurenine-tryptophan
ratio and cerebrospinal fluid levels of kynurenic acid and quinolinic acid were
generally higher with increasing age. Associations with cognitive test scores
were inconclusive and generally non-significant. These results suggest
alterations in the KP metabolism in AD, but challenge current assumptions of
higher quinolinic acid blood levels.

Keywords: kynurenine pathway, dementia, Alzheimer’s disease, aging,
cognitive impairment

25



Introduction

Dementia is a syndrome characterized by cognitive decline in multiple domains
resulting in dysfunction in activities of daily living, and has a considerable
impact on patients, caregivers and society overall [1, 2]. According to the World
Health Organization (WHO), around 55 million people lived with dementia
worldwide in 2021, with 10 million new cases every year [3]. Alzheimer’s
disease (AD) dementia is the most common type of dementia, but there are many
others [3]. Additionally, aging is the major risk factor for developing dementia,
but other factors play a role as well, including lifestyle, inflammation, oxidative
stress and metabolic dysregulation [4, 5]. In normal aging, patients experience
mild decrease in short term memory and mild accumulation of amyloid plaque
while in pathological aging such as AD, patients experience severe short and
long term memory loss and severe accumulation of plaques [6].

Amongst others, recent studies point towards a role for the kynurenine pathway
(KP) as a common pathway involved in the pathophysiology of several
neurological and psychiatric disorders including AD, Parkinson’s disease (PD),
Huntington’s disease (HD), schizophrenia, and major depressive disorder
(MDD) [7-10]. The KP (Figure 1) is the dominant pathway of tryptophan (TRP)
degradation, accounting for more than 90% of TRP metabolism both in the
periphery and in the central nervous system [11]. Kynurenine (KYN) is the
central KP metabolite which can be further degraded into downstream
metabolites, collectively called kynurenines, i.e., kynurenic acid (KA), 3-
hydroxykynurenine (3-HK) and anthranilic acid (AA). 3-HK can be further
metabolized to xanthurenic acid (XA) via kynurenine aminotransferase (KAT),
or to 3-hydroxyanthranilic acid (3-HAA) via kynureninase (KYNU). 3-HAA, in
turn, is synthesized to quinolinic acid (QA) and picolinic acid (PIC). Finally, QA
is metabolized into nicotinamide adenine dinucleotide (NAD"). Kynurenines
have been implicated to have diverse effects, with some having neurotoxic (e.g.,
QA) and others having neuroprotective (e.g., KA) properties [12]. Associations
between kynurenines and age are recently gaining more attention [13-16].

Clinical studies suggest that kynurenines are altered in blood [17-20] and
cerebrospinal fluid (CSF) [8, 18, 21, 22] of patients with dementia, with a
tendency towards higher neurotoxic load. Age is the main confounder in clinical
studies, but studies do not always control for it, which might explain
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contradictory findings. In this systematic review and meta-analysis, we
investigated 1) differences in levels of TRP and kynurenines in patients with
evident cognitive impairment compared to neurologically healthy controls, and

2) associations between metabolite levels and cognitive functioning and normal

aging.
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Figure 1. Overview of the kynurenine pathway. Blue boxes indicate metabolites and white boxes indicate
the metabolic enzymes. IDO, indoleamine 2,3-dioxygenase; TDO2, tryptophan 2,3-
dioxygenase; FKF, N-formylkynurenine formamides; KYNU, kynureninase; KMO, kynurenine 3-
monoaxygenase; KAT, kynurenine aminotransferase; HAAO, 3-hydroxyanthranilate oxygenase; ACMSD, 2-

Abbreviations:

amino-3-carboxymuconic-6-semialdehyde decarboxylase.
Methods

Literature Search

This systematic review and meta-analysis was performed according to the

Preferred Reporting Items for Systematic reviews and Meta-Analyses

(PRISMA) 2020 guidelines [23, 24]. A comprehensive systematic literature

search was done using PubMed, Embase, PsycINFO, and the Cochrane Database

of Systematic Reviews. An initial search was done to include studies published
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through November 6 2019, and an updated search was performed to include
studies published until April 21 2021. The final search term was as follows:
(tryptophan OR kynuren® OR anthranil* OR xanthurenic OR cinnabar* OR
Picolinic OR Quinolinic) AND (Alzheim* OR dementia OR demented OR cogn*
OR neurocogn* OR memory OR amnestic OR amnesia OR neuropsychol* OR
aging). No filters were used during the search. Additionally, a snowballing
systematic literature approach, by means of screening the references in the
selected studies, was carried out. This study was registered in the International
Prospective Register of Systematic Reviews (PROSPERO) database on March
11,2020 (ID: CRD42020159274).

Study selection

Two main reviewers (K.C. and L.B.) independently read and assessed the
eligibility of the articles based on title and abstract using Endnote x9 software,
followed by assessment of the full text, where applicable. Differences in opinion
were resolved through structured discussion or by consulting a third reviewer
(S.K.). Data was extracted using a pre-specified data extraction form
(Supplementary Appendix S1). Missing data were handled by contacting the
corresponding author, and if the corresponding author did not reply after two
reminders or could not provide the information, the paper was excluded from the
systematic review and/or meta-analysis. Out of 38 data requests, data for seven
articles (18%) were received.

Study inclusion and exclusion

English full-length articles were included if they:

1. Measured TRP or one of the KP metabolite(s): N-formylkynurenine (N-f-
KYN), KYN, 3-HK, KA, XA, AA, formyl-anthranilic acid, 3-HAA,
cinnabarinic acid (CA), PIC, or QA;

2. Represented either a prospective cohort study, a cross-sectional study, a
case-control study, or a randomized controlled trial;

3. Involved human participants and their biomaterials (CSF, plasma, serum, red
blood cells, saliva, urine, feces, post-mortem tissues);

4. Included patients with subjective cognitive decline (SCD), mild cognitive
impairment (MCI), or dementia (AD, vascular dementia [VaD], Creutzfeldt-
Jakob disease, Lewy body dementia [LBD], frontotemporal dementia [FTD],
HD, PD, Korsakoff syndrome, mixed dementia), with or without
neuropsychiatric symptoms (e.g., depression);
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5. Compared patients to neurologically healthy control participants or
compared patients with different levels of cognitive decline or different types
of dementia;

6. Investigated associations between metabolites and cognitive test scores in
patients or controls, or between metabolites and age in neurologically
healthy individuals.

Studies were excluded in cases where a clinical diagnosis was absent.

Quality assessment

Study quality was assessed using the Newcastle-Ottawa Scale (NOS) for case-
control studies or cohort studies (Supplementary Table S14) [25]. An adapted
version was used for cross-sectional data and data comparing different patient
groups (Supplementary Appendix S2 and S3) [26]. The scales consist of three
categories (Selection, Exposure, and Comparability), of which a maximum of
one star for each numbered item within the category (Selection n = 4, Exposure
n = 2, Comparability n = 3) can be awarded, nine in total.

Meta-analysis

Meta-analyses were done in STATA 17.0 with the metan package. To investigate
differences in metabolite levels between cases and controls, a random effect
model was used that produced standardized mean difference (SMD) and its 95%
confidence interval (95% CI). For this, the mean, standard deviation (SD), and
sample size (n) were used. If a study reported standard error of the mean (SEM)
instead, the SD was calculated using the following equation: SD = SEM * /n.
Additionally, if a study reported the metabolites in weight/volume (e.g., pg/mL),
the unit was converted to the correct molarity (uM or nM) using the molecular
weight. Meta-analyses were only performed on metabolites reported in at least
three independent articles. Effect size was interpreted using the guidelines from
Cohen: small, SMD = 0.2; moderate, SMD = 0.5; and large, SMD = 0.8, with
positive values indicating elevated metabolite levels in cases [27]. A p-value <
0.05 was considered statistically significant in two-sided tests.

Heterogeneity and publication bias
Heterogeneity of the included studies was assessed by I> and Cochrane’s Q-tests

[28-30]. Since there is no golden standard in interpreting the I* value, the
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Cochrane Handbook for Systematic Reviews of Interventions version 6.2, 2021
(section 10.10.2) was used as a rough guideline [31]:

e 0% to 40%: might not be important;

e 30% to 60%: may represent moderate heterogeneity;

e 50% to 90%: may represent substantial heterogeneity;

e 75% to 100%: considerable heterogeneity

Small study bias was examined by funnel plots and Egger’s regression tests. A
conservative p-value < 0.1 was considered statistically significant, as previously
described [32]. Bi- and multivariable meta-regressions were performed with
metabolites reported in at least three independent studies with pooled estimates
showing an I> > 50%.

Meta-regression

A Knapping-Hartung modification analysis was done to investigate potential

sources of heterogeneity, including year of publication, overall sample’s mean

nix1+n2x2
ni+n2

subsample (e.g., AD dementia, controls) size and x; is the subsample’s mean

age (if not provided, this was calculated by formula = , where n; is

age), sex (percentage female), biomaterial (CSF/ blood, CSF/ plasma/serum, or
plasma/serum), analytical technique (high-performance liquid chromatography
[HPLC]/enzyme-linked immunosorbent assay [ELISA]/liquid chromatography
with tandem mass spectrometry [LC-MS/MS]/others), and, in plasma samples,
type of anticoagulant tube (heparin/ ethylenediaminetetraacetic acid
[EDTA]/others). As insufficient information was available about education
level, kidney function, or dementia severity (e.g., mini mental state examination
[MMSE], Clinical Dementia Rating Scale [CDR]), assessment of these variables
was not possible. Residual variation (%), adjusted (adj.) R, tau® (1), 2-tailed
p-value, F test p-value (Prob. > F), and parameter estimates were reported.

Certainty assessment

This review did not perform a certainty assessment using the Grading of
Recommendations, Assessment, Development and Evaluations (GRADE)
guideline because it does not represent frameworks for developing and
presenting summaries for making clinical practice recommendations.
Nevertheless, this study provides class II (moderately low risk) evidence.
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Results

Characteristics of the included studies

After de-duplication, 7233 abstracts were retrieved from the search, of which
140 full-text studies were assessed for eligibility, and 74 were finally included
in the qualitative synthesis. An additional 29 studies were found through
reference lists, review papers or were sent by authors contacted for other reasons
as part of the systematic review. This yielded a total of 103 studies for the
systematic review, of which 26 studies met the meta-analysis criteria (Figure 2).
Of these 103 articles, 68 studies compared metabolite levels between patients
with cognitive impairment or dementia and neurologically healthy controls.
Forty-one studies reported associations with normal aging, and 19 studies
reported associations between kynurenines and cognitive test scores. These
studies were not mutually exclusive. Data included in this systematic review
consisted of case-control data (n = 64), data comparing different patient groups
(n=23), cross-sectional data (n = 33) and prospective data (n = 3). In most studies,
TRP or KYN were determined, with only a few studies investigating the
downstream metabolites. A detailed overview of all the included studies in this
systematic review is provided in Supplementary Table S1.

Systematic review of prospective studies on dementia risk

There were only two prospective studies investigating associations between
kynurenines and dementia risk: Chouraki et al. (2017) [36] and Toledo et al.
(2017) [37] both investigated associations between metabolite levels and the risk
for AD dementia. In the former, higher AA plasma levels were associated with
a greater risk of both incident all-type dementia and AD dementia after a mean
follow-up of 15.8 + 5.2 years, while correcting for age, gender, education, APOE
€4 status, and total homocysteine levels. Higher levels of plasma KYN/TRP ratio
(KTR) were associated with a greater risk of dementia, but not AD dementia. 3-
HAA showed a tendency for an association with a lower risk of dementia and
AD dementia, but did not reach statistical significance. No associations were
found for TRP, KYN, KA, XA, or QA [36]. Similarly, in the latter study, Toledo
et al (2017) found no association between serum levels of TRP and KYN with
risk of conversion from MCI to AD dementia after 3 years, while correcting for
age, gender, APOE &4 status, and education [37]. No other metabolites were
measured.
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Systematic review of case-control studies in CSF and blood

Case-control studies measuring kynurenines in CSF

Case-control studies with kynurenines measured in CSF were found for AD
dementia (n = 19 studies [8, 18, 21, 22, 38-52]), VaD (n=1[49]), LBD (n=1
[38]), FTD (n =2 [21, 53]), and MCI (n =2 [21, 40]) (Table 1; Supplementary
Table S2). In studies comparing AD dementia patients with neurologically
healthy controls, TRP (n = 15 studies [8, 18, 21, 22, 39-44, 46-50]), KYN (n =8
studies [8, 18, 40, 42, 43, 47, 48, 50]) and KA (n = 8 studies [8, 18, 21, 22, 38,
45, 48, 51]) were, respectively, the most and second most commonly measured
metabolites. The majority of studies with TRP and KYN reported non-significant
differences [8, 18, 21, 22, 39-44, 46-49], while only one study [50] reported
significant lower levels of TRP and KYN in AD dementia patients. KA showed
inconsistent associations when comparing AD dementia patients to controls,
with studies showing higher (n =4 [18, 21, 22, 45]), lower (n = 2 [8, 48]) or no
differences (n = 2 [38, 51]) in concentrations. Other downstream kynurenines
and ratios were less frequently studied. 3-HK levels were either found to be
lower or not significantly different in AD dementia [8, 18, 47, 50], whereas QA
levels were higher in one study [22] but not significantly different from controls
in all others [8, 18, 48, 52]. All studies investigating other downstream
kynurenines (XA, AA, 3-HAA, PIC) and KTR reported no significant
differences between AD dementia patients and controls [8, 18, 22, 40, 43, 50].

Studies in patients with other dementia disorders (VaD, FTD and LBD) reported
no significant differences in any of the measured metabolites compared to
controls [21, 38, 49, 53]. Studies in MCI patients reported an increase in KYN,
KA, and KTR levels, as well as a decrease or no significant difference in TRP
levels compared to controls [21, 39, 40].

33



Table 1. Differences in CSF TRP and KP metabolites between cases and controls

Cases Controls Metabolites
Covariates
Study N Age % N Age o inanalyses | TRP KYN 5. KA XA AA .o, QA PIC KTR
8¢ female 8¢ female HK HAA
Alzheimer’s disease dementia
Mod 733+

G9nzalez_ (20) 72 65.0 64.7 + ns - - T - - - - - -
Sanchezal Mild 719+ 23 108 348 None

[21] . ' - - - - - - - -
(2020) @) %1 53.7 ns 0
van der Velpen 74.9 + 654+
(2019)21 40 cq 000 34 77 677 None L N | N
Jacobs 779 + 73.1
(20190181 20 75 55.0 |18 79 16.7 Sex ns ns ns T - ns ns ns ns ns
Sorgdrager 73.7+ 713+
(2019) 33 6.0 545 139 107 53.8 Age, sex ns ns ns 4 ns - - ns - -
Wennstrom
(2014)1¥1 19 75.0 52.6 |20 76.0 50.0 None - - - ns - - - - - -
Ibanez 69 + 58+
(2013)1 21 96 714 |21 2.9 57.1 None ns - - - - - - - - -
Kaddurah-
Daouk 40 69.0 750 |38 695 66.8 unk ns ns - - - - - - - ns
(2013)1401
Trushina 82.7+ 78.6 £
(201341 15 42 20.0 |15 35 333 unk ns - - - - - - - - -
Fonteh 77.9 + 79.5 £
(2007)44 8 74 50.0 8 5s 50.0 None ns - - - - - - - - -
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Light to

mild
(MMSE > 699'7; 56.6 ns  ns ; - ;

22) :
Czech (53) 63.1 +
(2012)1421 Mod to Ly, 929 Age, sex

strong

(MMSE 69.6 53.8 ns ns - - - -
L2y 101
(26)
Clinical/
Kaddurah- demographic
Daouk 15 8(1(; * 73.0 |15 8%'(:; 73.0 measures, ns ns - ns - -
(20111 ) ’ compound
ratios

553319‘)[45] 2 732wk |5 75 unk None - - 0 - - -
?fg;‘g)"}%] 37 7%'9; 541 |32 679'9; 53.1 None ns - ; - ;
;floghggsl YT 15 686% * unk |10 68651 * unk None ns ns - - - -
gz};ezs)[m 39 631' 82 * unk |30 51941 zi unk None ns ns J - ns -
?fgg;‘)‘ﬁﬁ] 13 B0F s 15 00T a6 None ns - - - - -
;1109119%)[50] 14 6? (')41i unk |10 68651 ok None { N - - - ns
523910)[51] 9 767'7;[ unk |50 433'8;[ unk None - - ns - - -
i\;[gg;c)l[lgl]l 35 6‘;'(;: unk |23 659'%i unk None - - - - ns -
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Table 1. (Continue)

Cases Controls Metabolites
Covariates
Study N A Yo IN A Yo inanalyses |TRP KYN . KA XA AA . A PIC KTR
8¢ female 8¢ female HK HAA @

Vascular dementia
Martinez 71.0 + 66.0 +
(1993)(4] 13 6.0 46.2 |15 8.0 46.7 None ns - - - - - - - - -
Lewy body dementia
Wennstrom
(2014)3% 18 77.0 55.6 (20 76.0 50.0 None - - - ns - - - - - -
Frontotemporal dementia
Janssens 674+ 673+
(2020)(5% 39 11.6 48.7 |25 81 44.0 None ns ns ns ns ns ns - ns ns ns
Gonzalez-
Sanchez 8 665";* 374 |23 6f678i 34.8 None ns - - oms - - - - - .
(2020)1211 ’ )
Mild cognitive impairment
Gonzalez-
Sanchez 24 727'01i 584 |23 6;1(.)7; 34.8 None e
(2020)21 ) )
Kaddurah-
Daouk 36 69.9 52.8 |38 69.5 66.8 unk N T - - - - - - - T
(2013)1401

7T Sig. higher in cases, ¥ Sig. lower in cases, ns non-significant, unk unknown, - metabolite not measured. Abbreviations: CSF, cerebrospinal fluid; Sig., significant;
SCD, subjective cognitive decline; Mod, moderate; TRP, tryptophan; KYN, kynurenine; KA, kynurenic acid; AA, anthranilic acid; 3-HK, 3-hydroxykynurenine;
3-HAA, 3-hydroxyanthranilic acid; XA, xanthurenic acid; QA, quinolinic acid; PIC, picolinic acid; KTR, kynurenine-tryptophan ratio.
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Case-control studies measuring kynurenines in blood

Case-control studies investigating metabolite levels in blood (plasma/serum)
consisted of patients with AD dementia (n = 30 studies [8, 17-22, 37, 41, 44-46,
49, 54-70]), VaD (n =1 [49]), LBD (n =1 [70]), FTD (n = 3 [53, 70, 71]), all
type dementia (n =3 [72-74]), MCI and AD dementia combined (n =2 [75, 76]),
MCI (n = 10 [19-21, 37, 41, 54, 69, 77, 78]), and post-stroke cognitive
impairment (PSCI) (n=2[79, 80]). Two studies compared AD dementia patients
with SCD (Table 2; Supplementary Table S3) [81, 82].

TRP (n = 24 studies [8, 17-22, 37, 41, 44, 46, 49, 56, 57, 60, 62-70]) and KYN
(n= 14 studies [8, 17-20, 22, 37, 55, 56, 59-63]) were again the most and second
most commonly measured metabolites in studies comparing patients with AD
dementia to healthy controls, respectively. Studies on TRP either reported no
difference (n = 12 [8, 18, 21, 37, 44, 46, 49, 56, 62, 64, 66, 70]) or lower levels
(n=121[17,19, 20, 22, 41, 57, 60, 63, 65, 67-69]) in AD dementia. Results for
KYN were inconsistent, with most studies reporting no significant difference (n
=10 [8, 18, 20, 22, 37, 56, 60-63]), whereas some reported higher (n = 2 [55,
59]) or lower (n = 2 [17, 19]) levels in AD dementia. Studies investigating
differences in KA (n=11 [8, 17-19, 21, 22, 45, 56, 60, 61, 82]) and QA (n=6
[8, 17-19, 22, 60]), the more commonly studied downstream metabolites, were
inconclusive, although most studies reported no differences [8, 18, 19, 21, 22,
56, 82]. Interestingly, many other downstream kynurenines exhibited more
consistent findings (Table 2 and Supplementary Table S3). 3-HK, PIC, and KTR
showed either higher levels in AD dementia or no significant difference [8, 17-
20, 22, 54, 56, 58, 60, 62, 63], whereas for XA and AA the opposite trend was
reported with either lower levels in AD dementia or also no significant difference
[8, 17-19, 56, 60]. Only 3-HAA levels were consistently lower in AD dementia
[17-19]. Studies in other dementia disorders were limited.
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Table 2. Differences in plasma and serum TRP and KP metabolites between

Cases Controls
Study Y % Blood Covariates
° ° e in analyses
N Age female N Age female op y
Alzheimer’s disease dementia
Whiley 76.5 + 759+
(2021119 103 6.0 515 | 86 5o 48.8 S None
Willette 74.8 + 75.1 £
(202120 112 8.1 42.0 | 58 53 48.3 S Age, sex
Sorgdrager 73.7+ 713+
(2019)] 33 6.0 545 | 39 107 53.8 S Age, sex
Atukeren 789 + 773 +
(2017)5%1 14 30 429 | 32 6.7 56.3 S None
8’8‘31‘171;{}2% 20 unk 600 |24  unk 500 S None
Age,
gender,
(Tzoolcleg;)[ﬂ 175 75.6 514 (199 753 50.3 S education,
APOE ¢4
status
Gonzéalez-
Dominguez | 23 795'2; 652 | 21 725'f 57.1 S None
(2015a)57) : :
Gonzéalez-
Dominguez | 30 8(;'3; 60.0 | 30 735'5; 66.7 S None
(2015b)1381 ’ ’
Gonzalez-
Dominguez | 22 785'50i 546 | 18 7%71 £ 611 S None
(2014)19) : :
Tsuruoka 64.3 £ 68.1 £
(2013)71 3 16.9 0.0 9 137 100 S None
Widner 74.4 + 734+
(2000)(62 21 54 714 | 20 74 50.0 S None
Baran 723 £
(1999)143 1 73.2 unk 4 73 unk S None
27;/;(;1;(;[23] 24 unk unk |unk unk unk S None
Martinez 68.0 = 66.0 =
(199349 13 6.0 69.2 | 15 3.0 46.7 S None
Mod 733+
Gonzalez- (20) 72 65.0 64.7 +
Sanchez Mild 719+ 23 1(') 3 34.8 P None
2020)[21 1 : ’
(2020)[21] 1) %1 53.7
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cases and controls

Metabolites
TRP 1121{;;1 KYN 3-HK KA XA AA 3-HAA QA PIC KTR
N - N ns ns N ns ns ns ns
N - ns - - - - - - ns
ns - ns ns ns d - ns - -
; 2 2 ] . ] . ;
ns - ns 0 ns ns - - - ns
ns - ns - - - - - - -
ns - - - - - - - - -
Ns - ns - - - - - - T
J - ns - - - - - - ns
ns - - - - - - - - -
ns - - - ns - - - - -
ns - - - ns - - - - -
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Table 2. (Continue)

Cases Controls
Study % % Blood Covariates
° ° e in analyses

N Age female N Age female op y
Alzheimer’s disease dementia
Shao
(2020169 30 71.6+8.8 66.7 43 655+79 419 P None
Jacobs
(2019118 20 779+75 550 18 73.1+79 167 P Sex
Lin 15 76.9+8.0 unk 15 668+65 unk P None
(2019)54 ’ ’ ’ ’
van der
Velpen 40 749+64 60.0 34 654+62 677 P None
(2019)1221
Giil Age, sex,
2017)017 42 785+63 unk 42  78.6+6.8 unk P creatinine
Trushina =115 gy 7442 200 | 15 786+35 333 P unk
(2013)41] . . . . . .
Gulaj
(2010)1 34 78.8+57 70.6 18 762+73 722 P None
Li
(2010169 20 68.0+10 50.0 20 70.0+9 50.0 P None
Fonteh 77.9 +
(2007)44 8 74 50.0 8 79.5+£55 50.0 P None
Hartai
(2007)61 28 77.0+6.3 78.6 31 73 +£8.3 67.7 P None
Bonaccorso 784 +
(1998)4 15 103 80.0 15 75.6+9.1 467 P Age, sex
Fekkes
(1998)(63 14 73.6+63 714 17 70113 0 P None
Molina 37 709+85 541 | 32 679492 53.1 P None
(1998)14¢ . . . . . .
Basun
(1990)(6¢ 22 74.0+9.0 59.1 11 79.0+2.0 545 P None
Watkins
(1989)671 22 77.3 68.2 22 76.0 68.2 P None
Schwarz SCD 595+
(2013152 20 74+7.6 80.0 (19) 102 42.1 S Age, sex

Age, sex.

de Leeuw 65.1 SCD 62.7 O

127 50 46 P clinical

[81] a a

(2017) S azt) (8.0) characteristics
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Metabolites

TRP I?{;;I KYN 3-HK KA XA AA 3-HAA QA PIC KTR
ns - ns ns ns - ns { ns ns ns
- - - - - - - - - - ns
\2 - ns ns ns - - - ns - .
J - J ns ns J ns J J - ns
{ - ns ns N - ns - 0 - 0
ns - - - - - - - - - -
- - ns - N - - - - - -
ns - - - - - - - - - -
ns - - - - - - - - - -
ns - - - - - - - - - -
ns - ns T ns - - - ns ns -
ns - ns - - - - - - - .
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Table 2. (Continue)

Cases Controls
Blood Covariates
Study N A %o N A %o type in analyses
8¢ female ge female
Vascular dementia
Martinez 71.0 £ 66.0 £
(1993149 13 6.0 46.2 15 3.0 46.7 S None
Lewy body dementia
Tsuruoka 753 + 68.1 +
(2013170 3 49 333 9 137 100 S None
Frontotemporal dementia
Janssens 674+ 67.0 £
(2020153 39 116 48.7 26 3.0 46.2 S None
Santos 65.5+ 67.7 £
(2020)71 9 95 333 15 34 66.7 P None
Tsuruoka 72.0 £ 68.1 £
(2013)701 4 29 0.0 9 13.7 100 S None
All type dementia
Rudman
(1989)(721 17 73.0 0.0 21 75.0 0.0 P None
Thomas =\ 53 775 609 | 23 76.1 60.9 P None
(1986)1731 ’ ) ’ ’
Shaw 32 771 nk | 70 70.1 nk P Se
(1981074 . u . u X
Mild cognitive impairment + Alzheimer’s disease dementia
Rommer 633+ 62.8 +
(2016)7! 16 137 56.3 15 36 733 P None
Greilberger 633+ 62.8
(2010)7] 16 137 56.3 15 36 73.3 P None
Mild cognitive impairment
Whiley 76.3 + 759 +
(2021)[19] 165 6.0 57.0 86 5o 48.8 S None
Willette 74.7 £ 75.1 +
(202120 396 74 354 58 53 483 S Age, sex
Ramos-
Chavez 23 unk unk 54 unk unk S Age, TRP
(2018)"71
Toled Age, gender,
oedo 356 751 646 | 199 753 503 S education,
(2017)B7 APOE ¢4
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Metabolites

TRP I?S-(t; KYN 3-HK KA XA AA 3-HAA QA PIC KTR

4

w



Table 2. (Continue)

Cases Controls
Blood Covariates
Study N Age %o N Age %o type in analyses
g female g female
Mild cognitive impairment
Gonzalez- 647+
Sanchez |24 72.0+7.1 584 23 1(') ] 34.8 P None
(2020)121 ’
Pena-
Bautista |25 067 600 | 25 66 (62- 3¢ P Age,
(2020)07¥1 73) 70) gender
Shao
(2020169 13 679+72 385 43 655+7.9 419 P None
Lin
(2019)4 10 74.6+8.5 unk 15 66.8+6.5 unk P None
Graham
(2015)1 16 724+7.3 500 37 73.1+£89 514 P None
Post-stroke cognitive impairment
Cogo 69.4 + PSNCI  64.7=+
2021)71 13 178 38.5 (10) 133 40.0 S None
Liu PSNCI
(2015)150 30 unk unk (30) unk unk S None

T Sig. higher in cases, 1 Sig. lower in cases, ns non-significant, unk unknown, - metabolite not measured, *Age
decline; Mod, moderate; PSNCI, post-stroke no cognitive impairment; S, serum; P, plasma TRP, tryptophan;
3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; XA, xanthurenic acid; QA, quinolinic acid;
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Metabolites
TRP I?‘-{f& KYN 3HK KA XA AA 3-HAA QA PIC KTR
ns - - - ns - - - - - -
ns - - - - - - - - - -
ns - - - - - - - - - -
- - - - - - - - - - ns
unk unk - unk - - - - - - -
ns 0 - - ns - - - 0 B 0
! . 0 S . S

in median (IQR). Abbreviations: Sig., significant; IQR, interquartile range; SCD, subjective cognitive
N-f-KYN, N-formyl-kynurenine; KYN, kynurenine; KA, kynurenic acid; AA, anthranilic acid;
PIC, picolinic acid; KTR, kynurenine-tryptophan ratio.

Systematic review of case-control studies measuring kynurenines in other
tissues

Although KP metabolites have been studied the most in CSF and in blood, other
tissues have been investigated as well, including post-mortem brain tissue [52,
84-90], red blood cells [61], saliva [70, 91], urine [19, 44, 92, 93], and fecal
samples [94] (Supplementary Table S4). A meta-analysis with these studies was
not possible due to the limited number of studies.

Kynurenines in post-mortem brain tissue

Studies in post-mortem brain tissue mostly investigated differences in TRP
levels between AD dementia patients and controls [84-90]. Xu et al. (2016),
reported that AD dementia patients had higher TRP levels in the hippocampus,
entorhinal cortex, middle temporal gyrus, motor cortex, and cingulate gyrus
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compared to controls [90], whereas all other studies reported no differences in
metabolite levels in any of the examined brain areas [52, 84-89]. Only one other
study investigated differences in QA levels, but also did not find any differences
[52].

Kynurenines in saliva

The two studies investigating differences in TRP levels in saliva were
inconclusive [70, 91]. Liang et al. (2016) reported that TRP levels were higher
in AD dementia patients compared to MCI [91], while Tsuruoka et al. (2013),
reported no difference in TRP levels when comparing patients with AD
dementia, FTD or LBD with controls [70].

Kynurenines in urine and feces

Studies investigating urine levels of TRP in AD dementia and MCI patients
either reported lower levels or no differences compared to controls [19, 44, 92,
93]. One study also investigated more downstream kynurenines and reported
lower concentrations of KA and XA, and higher KTR in both AD dementia and
MCI patients compared to controls, while KYN, 3-HK, and 3-HAA were not
significantly different [19]. Lastly, one study investigated KP metabolites in
fecal samples of AD dementia and MCI patients and reported no differences in
KYN or KA compared to controls [94].

Systematic review on associations of the kynurenine pathway with age
Twenty six studies looked at associations with age as a continuous variable [8,
14-17, 38, 48, 49, 51, 52, 61, 64, 66, 69, 95-106] and 23 studies investigated
different age groups [16, 48, 62, 64, 74, 95, 97, 100, 101, 107-120]
(Supplementary Tables S5-S8). These were not mutually exclusive. In studies
that included age as a continuous variable, TRP, 3-HK, and XA were either
negatively or not significantly associated with age, with only one study reporting
a positive association with TRP levels in CSF (Supplementary Table S5). In
contrast, KYN, KA, and QA showed a positive or no association with age, while
KTR and single study with AA and PIC only showed positive associations. One
study investigated an association with 3-HAA which was non-significant.

A similar trend appeared in studies comparing metabolites between younger and
older age groups (Supplementary Table S6). TRP and XA levels were either
lower or not significantly different in the older group. In contrast, KYN and most
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of its downstream metabolites, 3-HK, KA, AA, QA, and KTR, were all higher
or not significantly different in the older group. 3-HAA was again investigated
in only one study and was higher in the older group as well.

Systematic review on associations of the kynurenine pathway with cognitive
test scores

Cross-sectional associations between kynurenines and cognitive test scores were
investigated as well (Supplementary Tables S9-S11). Most studies (n = 15; [8,
13, 19,20, 38, 50, 60, 62, 63, 66, 69, 121-124]) investigated associations between
kynurenines and MMSE scores, whereas eight studies investigated associations
with other cognitive tests [13, 14, 20, 37, 52, 60, 66, 102] (Supplementary Tables
S9 and S10). A higher KTR was associated with lower scores on several
cognitive tests [13, 20], whereas most associations of other metabolites with
cognitive test scores were non-significant.

Meta-analysis of case-control studies

Since the number of cross-sectional and prospective studies were too small,
meta-analyses were only performed on case-control studies with kynurenines
measured in CSF and/or blood. The studies by Greilberger et al. (2010) [76] and
Rommer et al. (2016) [75] and the studies by Watkins et al. (1989) [67] and
Thomas et al. (1986) [73] used data from the same participants; therefore, only
the initial study by Greilberger et al. (2010) and the study by Watkins et al
(1989), which reported overall estimates for patients and controls, were included
in the meta-analysis.

Meta-analysis on differences in metabolite levels between AD dementia
patients and controls

Twenty six studies were included in the meta-analysis investigating differences
in kynurenines between AD dementia patients and controls (Table 3; Figure 3;
Supplementary Figures S1-S4). In the overall analyses (CSF and blood
combined), TRP, KA, XA, AA, and QA levels were all lower in AD dementia
patients compared to controls. No evidence of small study effects was shown in
the funnel plots or Egger’s regression tests. Levels of other metabolites (KYN,
3-HK) and KTR were not different between AD dementia cases and controls.

Subsequently, subgroup analyses were done while stratifying for biofluid type
(CSF and blood). For some metabolites (TRP, KYN, KA), CSF levels were not
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different, while for other metabolites (3-HK, XA, AA, QA, and KTR) not enough
independent articles were available to conduct a meta-analysis. Blood levels of
TRP, KA, XA, and AA were all reported to be lower in AD dementia patients,
although TRP showed a considerable to large heterogeneity and small study bias.
Blood levels of other metabolites (KYN, 3-HK, QA) and KTR were not different.
QA displayed a tendency towards lower levels in AD dementia patients, which
did not reach statistical significance (p = 0.053; Table 3). Separate analyses for
plasma and serum consistently showed that levels of TRP and KA were lower in
AD dementia. Additionally, for XA, serum levels were lower in AD dementia as
well. Not enough studies were available to do a separate meta-analysis for XA
in plasma, or for AA in plasma and serum.
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Table 3. Effect sizes and Egger’s bias coefficients of AD dementia-control studies

Effect size Heterogeneity Publication bias
N SMD (95% CI)* p-value 12 (%) p-value Egger’s bias coefficient p-value
Tryptophan
Overall 20 -0.33 (-0.44, -0.22) <0.001 65.8 <0.001 -1.85 0.104
CSF 6 -0.03 (-0.27, 0.20) 0.772 0.0 0.488 -2.23 0.210
Blood 14 -0.42 (-0.55, -0.29) <0.001 69.8 <0.001 -2.51 0.059
Plasma 8 -0.73 (-0.94, -0.52) <0.001 70.0 0.001 -4.53 0.154
Serum 6 -0.23 (-0.40, -0.07) 0.006 19.2 0.288 -0.08 0.955
Kynurenine
Overall 11 -0.11 (-0.24, 0.03) 0.114 58.0 0.008 2.15 0.125
CSF 3 -0.15 (-0.50, 0.20) 0.398 0.0 0.893 -1.10 0.139
Blood 8 -0.10 (-0.25, 0.04) 0.174 70.2 0.001 3.79 0.055
Plasma 2 - - - - - -
Serum 6 -0.09 (-0.25, 0.07) 0.253 64.3 0.015 3.74 0.052
3-hydroxykynurenine
Overall 7 -0.09 (-0.26, 0.07) 0.266 60.4 0.019 -1.21 0.521
CSF 2 - - - - - -
Blood 5 -0.05 (-0.23, 0.13) 0.565 43.0 0.135 0.87 0.692
Plasma 2 - - - - - -
Serum 3 0.05 (-0.16, 0.25) 0.671 47.2 0.150 2.78 0.308
Kynurenic acid
Overall 10 -0.27 (-0.42, -0.13) <0.001 80.6 <0.001 -1.07 0.671
CSF 3 0.08 (-0.23, 0.39) 0.603 93.0 <0.001 -8.87 0.644
Blood 7 -0.37 (-0.53, -0.21) <0.001 48.1 0.072 -1.34 0.457
Plasma 3 -0.37 (-0.67, -0.07) 0.017 68.3 0.043 -2.80 0.803
Serum 4 -0.37 (-0.57, -0.18) <0.001 43.0 0.154 -1.61 0.507
Xanthurenic acid
Overall 5 -0.44 (-0.62, -0.27) <0.001 0.0 0.638 0.31 0.832
CSF 1 - - - - - -
Blood 4 -0.40 (-0.59, -0.21) <0.001 0.0 0.840 1.11 0.229
Plasma 1 - - - - - -
Serum 3 -0.40 (-0.61, -0.19) <0.001 0.0 0.658 1.26 0.372
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Table 3. (Continue)

Effect size Heterogeneity Publication bias
N SMD (95% CI)* p-value 12 (%) p-value Egger’s bias coefficient p-value
Anthranilic acid

Overall 3 -0.33 (-0.63, -0.03) 0.033 28.8 0.246 -4.95 0.380
CSF 0 - - - - - -

Blood 3 -0.33 (-0.63, -0.03) 0.033 28.8 0.246 -4.95 0.380
Plasma 2 - - - - - -
Serum 1 - - - - - -

Quinolinic acid

Overall 5 -0.17 (-0.34, -0.00) 0.049 0.0 0.583 -1.25 0.422
CSF 2 - - - - - -

Blood 3 -0.20 (-0.39, 0.00) 0.053 24.1 0.268 -2.96 0.306
Plasma 1 - - - - - -
Serum 2 - - - - - -

KTR

Overall 10 0.01 (-0.13, 0.15) 0.868 71.5 <0.001 2.03 0.240
CSF 2 - - - - - -

Blood 8 0.08 (-0.07, 0.23) 0.309 72.0 0.001 3.72 0.034
Plasma 2 - - - - - -

Serum 6 -0.00 (-0.17,0.16) 0.960 42.1 0.125 2.55 0.060

*SMD > 0 trend towards higher in AD dementia, SMD < 0 trend towards lower in AD dementia compared to controls. Statistically significant p-values are in bold.
Abbreviations: SMD, standardized mean difference; 95% CI, 95% confidence interval; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; KTR, kynurenine-tryptophan
ratio.
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Meta-analyses on differences in metabolite levels between AD dementia and
SCD, and between MCI and controls

Due to a limited number of studies investigating differences in metabolite levels
between AD dementia patients and individuals with SCD, only overall analyses
could be done combining measurements in blood and CSF (Figure 3;
Supplementary Table S12; Supplementary Figures S5 and S6). These showed
that, compared to SCD subjects, levels of TRP were lower in AD dementia
patients, while levels of 3-HK, KA, and PIC were all higher. No overall
differences were found for KYN or QA. In analyses investigating differences
between MCI patients and controls (Figure 3; Supplementary Table S13; and
Supplementary Figures S7-S9), blood levels of TRP were lower in MCI patients,
whereas no overall differences were found for TRP, KYN, KA, and KTR. Other
metabolites had insufficient or no articles to conduct a meta-analysis.
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Figure 3. Results of meta-analyses comparing kynurenines. A) AD dementia and neurologically healthy
controls, B) AD dementia and SCD, C) MCI and neurologically healthy controls. Overall differences are shown
in grey, blood differences are shown in red, and CSF differences are shown in blue. T Sig. higher in cases,
Sig. lower in cases. Abbreviations: CSF, cerebrospinal fluid; Sig., significant; ns, non-significant; AD,
Alzheimer’s disease; MCI, mild cognitive impairment; SCD, subjective cognitive decline; TRP, tryptophan;
KYN, kynurenine; KA, kynurenic acid; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthrnailic acid; XA,
xanthurenic acid; PIC, picolinic acid; QA, quinolinic acid.

Meta-regression

Studies comparing levels of TRP, KYN, 3-HK, KA, and KTR between AD
dementia patients and controls were included as these showed considerable
heterogeneity (I> > 50%; Table 3). Sources of heterogeneity were found in studies
investigating overall metabolite levels and in blood specifically (Table 4). The
covariate that most frequently showed significance was ‘analytical techniques’.
Results from the meta-regression in KTR (in blood) showed that the analytical
technique, both LC-MS/MS versus HPLC and other technique versus HPLC, had
an influence on the estimates. For KA (overall), this was the case for the
comparison of ELISA versus HPLC. The type of biomaterial (CSF versus
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plasma) was also a source of heterogeneity in overall analyses in TRP.
Additionally, in the meta-analysis with TRP levels in blood, the comparison in
plasma was different compared to serum. Sex was a source of heterogeneity for
KYN (overall and in blood) and KTR (overall and in blood), and year of
publication for KA (overall) and KTR (in blood).

Table 4. Summary of Meta-regression

Pres (%) Adj. R? (%) 7’ P>|t Prob.>F
Tryptophan
Overall (n = 20)
Year of publication 63.99 11.47 0.140  0.130 -
Age (n=19) 61.60 28.96 0.123  0.062 -
Sex (% female) (n = 19) 66.55 -2.18 0.166  0.592 -
Biomaterial
CSF/ blood 62.07 21.22 0.125  0.064 -
CSF/ plasma/ serum 49.99 53.94 0.073 - 0.012
Plasma/ CSF - - - 0.005 -
Serum/ CSF - - - 0.464 -
Analytical technique (n = 18) 51.82 37.92 0.068 - 0.117
ELISA/HPLC - - - 0.060 -
LC-MS/MS/HPLC - - - 0.233 -
Other/ HPLC - - - 0.032 -
Blood (n = 14)
Year of publication 65.71 18.47 0.143  0.130 -
Age (n=13) 68.87 21.96 0.152  0.110 -
Sex (% female) 67.27 2.69 0.170  0.467 -
Biomaterial
Plasma/ serum 59.39 38.93 0.107  0.035 -
Analytical technique (n = 12) 57.75 39.31 0.080 - 0.206
ELISA/HPLC - - - 0.270 -
LC-MS/MS/HPLC - - - 0.359 -
Other/ HPLC - - - 0.047 -
Plasma (n = 8)
Year of publication 73.46 -13.59 0.253  0.502 -
Age 58.32 33.12 0.149  0.181 -
Sex (% female) 73.64 -20.99 0.269 0919 -
Analytical technique (n = 6) 27.16 84.75 0.037 - 0.250
ELISA/HPLC - - - 0.177 -
LC-MS/MS/ HPLC - - - 0.438 -
Other/ HPLC - - - 0.107 -
Anticoagulant 70.96 -13.06 0.252 - 0.638
EDTA/ Heparin - - - 0.414 -
Other/ Heparin - - - 0.519 -
Kynurenine
Overall (n=11)
Year of publication 48.37 34.02 0.050 0.166 -
Age (n=10) 63.27 -9.00 0.096  0.687 -
Sex (% female) (n = 10) 40.27 60.95 0.033  0.035 -
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Table 4. (Continue)

res (%) Adj. R? (%) 7? P>|t| Prob.>F
Kynurenine
Biomaterial
CSF/ blood 62.11 -16.28 0.089  0.547 -
CSF/ plasma/ serum 66.25 -37.68 0.105 - 0.811
Plasma/ CSF - - - 0.744 -
Serum/ CSF - - - 0.531 -
Analytical technique 27.65 67.23 0.025 - 0.059
ELISA/HPLC - - - - -
LC-MS/MS/HPLC - - - 0.038 -
Other/ HPLC - - - 0.031 -
Blood (n=38)
Year of publication 49.87 59.11 0.047  0.055 -
Agen=7) 74.13 -9.17 0.153  0.526 -
Sex (% female) 38.82 70.51 0.034  0.023 -
Biomaterial
Plasma/ serum 74.44 -22.48 0.142  0.860 -
Analytical technique 35.09 73.55 0.031 - 0.066
ELISA/HPLC - - - - -
LC-MS/MS / HPLC - - - 0.040 -
Other/ HPLC - - - 0.039 -
Serum (n = 6)
Year of publication 30.84 67.52 0.024  0.091 -
Age (n=135) 64.55 -0.96 0.096 0.457 -
Sex (% female) 48.99 44.78 0.041 0.128 -
Analytical technique 36.78 61.19 0.029 - 0.220
ELISA/HPLC - - - - -
LC-MS/MS/ HPLC - - - 0.319 -
Other/ HPLC - - - 0.106 -
3-hydroxykynurenine
Overall (n=7)
Year of publication 38.37 74.32 0.025 0.067 -
Age (n=6) 58.42 -936.74 0.079 0.552 -
Sex (% female) (n = 6) 42.95 0 0.019 0973 -
Biomaterial
CSF/ blood 64.09 -41.19 0.137  0.320 -
CSF/ plasma/ serum 62.88 -31.17 0.127 - 0.392
Plasma/ CSF - - - 0.729 -
Serum/ CSF - - - 0.229 -
Analytical technique 59.66 -0.52 0.097 - 0.285
ELISA/HPLC - - - - -
LC-MS/MS/HPLC - - - 0.264 -
Other/ HPLC - - - 0.136 -
Kynurenic acid
Overall (n = 10)
Year of publication 74.55 40.01 0.188  0.047 -
Agem=9) 84.67 -11.61 0.398  0.589 -
Sex (% female) (n = 9) 76.65 28.25 0.203  0.101 -
Biomaterial
CSF/ blood 80.02 -1.67 0.319 0.439 -
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Table 4. (Continue)

Pres (%) Adj. R? (%) t P>|tf Prob.>F
Kynurenic acid

CSF/ plasma/ serum 82.52 -21.46 0.381 - 0.762
Plasma/ CSF - - - 0.576 -
Serum/ CSF - - - 0.499 -

Analytical technique 38.98 86.44 0.043 - 0.019

ELISA /HPLC - - - 0.003 -

LC-MS/MS/ HPLC - - - 0.111 -

Other/ HPLC - - - 0.051 -

CSF (n=3)
Year of publication 92.87 32.60 0.804 0.401 -
Age 94.52 9.38 1.080  0.470 -
Sex (% female) - - - - -
Analytical technique - - - - -

Plasma (n = 3)
Year of publication 0.00 100.00 0.000 0.241 -
Age 74.93 -21.99 0.219  0.527 -
Sex (% female) 42.46 70.21 0.054 0.335 -
Analytical technique - - - - -
Anticoagulant - - - - -

KTR

Overall (n = 10)
Year of publication 70.61 -5.84 0.205 0.626 -
Agem=9) 74.80 11.92 0.200 0.170 -
Sex (% female) (n = 8) 55.66 71.58 0.061  0.020 -
Biomaterial

CSF/ blood 68.21 28.14 0.139  0.093 -

CSF/ plasma/ serum 64.59 36.55 0.123 - 0.120
Plasma/ CSF - - - 0.046 -
Serum/ CSF - - - 0.147 -

Analytical technique 63.30 3145 0.130 - 0.300

ELISA /HPLC - - - - -

LC-MS/MS/ HPLC - - - 0.155 -

Other/ HPLC - - - 0.196 -

Blood (n=38)
Year of publication 28.08 100.00 0.000  0.013 -
Agen=7) 79.58 -23.61 0.250  0.625 -
Sex (% female) (n = 7) 2224 88.61 0.022  0.012 -
Biomaterial
Plasma/ serum 69.40 9.69 0.148 0.247 -
Analytical technique 0.00 100.00 0.000 - 0.016

ELISA /HPLC - - - - -

LC-MS/MS / HPLC - - - 0.015 -

Other/ HPLC - - - 0.006 -

Statistically significant p-values are in bold. Abbreviations: I, residual variation; 12, tau?; P > |t|, 2-tailed p-
value; Prob. > F, F test p-value; CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; HPLC,
high-performance liquid chromatography; LC-MS/MS, liquid chromatography with tandem mass
spectrometry; EDTA, ethylenediaminetetraacetic acid; KTR, kynurenine-tryptophan ratio.
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Discussion

This systematic review and meta-analysis identified and summarized 103 studies
that investigated KP metabolites in patients with cognitive impairment or
dementia or in normal aging. Twenty six articles were included in the meta-
analyses, in which TRP and kynurenines were compared between patients with
AD dementia and neurologically healthy controls. Results showed that patients
with AD dementia had lower blood levels of TRP, KA, XA and AA, whereas
blood levels of KYN, 3-HK, and QA, and CSF levels of TRP, KYN, and KA
were non-significant. QA was lower overall and displayed a tendency towards
lower blood levels in AD dementia patients. For other metabolites, not enough
independent articles were available to conduct a meta-analysis. Studies
investigating associations with age suggested that age was associated with lower
blood levels of TRP and higher blood levels of KYN and KTR, next to higher
CSF levels of KA and QA. Associations of other metabolites with age, and of
kynurenines with cognitive test scores, were inconclusive and generally non-
significant.

Lower overall levels of QA in AD dementia patients

The findings of the meta-analysis are different than reported and interpreted in
previous studies. As such, these results strengthen previous observations of
changes in various kynurenines in cognitive impairment and AD dementia, but
also challenge current hypotheses regarding the role of several others. The meta-
analysis did not find elevated QA levels in CSF or blood of patients with AD
dementia. Even more, the meta-analysis limited to studies in blood showed that,
if anything, QA displayed a non-significant tendency towards lower levels in AD
dementia patients. Similarly, post-mortem studies investigating QA levels in
several brain areas of patients with AD dementia pathology and controls found
no differences [52, 125]. Moreover, with respect to cognitive test scores, studies
generally report no significant associations as well [8, 14, 35, 52, 60]. Taken
together, these findings strongly contradict the general notion that QA levels are
higher in AD dementia and other dementias due to its presumed neurotoxic
properties [126, 127].

Multiple lines of evidence have suggested QA’s involvement in the
pathophysiology of AD dementia. Levels of QA increase after inflammation or
immune activation and can lead to neuronal death via different mechanisms,
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including oxidative stress, glutamatergic excitotoxicity, neuroinflammation, and
mitochondrial dysfunction [127-131]. In post-mortem studies, QA has been
associated with AD neuropathological features, since the highest expression of
QA was found in the perimeter of senile plagues in the hippocampus [132, 133],
and QA was shown to increase tau phosphorylation in human primary neurons
[134]. In turn, APi.4> was shown to induce the production of QA in human
microglia and macrophages [131]. However, it is important to note that lesions
in brains of AD dementia patients are micro-local and investigating entire brain
areas (as was mostly done thus far) might lack the potential to detect subtle or
localized differences in QA levels. Therefore, the findings in this systematic
review and meta-analysis emphasize the need for further research in order to
identify the exact role of QA in AD dementia and other neurodegenerative
disorders.

Lower peripheral levels of KA in AD dementia patients

Results from our meta-analysis suggest that AD dementia is associated with
lower blood levels of KA, both in plasma and in serum, but not in CSF. In line
with these findings, previous studies investigating KA levels in red blood cells
or urine of AD dementia patients reported a decrease in KA levels as well [19,
61]. In contrast to QA, KA is considered a neuroprotective metabolite through
its role as an antagonist of the N-methyl-D-aspartate (NMDA) receptor and alpha
7 nicotinic acetylcholine (a7nACh) receptor, and has antioxidant and anti-
inflammatory properties [126]. In vivo studies demonstrated that KA or its
analogue provided neuroprotection in rodent models of AD-like pathology [135,
136] and cerebral ischemia [137, 138]. More specifically, experimentally
increasing levels of KA or its analogue in the brain of these models prevented
spatial memory deficits, extended life span, decreased microglial activation, and
prevented synaptic loss [135, 136].

At the same time, although KA levels in CSF were not significantly different in
our meta-analysis, most studies included in the systematic review reported an
increase of CSF KA levels in AD dementia. Similarly, in previous studies with
post-mortem brain tissue, KA levels were increased in several areas of
individuals with AD dementia [45, 139] and Down syndrome (DS) [45, 139],
whereas in one other study, no differences were reported in AD dementia patients
[140]. These results suggest that peripheral levels of KA are lower in AD
dementia, whereas central levels might be increased. These discrepancies may
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be due to small sample sizes, age differences or not controlling for important
covariates [8, 141] and require further research.

Lower peripheral levels of TRP, XA, and AA in AD dementia patients
Results from our meta-analysis suggest that TRP levels are lower in blood, but
not in CSF of patients with AD dementia. In line with this, previous studies
investigating TRP blood levels in AD dementia reported either a decrease or no
differences, whereas studies in CSF were mostly non-significant. Additionally,
most studies that investigated TRP levels in post-mortem brain tissue reported
no differences in any of the brain areas investigated as well [84-89]. On top of
its known role as a biochemical precursor for the kynurenine and serotonin
pathways, studies have shown that TRP has antioxidant properties such as
scavenging free radicals, reactive oxygen and chlorine species, and has the
highest antiradical activity compared to other amino acids [142-144]. As such,
lower peripheral levels of TRP, as demonstrated in our meta-analysis, potentially
indicates less antioxidant activities in patients with AD dementia. Since
inflammation activates the first and rate-limiting enzyme, indoleamine 2, 3-
dioxygenase (IDO), which converts TRP to KYN and initiates the KP, this may
have contributed, in part, to the lower TRP concentration in AD dementia
patients.

According to our meta-analysis, AD dementia patients also had significantly
lower blood levels of XA and AA compared to controls. Although XA and AA
have not been investigated as widely as the other kynurenines, XA has been
shown to be a double-edged sword owing to its anti- and sometimes pro-oxidant
properties related to its metal chelating activities [ 145-147]. A recent population-
based study by our group showed that, in individuals with type-2 diabetes, higher
plasma levels of XA were associated with lower odds of cognitive impairment
and better executive functioning and attention [148]. Additionally, in another
population-based study, XA was associated with lower cardiovascular disease
(CVD) mortality risk [149]. With respect to AA, studies have shown that this
metabolite has anti-inflammatory properties due to its interaction with copper
[150]. As a result, the synthetic AA analogue 3-methoxyanthranilate was put
forward as a potential anti-inflammatory drug [151, 152]. Although further
research is needed, the decreased levels of XA and AA in patients may signal
diminished neuroprotective activity.
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No differences in KYN, 3-HK, and KTR in AD dementia patients

Our meta-analysis indicated that levels of KYN, 3-HK, and KTR were not
significantly different in AD dementia patients compared to controls. KYN and
3-HK are assumed to have neurodegenerative and excitotoxic properties, while
KTR is used as a marker for IDO activity and inflammation [153]. IDO is
activated by various inflammatory stimuli such as interferon gamma (IFNy) and
tumor necrosis factor alpha (TNFa) [11]. At the same time, 3-HK is an
antioxidant and has been associated with lower odds of cognitive impairment in
prediabetes and type-2 diabetes [ 148, 154]. Moreover, CSF levels of 3-HK were
increased in patients with PD [155], while brain levels of 3-HK levels were
increased in patients with HD [156].

Although results from our meta-analysis suggest that KTR was not significantly
different between AD dementia patients and controls, previous studies suggest
that IDO plays a role in the pathophysiology of AD dementia. For instance, IDO
expression has been shown to be induced by ABi-42 [157] and, similar to QA, was
elevated in the hippocampus of AD dementia patients where it was associated
with senile plaques [132]. Moreover, in patients with PD, IDO was higher in both
serum and CSF and correlated with disease severity [158]. KTR was also
associated with lower scores on cognitive tests in studies in healthy volunteers
and in patients with AD dementia and ischemic stroke [13, 20, 62, 121, 123]. It
is unclear why we found no differences in these metabolites, underscoring the
need for further research.

Findings from meta-regression analysis

Several factors could explain inter-study differences in metabolite levels
between groups. Results from our meta-regression showed ‘analytical technique’
and ‘year of publication’ explained heterogeneity of findings for KA and KTR.
Although no previous studies specifically compared TRP and kynurenines
between different types of analytical instruments, others have reported no
statistically significant differences between HPLC and LC-MS/MS. Although
both analytical instruments are liable and widely used, for metabolite analysis,
LC-MS/MS has shown to be more accurate and sensitive compared to HPLC
[159, 160]. As such, technological limitations at the time of conducting the
studies may explain both heterogeneity factors, since metabolite measurements
in earlier studies were likely performed with less sensitive equipment.
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Additionally, the type of biomaterial was a source of heterogeneity as well. TRP
measured in plasma or serum for instance had a significant influence on the
estimates. This finding is in line with previous studies that reported differences
between serum and plasma samples, and between the use of different
anticoagulation tubes which is believed to affect metabolite concentrations as
well [161, 162]. Lastly, our meta-regression also pointed to sex as a factor
driving heterogeneity in KYN and KTR. As a result, these and other kynurenines
should be examined in more detail, especially since most of them have been put
forward as potential biomarkers.

Associations with age and other important confounders

Studies included in the systematic summary that investigated associations with
age suggest that age is associated with lower blood levels of TRP and higher
levels of KYN and KTR. As mentioned previously, KTR is used as a marker for
IDO activity and inflammation [153]. IDO is one of the rate-limiting enzymes
responsible for TRP degradation and is activated by various inflammatory
stimuli such as IFNy and TNFa. It is well known that aging is associated with
alterations in immune system functioning and elevated levels of inflammatory
markers, which likely explain these increases and degradation primarily through
the KP, lowering TRP availability for serotonin synthesis in the brain [163]. In
line with this notion, studies investigating associations of age with neopterin
reported that higher levels were associated with age as well [15-17, 96, 100, 101,
112]. However, most studies included in this systematic review and meta-
analysis did not correct for important confounders such as age. Since age is also
the biggest risk factor of AD dementia, and most AD dementia patients were
older compared to controls, this might also be a reason for the non-/differences
observed in this study. As such, including age as a confounder in clinical studies
is essential.

Other important factors that are known to be associated with kynurenine
concentrations and/or cognitive functioning are sex, educational level, renal
function, and lifestyle factors such as smoking habits, alcohol use, and body mass
index (BMI) [103, 112, 118, 164-174]. Previous studies for instance reported
higher blood levels of TRP, KYN, KA, XA, AA, and 3-HAA in men than in
women [103, 112, 118, 164, 165]. Additionally, kynurenines were higher in
individuals with reduced renal function [112] and renal disease [173, 174] as
well. Unfortunately, if studies included in this systematic review adjusted their

59



analyses, they did so for age and sex, while other important factors were not
measured or corrected for most of the time.

Limitations

The main limitation of our meta-review is the relatively small number of
included studies, which underscores the need for more studies addressing the
role of the KP in dementia and aging. This limited sample size was partially due
to the fact that we had to exclude articles reporting the metabolite levels in
median and interquartile range, unless the corresponding author was able to
provide the raw data or mean and SD upon request. Additionally, although we
performed an extensive search without filters and included a downstream
snowballing approach, we may have missed potential articles. A recent study for
instance has shown that a dual-reviewer abstract screening approach misses 3%
of relevant studies [175]. Furthermore, the data included in our meta-analysis
consisted of mean KP metabolite concentrations and SD, whereas most
kynurenines are known to have skewed distributions. As such, most studies now
report median and interquartile range. Finally, we limited publications to articles
written in English and as such might have excluded other articles that would
otherwise have met inclusion criteria.

There were also limitations in the original studies themselves. For instance, most
studies included in this systematic review and meta-analysis did not correct for
important confounders such as age. Since age is also the biggest risk factor of
AD dementia, and most AD patients were older compared to controls, this might
also be a reason for the non-/differences observed in this study. As such,
including age as a confounder in clinical study is essential. Another limitation is
that most studies used hospital controls. These controls may be neurologically
normal, but may present other disorders which may influence kynurenines or
dementia risks (in)directly since articles do not clearly state the full diagnosis of
these controls. For example, studies have shown that CVD, diabetes and stroke
have reported associations with kynurenines and cognition [149, 176-180].
Moreover, recent meta-analysis reviews confirmed that neuropsychiatric
disorders such as depression and bipolar disorder influence kynurenines as well
[181-183]. Additionally, in line with the previous point, some control individuals
were from the memory clinic. Although they were categorized as neurologically
healthy controls, they may in fact suffered from SCD. Patients with SCD have a
higher risk of developing dementia compared to healthy individuals without
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cognitive complaints. According to one meta-analysis, the conversion rates of
SCD to MCI and dementia were 26.6% and 14.1%, respectively, over a period
of 4 years [184]. Another limitation is that TRP is only available through food
intake, thus fasting and non-fasting samples may influence the KP metabolite
concentrations. Although, Carayol et al. (2015) reported that both TRP and KYN
levels showed no significant difference between fasting and non-fasting serum
samples, overall reproducibility was lower in non-fasting samples [185]. There
were also inconsistent procedures in collecting ([non]fasted samples), measuring
(analytical techniques) and analyzing (covariates of) KP metabolites. Lastly,
most studies included in this review focused on AD dementia, and we do
underscore the need for studies investigating different patient populations as well
(e.g., VaD, LBD, FTD, and HD).

Future directions

There is a need for clinical studies that better control for confounders that
(in)directly affect TRP and KP metabolites and the disorder of interest. This
includes demographic, somatic and lifestyle factors (e.g., education level, BMI,
kidney function, alcohol and tobacco use, cognitive and neuropsychiatric
assessments, comorbidities, timing of the (non)fasted sampling and type of
anticoagulation tubes). Likewise, future studies, if possible, should investigate
different samples such as plasma, serum, and CSF simultaneously to better
understand the dynamics of metabolite levels. Moreover, in order to better
understand the role of KP, studies should investigate more downstream
metabolites and relevant ratios in addition to TRP and KYN, and correlate them
with pathology markers such as same-tissue amyloid or tau levels. Finally,
although cross-sectional studies are informative, in order to fully understand
potential specific and common pathophysiological mechanisms, it is vital to
investigate kynurenines at different time points in longitudinal studies in
individuals with different levels of cognitive impairment, different patient
populations and patients with other comorbidities such as affective disorders.

Conclusion
Despite a large heterogeneity among clinical studies and a partial inconsistency

in metabolite levels, the current review suggests that TRP and kynurenines are
dysregulated in patients with dementia and cognitive impairment.
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Table S1. Study details of all studies included in the systematic review

Study Biological Female Medication free patients
Study desion Country sample Groups (n) Age (%) (spec.)
59.5+
Arai Post-mortem AD (4) 17.7 K Yels .
(1984)™ cC P brain tissue CTRL (8) 69.6 + un (neuroleptic
11.8 treatment)
61.6+ Yes
Arai c.C P Post-mortem AD (5) 16.1 unk (neuroleptics,
(1985)® brain tissue CTRL (8) 69.6 = antidepressants,
11.8 opiates)
ggn;gt;’;lg Cross. Us Plasma 193 18-77 52.8 n/a
Yes
Atukeren AD (14) 78.9 £ 8.0 42.9 (antibiotic
(2017)® cC TR Serum CTRL (32)  77.3+6.7 56.3 NSAIDS,
steroids)
AD (12) 80.6+7.3 66.67
Baker Post-mortem CTRL (13) 82.5+7.1 69.23 Yes .
(1989)© C-C UK brain tissue (neuroactive
U AD (24) 81.0+7.5  70.83 drugs)
CTRL(21) 80.0+74  76.19
gggkll)@ Cross. HU CSF plasma 32 411 657i 100 n/a
Baran CSF AD (2) 73.2
(1999)M c-C AT Serum CTRL (5) 72.3+7.8 unk unk
Basun AD (22) 74.0+9.0 59.1
(1990)® c¢C SE Plasma CTRL(11)  79.0+2.0 545 unk
Beal AD (9) 76.7+72
(1990) cC us CSF CTRL(50) 438+32 UK unk
Bic 20-40
(201610 Cross. AU CSF 49 40-60 100 n/a
60-80
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78.4

AD (15) 03 80.0
Bonaccorso CTRL (15) 75.6 +9.1 46.7 Yes
(1998)1D € unk Plasma (psychotropic)
Younger (13) 38.5
Older(13)  229%81 539
783 +5.7 )
Young, <40
(Cl'(19b9311;?1r2()) Cross. Us Plasma (138) ?? i g unk n/a
0Old, > 55 (74)
Capuron Younger (unk) <80
01 1)(%3) Cross. FR Serum Older (unk) >80 unk n/a
(Czlz):azt(t)e;(rjlf)e Cross. AU Plasma 100 782+5.5 68.0 n/a
At follow up:
Chouraki Dem (93) 553£9.5 524
201719 Pros. Us Plasma AD (68) 67.8+6.1 51.6 unk
CTRL (1974) unk unk
69.4 +
Cogo PSCI (13) 17.8 38.5
(2021)(16) cC FR Serum PSNCI (10) 64.7 £ 40.0 unk
133
31.2+5.0
Collino Younger (18) 537,34 300
Cross. 1T Serum Older (20) 50.0 n/a
(2013)(7 101.0 £
Cent. (12) P 83.3
2.0
Yes
EU (anticoagulants,
DE anti-inflammatory,
Czech C-C FR CSF AD (79) 69.7 55.7 anti-depressives,
(2012)1® CE CTRL (51) 63.1£7.7 52.9 medication for
SE cognitive disorders,

schizophrenia
and anxiety)
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Table S1. (Continue)

Study Biological Female Medication free patients
Study desion Country sample Groups (n) Age (%) (spec.)
2 p P
Darst Yes
(2019)19) Pros. us Plasma 1212 60.8 £6.7 69.0 (all for 8h)
de Leeuw AD (127 65.1 (9.1) 50
(2017)20 € NL Plasma SCD (121 62.7(8.0) 46 No
Demling Younger (55) 274 58.2
(1996)2D Cross. DE Plasma Older (36) 69.0 50.0 a
Dunn Younger (unk) <50
(2015)2 Cross. UK Serum Older (unk) - 64 unk n/a
312;2;?;3) Cross. SE CSF 14 322+68 0.0 n/a
Fakhruddin . MCI (9)
(202029 C-C MY Urine CTRL (9) unk unk unk
Yes
Fekkes AD (14) 73.6£6.3 71.4 .
(1998)29) cC NL Plasma CTRL (17)  70.1+1.3 0.0 (neuroleptics,
anticonvulsive)
Ferraro Younger <40
(198529 Cross. Us CSF Older > 40 unk n/a
Fonteh c-.C Us Pﬁiia AD (8) 779 +7.4 50.0 No
(2007)27 i Urine CTRL (8) 79.5+5.5 50.0
Frick Younger (13)  48.5+8.6
(2004)29 Cross. AT Serum Older 1 (15) 67.3+2.7 unk n/a
Older 2 (15) 80.1 £6.1
Giil AD (42) 78.5+6.3
(2017)2? € UK Plasma CTRL (42)  78.6+6.8 unk unk
8‘(’)1{11 0 Cross. CA Plasma IS (41) s 46.3 No
Gonzalez-
. AD (22) 78.5+5.0 54.6
Dominguez C-C ES Serum unk
(2014)0) CTRL (18) 70.7 £ 4.1 61.1
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Gonzalez-

: AD (23) 79245.9 65.2
Z%T;‘;%‘;;Z c-C ES Serum CTRL 21) 721454 571 Yes (all)
Gonzalez-
; AD (30) 80.3+5.0 60.0
g%‘f;‘g%é‘;z cC ES Serum CTRL (30) 735459 66.7 Yes (all)
Mod AD 20) 13372 45y
Gonzélez- Mild AD (41) 10#81 55y Yes
Sénchez c-C ES CSF McI(24)  POETL 5oy (med affecting
34 Plasma 66.4+52 cognition or
(2020)3 FTD (8) AT 374 motor fimetion)
CTRL (23) 0 34.8 otor junctio
Grahamm Atg"g"gl)‘p T 779444 632
(2015)39 C-C 1IE Plasma MCI (16) 724+73 50.0 unk
73.1+£8.9 514
CTRL (37)
Greilberger . ot plasma | ADMCI(16) 613537i 563 ik
(2010)69 CTRL(IS)  y o5 733
Gulaj AD (34) 788 +5.7 70.6
(2010)C7 c-C PL Plasma CTRL(18)  762+7.3 72.2 unk
Hafstad Solvang AD (90) 75.1+7.8 67.8
(2019)39 c-C NO Serum LBD (65) 751463 40.0 unk
Hafstad Solvang Cross. NO Plasma 2174 712 552 n/a
(2019)39
Yes
. Plasma (med.
Hartai AD (28) 77.0+£6.3 78.6 .
(2007)¢0 € HU Red blood CTRL(31)  73.0+83 67.7 [nfluencing
cells Dopaminergic

system or KP)
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Table S1. (Continue)

Study Biological Female Medication free patients
Study desion Country sample Groups (n) Age (%) (spec.)
63.8+12
AD (39) 59.1 +
CTRL (30) 14.2
Heyes c-C Us CSF unk Yes (all)
(1992)“h CA
Younger (16) 352+8.4
Older (30) 59.1+
14.2
C?EL(ZZ 69 +9.6 71
Ibities @n 58489 57
(2013)42) cC SE CSF MCI-AD (12) unk
MCIL-Stable 0394 2(3)
o) 60 £8.9
Jacobs CSF AD (20) 779+75 55.0
(2019)) € SE Plasma SCD (18) 73.1+7.9 16.7 unk
Janssens o BE CSF FTD (39) 617 i46i 487 -
(44) . .
(2020) Serum CTRL(26) 0 g 46.2
gg?;;)({:s) Cross. us Plasma Yg]l(rjlegrezz(;)“ ) 2? i 21 22(2) n/a
S S - T
AD (40) 69.0 75.0
é%dg‘)‘{‘i})"])ao“k c-C US CSF MCI (36) 69.9 52.8 unk
CTRL (38) 69.5 66.8
. Yes
Kaiser AD (14) 71.6 £8.8 57.1
(2010)4®) cC DE CSF MCI (13) 67.2+7.4 53.9 s(“rg(ﬁ’;lf)
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Kepplinger

CSF

Younger (17

354+9.1

41.2

(2005)4 Cross. AT Serum Older (10) 611(')6 4i 50.0 na
. 379+
Kepplinger Younger (15) 66.7
(2019) Cross. AT CSF Serum Older (15) s 1903.557 A 733 unk
Kiister DEM (4)
(201750 Cross. DE Serum MCI (32) 712£6.0 57.5 No
SCD (11)
Leblhuber 424 + Yes
(1998)2 Cross. AT Serum HD (12) 11.7 333 (neuroleptics)
Li AD (20) 68+ 10 50.0
(2010)» c¢C CN Plasma CTRL (20) 70+9 50.0 Yes (all)
Liang . AD (660) 786 £5.7 50.3
(2016)59 cC CN Saliva MCI (583)  78.9+4.9 50.4 unk
Lin AD (15) 76.9 = 8.0
(2019)59 C-C ™ Plasma MCI (10) 74.6 £8.5 unk unk
CTRL (15)  668+6.5
Liu PSCI (30)
(2015)59 C-C CN Serum PSNCI (30) unk unk unk
Martine AD (13) 68.0+6.0 69.2 Yes
1 993)(53) c-C ES CSFSerum  VaD(13)  71.0+6.0 462 (neuroleptics,
CTRL (15) 66.0 £+ 8.0 46.7 antidepressants)
. 673+
Mashige AD (8) 37.5
Cc-C JP CSF 15.1 unk
(58)
(1993) VaD (3) 750472 333
Molina CSF AD (37) 709 £8.5 54.1
(1998) € ES Plasma CTRL(32)  67.9+9.2 53.1 unk
AD (22) 75.0+£94
Mourdian l:)(;ztiﬁ?;stfl? CTRL (21) 73:0£92
(1989)©0 C-C [N} unk unk
CSF AD (35) 64.0+5.9
CTRL (23) 65.0+9.6
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Table S1. (Continue)

Study Biological Female Medication free patients
Study desion Country sample Groups (n) Age (%) (spec.)
Oxenkrug AD (20) 60.0
(2017)©) c-C US Serum CTRL (24) unk 50.0 No
Paglia Post-mortem AD (21) 82.4+6.7 57.1
(2016)© € us brain tissue CTRL(19)  83.5+64 36.8 unk
523512(0)(63) Cross. KR Serum 40 73.9+£5.1 65.0 n/a
70 (67-
. MCI due to
Pefia-Bautista 73)2 60.0
(2020)64 C-C ES Plasma AD (25) 66 (22_ 36.0 unk
CTRL (25) 70y ’
Pertovaara Younger (309) 21-64 45.0
(2006)69 Cross. F1 Serum Older (284) 90-91 76.4 a
Phipps Younger (84) 17-69 61.9
(1985)(69 Cross. UK Plasma Older (47) 70+ 617 n/a
Plasma
Proenza 44.8 +
(1994)©7 Cross. ES Red blood 40 12.6 0.0 n/a
cells
Yes
Ramos-Chavez MCI (23) (immunosuppressive
(2018)69 C-C MX Serum CTRL (54) unk unk and
immunomodulatory med)

Rommer ADMCI (16)  933* 563

C-C AT Plasma 13.7 ' unk

(69)

(2016) CTRL (15) 628 +3.6 733
Rudman Dem (17) 73.0 0.0
(1989)70 € s Plasma CTRL (21) 75.0 0.0 unk
Ruiz-Ruiz Younger (10) 35.4+6.6 50.0
(2020)7) Cross. ES Feces Older (10)  74.5+43 70.0 n/a
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Yes

Santos FTD (9) 65.5+9.5 333 .
(2020)™ € BR Plasma CTRL(15) 677484  66.7 (anticoagulants,
anti-inflammatory)
Sarwar Younger (37) 30-35 62.2
(1991)73) Cross. CA Serum Older (30) 80-89 63.3 n/a
74.0+7.6 Yes
(Szc(l)l 1\?;{724) C-C DE Serum S/?j?)((zlo 9)) 595+ 2(2)(1) (anti-
10.2 ) inflammatory)
Shao AD (30) 716+88 66.7
(2020)79 C-C CN Plasma MCI (13) 67.9+7.2 38.5 unk
CTRL(43)  655+7.9 419
Dem (32) 77.1
CTRL (70) 70.1
(Slh 932?1 )76 C-C UK Plasma unk unk
Younger (46) 422
Older (70) 70.1
Sipahi Younger (46)  38.6 +6.8 56.5
(2013)77 Cross. TR Serum Older (48) 725455 43.8 n/a
Sorgdrager o BE CSF AD (33) 737'Z 100 s No
(2019)7® Serum CTRL (39) o 53.8
61.8 £
Storga Post-mortem AD (8) ) 37.5
C-C AT . 12.9 No
(79)
(1996) brain tissue CTRL (6) 608454 50.0
Tarbit Post-mortem AD (8) 75 +£22.6
(1980)50) c-C UK brain tissue CTRL (7) 78 £29.1 unk unk
Younger
(Tzl})el";ﬁ?}‘“’po“lo“ Cross. NO Plasma (3723) ‘7‘8:‘7‘3 22"9‘ wa
Older (3329) :
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Table S1. (Continue)

Study Biological Female Medication free patients
Study desion Country sample Groups (n) Age (%) (spec.)
Yes
(meds interfering
Thomas Dem (23) 77.2 60.9 with vitamin
(1986) € UK Plasma CTRL (23) 76.1 60.9 metabolism or
intestinal
absorption)
. 68.4+
Tohgi AD (14)
C-C JpP CSF 10.1 unk unk
(83)
(1992) CTRL (10) 68.5 < 6.1
Tohei Younger (31) 33.8+09.1 19.4
a 99%)(84) Cross. P CSF Older 1 (18)  568+43 278 n/a
Older2(5) 68.2+1.8 40.0
Tohgi AD (15) 68.0 £6.0
(1995)®9 c-C P CSF CTRL (10)  68.5+6.1 unk unk
At baseline:
75.6 514
Toledo (0N} AD (175)
(2017)6) Pros. Canada Serum MCI (356) ;gé gg'g No
CTRL (199) ) )
Trushina AD (15) 82.7+4.2 20.0
(2013)D C-C Us CSF Plasma MCI (15) 80.4+4.2 27.0 No
CTRL (15) 78.6+3.5 33.3
64.3 +
AD (3) 16.9 0.0
Tsuruoka Serum FTD (4) 72.0+£29 0.0
(2013)®3® cC us Saliva LBD (3) 753+4.9 333 unk
CTRL (9) 68.1+ 100
13.7
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Urbanska

(2006)) Cross. PL Serum 26 68.4+83 84.6 unk
Valdiglesias <
(2017)0 Cross. ES Serum 259 65 = 67.2 n/a
Van der Velpen CSF AD (40) 749+ 6.4 60.0
(2019)®) c-C CH Plasma CTRL 34)  654+6.2 67.7 unk
Yes
Watkins AD (22) 77.3 68.2 (meds interfering
(1989)©2) cC UK Plasma CTRL (22) 76.0 68.2 with internal
absorption)
Wennstrom AD (19) 75.0 526
(2014)0 c-C SE CSF LBD (18) 77.0 55.6 No
CTRL (20) 76.0 50.0
Westbrook Younger (50) 25.6+6.2 32.0
(2020)4 Cross. US Serum Older (116)  77.6+5.9 43.1 n/a
. AD (103) 76.5+6.0 51.5
gg;lf)y(%) c-C EU %errll:l‘;l MCI(165)  763+60  57.0 No
CTRL (86) 759+£52 48.8
Widner AD (24) Yes
(1999)6) c-C AT Serum CTRL (unk) unk unk (neuroleptics)
AD (21) ;‘;iig'i 714
. CTRL (20) ’ ’ 50.0
Widner c-C AT Serum Yes
©7) B 1
(2000) Younger (49) 3%4; unk (nootropics)
Older 20) 3,710 50.0
AD (112) 74.8 £8.1 42.0 Yes
Willette usS ) ) ) (SSRIs, cholinesterase
e c-C Serum MCI (396)  74.7+7.4 354 , o8
(2021)®® CA CTRL (58) 751158 483 inhibitors,
) ) ) NMDA antagonists)
Wissmann 81.7+
(2013)99 Cross. AT Serum AD (43) 105 60.5 No
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Table S1. (Continue)

Study Sgl,(g, Country B;(;lltl)lillceal Groups (n) Age Fizzi;le Medlcatu()sli) il:)e patients
742+

Wu AD (27) 11.2 444
(2021100 C-C CN Faeces MCI (22) 70.0 = 59.1 unk

CTRL (28) 113 50.0

743 +9.0

Xu Post-mortem AD (9) 703 +7.1 44.4
(2016)19D € Nz brain tissue CTRL (9) 70.1+6.7 444 unk
Xyda Younger (12 27+5 50.0
(2%20)“02) Cross. US Plasma 01degr (1(2) ) 76+ 5 41.7 n/a
Vilmaz ' AD (20) 79.9+9.1 55.0
(2020)(10 c-C Us Urine MCI (10) 76.6 £9.4 50.0 unk

CTRL (29) 79.1+6.3 55.2

Table S1. (Continue from beginning with different study details)
Study In{out Dia'gno'stic Measur.ed Method Fasting Storage Raw data
patients criteria kynurenines Temp.
Arai Hitachi 835 .high-
(1984)(D unk unk TRP speed amino n/a -80 Yes
analyser
Arai Hitachi 835 high-
(1985)® unk unk TRP speed amino n/a -80 No
analyser

Armstrong
(1973)® n/a n/a TRP unk Yes unk Yes
Atukeren NINCDS N-f-KYN Spectro
(2017)® unk ADRDA KYN ﬂuolr)ometric Yes -80 Yes
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Baker

(1989)© unk unk TRP HPLC unk unk Yes
%1913(11)(6) n/a n/a TRP Fluorometric Yes -20 Yes
Baran R
(1999)™ unk unk KA unk unk unk Yes

3-HK
5395;(1)1)(8) Out DSM-IIT TRP unk Yes -70 Yes
?16921910)(9) Both unk KA HPLC unk unk Yes

TRP

KYN

KA

3-HK
Bie 3-HAA -20 to
(2016)10 n/a n/a PIC GC-MS unk 20 Yes

QA

KTR

PIC/QA
Neopterin
5‘;‘;%0)33{50 unk DSM-III-R TRP HPLC Yes -75 Yes
(Cla9b9311;?1r2()) n/a n/a TRP Fluorometrically Yes -30 Yes
c TRP
apuron n/a n/a KYN HPLC Yes -80 Yes
(2011)(13 ~
Neopterin

Chatterjee TRP UHPLC
(2020)9 wa wa KYN HRAM-MS Yes 50 e
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Table S1. (Continue)

Study In{out Dla'gno'stlc Measur.ed Method Fasting Storage Raw data
patients criteria kynurenines Temp.
TRP
KYN
Chouraki DSM-IV KA
(2017)09 unk NINCDS XA LC-MS Yes -80 Yes
ADRDA AA
3-HAA
QA
Test battery
(MMSE, gﬁ;
Cogo MoCA, KA HPLC
@ 0‘(’;1)(16) In WAIS-1V, QA Mass n/a n/a Yes
FAB, TMT, KTR fragmentography
Rey figure,
Stroop) QA/KA
Collino LC
(2013)17 n/a n/a TRP MS/MS Yes -80 Yes
DSM-IV GC-MS
(Cﬁc;‘)(m unk NINCDS o LC unk unk No
ADRDA -MS/MS
Darst TRP UPLC
(2019)19 n/a n/a KYN MS/MS Yes -80 No
NINCDS-
de Leeuw TRP UPLC
(2017)2) Out ﬁg&iﬁ KYN MS/MS No -80 No
83;12)1(12%) n/a n/a TRP HPLC Yes unk Yes
]()21(1)?2)(22) n/a n/a TRP UCP;IC‘_CMI\SS unk -80 No
Eklundh
(1996)2) n/a n/a TRP HPLC Yes -70 No
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Fakhruddin

TRP

(2020)2 Out unk KYN unk unk -80 No
Fekkes DSM-III-R
Out NINCDS TRP HPLC unk -80 Yes
(1998)@
ADRDA
Ferraro HPLC/
26 n/a n/a TRP fluorometric unk -80 Yes
(1985)20 analyser
g’ég%‘m) unk DYNTS TRP LC-MS/MS unk 80 No
TRP
Frick KYN
(2004)2 n/a n/a KTR HPLC unk -20 Yes
Neopterin
TRP
KYN
3-HK
KA
Giil CamCog, XA
(2017)2) unk CERAD AA LC-MS/MS No -80 Yes
3-HAA
QA
KTR
Neopterin
Gold NINCDS TRP
(201160 unk M\gII:IIIOC-A EST(II;I HPLC Yes -80 Yes
Gonzalez-
Dominguez unk NINCDS KYN DI-MS Yes -80 No
(2014)0) ADRDA
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Table S1. (Continue)

In/out Diagnostic Measured . Storage
Study patients criteria kynurenines Method Fasting Temp. Raw data
Gonzalez-
Dominguez Out Iilgl(;gi TRP GC-MS Yes -80 Yes
(20152)32
Gonzalez-
. NINCDS FIA-APPI
g(())rilgrg)gggz Out ADRDA PIC _QTOF-MS unk 80 Yes
Gonzélez- g{)ﬁﬁrﬁér TRP
Sanchez unk KA ELISA unk -80 Yes
(2020)34 profile, KA/TRP
imaging
NINCDS- TRP
(Gzr(?}?;;g unk ADRDA N-£KYN LC:I%OF unk -80 No
Petersen 3-HK
TRP
(Gzrgilob)f%er unk TBIEDDE Igl; RP-HPLC Yes -70 Yes
Neopterin
TRP
KYN
3-HK
KA
Gulaj AA
(2010)67 unk DSM-IV QA HPLC unk -40 Yes
KTR
3-HK/KYN
KA/KYN
AA/KYN
QA/3-HK
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Hafstad Solvang
(2019)¢®

unk

NINCDS

ADRDA

TRP
KYN
3-HK

KA
XA
AA
PIC
QA
KTR
KA/KYN
Neopterin

LC-MS/MS

Yes

Hafstad Solvang
(2019)3

n/a

n/a

TRP
KYN
3-HK

KA

XA

AA
3-HAA

PIC

QA

KTR

Neopterin

LC-MS/MS

Yes

Hartai
(2007)40

unk

DSM-IV
NINCDS
ADRDA

KYN
KA

HPLC

unk

unk

Yes

Heyes
(1992)4D

unk

unk

TRP
KYN
KA
QA
QA/KA

unk

unk

Yes

Ibafiez
(2013)42)

unk

DSM-IV
NINCDS
ADRDA

TRP

RP-UHPLC-MS
HILIC
UHPLC-MS

Yes

Yes
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Table S1. (Continue)

Study

In/out
patients

Diagnostic
criteria

Measured
kynurenines

Method

Fasting

Storage
Temp.

Raw data

Jacobs
(2019)»

Out

unk

TRP
KYN
3-HK
KA
AA
3-HAA
PIC
QA
KTR
3-HK/KYN
3-HAA/AA
PIC/QA
QA/KA
Neopterin

UHPLC
HPLC,
GC-MS

unk

Yes

Janssens
(2020)“4

Out

n/a

TRP
KYN
3-HK

KA
XA
AA
QA
PIC
KTR
3-HK/XA

LC-MS/MS

n/a

Johnson
(2018)“)

n/a

n/a

TRP

LC-MS/MS

Yes

Yes

Kaddurah-Daouk
(2011)40

Out

CERAD

TRP
KYN
3-HAA
TRP/KYN

LC-ECA

unk

Yes
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TRP

Kaddurah-Daouk NINCDS
(2013)4D Out ADRDA ?ng LC-ECA unk unk Yes
Kaiser NINCDS
(20104 ot ADRDA TRP HPLC Yes -80 Yes
Kepplinger HPLC/
¥ 0%p5 )(49g) n/a n/a KA fluorometric unk 230 Yes
analyser
Kepplinger TRP HPLC/
(i n/a n/a KYN fluorometric unk 40 Yes
(2019)60)
KA analyser
TRP
Kiister KYN
(2017)) Out unk 3-HK LC-MS/MS No 80 No
KA
QA
TRP
PR . ST N
(1998)5) Y e KTR ELISA u -
Hopsy Neopterin
Li
(2010)3) Out unk TRP UPLC-MS unk -80 No
Lian
(2012)(54) Out unk TRP FUPLC-MS unk -80 No
Lin DSM-IV
(2019)69) unk NINCDS KTR LC-MS/MS Yes unk Yes
ADRDA
Liu TRP UHPLC-
(2015)9 In MoCA KYN QTOF-MS Yes -80 No
Martinez NINCDS
(1993)7 unk ADRDA TRP HPLC Yes 40 Yes
Mashige
(1993)%58) unk unk TRP HPLC unk -80 Yes
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Table S1. (Continue)

In/out Diagnostic Measured . Storage
Study patients criteria kynurenines Method Fasting Temp. Raw data
Molina DSM-IV Ton-exchange
(59) unk NINCDS TRP Yes -30 Yes

(1998) ADRDA chromatography
KTR

Mourdian NINCDS NCI

(1989)© unk ADRDA GC-MS Yes 70 Yes
QA
TRP
KYN
3-HK

8’6‘%{5% unk MMSE KA HPLC-MS unk -80 Yes
XA
AA
KTR

Paglia NIA- UPLC-

(2016)© unk Reagan TRP HILIC-MS n/a unk Yes
TRP

Park GC-

(2020 n/a n/a KAY;\I TOF-MS Yes -80 No

. . NIA-AA,
ge(l)l; (;])%Zl)msm Out Biomarker TRP UPLC-MS/MS unk -80 Yes
profile

Pertovaara TRP

(2006)69 n/a n/a KYN RP-HPLC unk unk Yes
KTR

flh 91?5) ;(66) n/a n/a TRP unk unk unk Yes
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Proenza

(199467 n/a n/a TRP HPLC Yes n/a Yes
TRP
KYN
Ramos-Chavez Test 3-HK HPLC/ '
(2018)©® Out batte KA fluorometric unk -70 Yes
i KTR analyser
3-HK/TRP
KA/TRP
TRP
é%r?g)lgg) unk I\ILI]I;IISDD: II<(YTII\{/I RP-HPLC Yes -70 Yes
Neopterin
Rudman
(1989)70 In unk TRP HPLC Yes 20 Yes
Ruiz-Ruiz
(2020)7) n/a n/a TRP LC-MS unk -80 No
Santos NIA-AA
(2020)7 Out Biomarker TRP GC-MS Yes 80 No
profile
Sarwar
(1991)7 n/a n/a TRP LC Yes 70 Yes
TRP
KYN
3-HK
Schwarz NINCDS KA HPLC
(2013)7 Out ADRDA PIC GC-MS unk -80 Yes
QA
3-HK/TRP
PIC/TRP
Shao NINCDS
unk ADRDA TRP UPLC Yes -80 No
(2020)7
Petersen
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Table S1. (Continue)

Study

In/out
patients

Diagnostic
criteria

Measured
kynurenines

Method

Fasting

Storage
Temp.

Raw data

Shaw
(1981)79

In

Hare scale
(1978)

TRP

unk

Yes

unk

Yes

Sipahi
(2013)77

n/a

n/a

TRP

KYN

KTR
Neopterin

RP-HPLC
ELISA

unk

Yes

Sorgdrager
(2019)7®

Out

NINCDS
ADRDA

TRP
KYN
3-HK

KA
XA
QA
KTR
KA/QA
XA/3-HK

LC-MS/MS

unk

-80

Yes

Storga
(1996)7

unk

unk

TRP

HPLC

n/a

Tarbit
(1980)0

In

unk

TRP

Rank-Hilger

Chromospek

amino acid
analyser

n/a

Yes

Theofylaktopoulou
(2013)®D

n/a

n/a

TRP
KYN
3-HK

KA

XA

AA
3-HAA

KTR

Neopterin

LC-MS/MS

-80

Yes
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History,

Thomas Clinigal . .
In characteristics TRP Ultra-filtration Yes -20 Yes
(1986)¢2
and test
performance
DSM III-R TRP
Tohgi Hachinski KYN
(1992)# unk NINCDS 3-HK HPLC Yes -80 Yes
ADRDA KTR
CT/ MRI 3-HK/TRP
;1109119%)(84) n/a n/a Izsi HPLC unk -80 Yes
DSM III-R
Tohgi Hachinski Izsi
unk NINCDS HPLC Yes -80 Yes
(1995)® 3-HK
ADRDA KYN/3-HK
CT/ MRI
NINCDS
(TZOOIT%’(%) Out ADRDA gﬁ; UPLC-MS/MS Yes unk No
PET/ MRI
Trushina DSM-IV
(2013)67 Out 1\/11]1;1[()5]1))2 TRP LC-MS Yes -80 No
(T;glfgglgg unk TBIEDD: TRP CE-TOF-MS unk -80 Yes
Anamnesi
Urbanska neuroloegsicsz;l HPLC/ .
unk Lo KA Fluorometric Yes =72 Yes
(2006)E) examination
CT analyser
TRP
2;%1? %};ﬁlas n/a n/a i}ﬁj I?Ii]éCA unk unk Yes

Neopterin




Table S1. (Continue)

Study In{out Dia.gno.stic Measur.ed Method Fasting Storage Raw data
patients criteria kynurenines Temp.
TRP
CDR KYN
é%nl Sfél)velpe“ Out Blgggrll:r 3155 UHPLC-MS unk unk No
CT/ MRI AA
QA
History, clinical
27;/;;1;1;(132) In cha;i(zitsizlsitlcs TRP unk Yes -20 Yes
performance
Wennstrom DSM-IV
(2014)%) Out NINCDS KA RP-HPLC unk -80 Yes
ADRDA
TRP
KYN
3-HK
gg;tob)r(g:; k n/a n/a )Iéﬁ HPLC unk -80 No
AA
QA
KTR
TRP
KYN
3-HK
Whiley DSM-IV KA MSME
Out NINCDS XA unk -80 Yes
(2021)9 ADRDA 3 HAA UHPLC-
QA QTOF-MS
PIC
KTR
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TRP

Widner KYN HPLC
(1999)%) unk unk KTR ELISA unk -20 No
Neopterin
. TRP
Widner NINCDS
(20007 Out ADRDA II?T(I; HPLC unk unk Yes
Willette NINCDS TRP
(20219 Out ADRDA KYN LC-MS unk unk Yes
KTR
Wissmann NINEDS KTR RP-HPLC
99) unk ADRDA N . ELISA unk unk No
(2013) PET/ MRI eopterin
DSM-IV
2(1)121)“00) Out NINCDS %}\I UPLC-MS Yes unk No
ADRDA
Xu CERAD
(2016)10 unk Braak TRP GC-MS unk -80 No
Xyda TRP
(2020)102 n/a n/a KYN UPLC-MS Yes -80 Yes
Yilmaz NINCDS
(2020)(109 Out ADRDA TRP UPLC Yes -80 Yes

unk unknown, n/a not applicable, *“Age in median (IQR). Abbreviations: C-C, Case-control; Cross, Cross-sectional; Pros, Prospective; AD, Alzheimer’s dementia; CTRL,
Controls; Dem, Dementia; IS, Ischemic stroke patients; MCI, Mild Cognitive Impairment; HD, Huntington’s disease; PSCI, Post-stroke cognitive impairment; PSNCI, Post-
stroke no cognitive impairment; SCD, Subjective Cognitive Decline; LBD, Lewy Body Dementia; Cent, Centenarians; NINCDS ADRDA, National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association; NIA-AA, National Institute on Aging — Alzheimer’s Association;
CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; WHO-MONICA, World Health Organization-Multinational Monitoring of Trends and Determinants
in Cardiovascular Disease; FAB, Frontal Assessment Battery; MMSE, Mini Mental State Examination; CamCog, Cambridge Cognition examination; MoCA, Montreal
Cognitive Assessment; WAIS, Wechsler Adult Intelligence Scale; ELISA, Enzyme-linked immunosorbent assay; GC, Gas chromatography; LC, Liquid chromatography;
HPLC, High-performance liquid chromatography; UPLC/UHPLC, Ultra high performance liquid chromatography; MS, mass spectrometry; MS/MS, tandem mass
spectrometry; QTOF, Quadrupole time of flight; HILIC, Hydrophilic interaction liquid chromatography; NCI, Negative chemical ionization; FIA, Flow injection analysis;
ECA, Electrochemical array; HRAM, High resolution accurate mass; APPI, Atmospheric pressure photo ionization; JP, Japan; TR, Turkey; HU, Hungary; US, United States;
UK, United Kingdom; AT, Austria; SE, Sweden; AU, Australia; FR, France; IT, Italy; DE, Germany; CH, Switzerland; NL, Netherlands; MY, Malaysia; CA, Canada; ES,
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Spain; IE, Ireland; PL, Poland; NO, Norway; BE, Belgium; CN, China; TW, Taiwan; KR, Republic of Korea; FI, Finland; MX, Mexico; BR, Brazil; NZ, New Zealand; EU,
European Union.

Table S2. Differences in CSF KP metabolite ratios and neopterin between cases and controls

Cases Controls Ratios
Stud Cov. in N
tudy N ae % N ae % analyses | TRP/ HK/ KYN/ PIC/ QA/ KA/ KA/ HAA/ HK/ XA/|Neop
g female g female KYN TRP HK QA KA QA TRP AA XA HK
Alzheimer’s dementia
) Mod 73.3 65.0
gfmz}?lez_ (20) =72 23 617 348 N _ _ _ T o
anchez . . one
Mild 719 537
(34) - - - - - - - - - -
(2020) @) <81 10.8 1
Jacobs 0 70 sso [1s Blo167 Sex - - - ns L - - ns - - | ns
(2019)* +7.5 +7.9
71.3
Sorgdrager | 33 737 545 139 i 538 | Age,sex - - - - - L - - - ns | -
(2019)7® +6.0
) 10.7
clinical/
Kaddurah- demographic
Daouk 15 f()l()l 73.0 |15 jé% 73.0 measures, ns - - - - - - - - - -
(2011)@“0 ) ’ compound
ratios
Tohgi 68.0 68.5
(199569 15 +6.0 unk |10 +6.1 unk None - - i - - - - - - - -
59.1
Heyes 63.8
39 unk (30 % unk None - - - - ns - - - - - -
(41)
(1992) +1.2 142
. 68.4
(Tlo9hgg21)(xs) 14 + unk |10 :58651 unk None - 2 - - - - - - - - -
10.1 ’
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Gonzalez- 66.4 64.7
Sanchez 8 ; 374 |23 + 348 None ns -
(202039 £3.2 10.8
67.4
Janssens 67.3
(2020) @ 39 1T6 48.7 |25 +81 379 None - ns

Gonzéalez- 720 64.7
Sanchez 24 4 7 1 584 |23 + 34.8 None ns -
(2020)39 ) 10.8

T Higher in cases, ¥ lower in cases, ns non-significant, unk unknown, - metabolite not measured. If not stated otherwise, controls consisted of neurologically healthy
individuals. Abbreviations: Mod, Moderate; TRP, Tryptophan; KYN, Kynurenine; KA, Kynurenic acid; AA, Anthranilic acid; HK, 3-hydroxykynurenine; HAA, 3-
hydroxyanthranilic acid; XA, Xanthurenic acid; QA, Quinolinic acid; PIC, Picolinic acid; Neop, Neopterin.



Table S3. Differences in plasma and serum KP metabolite ratios and neopterin

Cases Controls Cov. i
Study N R % N N o, |Blood an‘;gs‘gs
ge female ge female
Alzheimer’s disease dementia
Sorgdrager Age,
(2019)79 33 73.7+6.0 545 39 713+10.7 538 S sox
Schwarz SCD Age,
(2013)7% 20 740+£7.6  80.0 (19) 59.5+102 42.1 S sox
xg;g’;f%) 24 unk unk unk unk unk S None
Gonzalez- %‘(’S 733+£72 650
Sanchez Mild 23 64.7+10.8 3438 P None
2020)69 !
(2020) 41y 1981 537
Jacobs
(2019)) 20 779+75 550 18 73.1+7.9 16.7 P Sex
Giil Age,
29) 42 785+6.3 unk 42 78.6 £6.8 unk P sex,
(2017) .
creatinine
Gulaj
(201037 34 788+57  70.6 18 762+73 722 P None
Frontotemporal dementia
Janssens
(2020) @ 39 674+11.6 487 26 67.0+8.0 462 S None
Mild cognitive impairment + Alzheimer’s disease dementia
Rommer
(2016) 16 633+13.7 563 15 62.8+3.6 733 P None
Greilberger | ¢ 633413 63 | 1 628+3.6 733
(2010)9 . 7 56. 5 . . 73. P None
Mild cognitive impairment
Ramos-
Chavez 23 unk unk 54 unk unk S Age, TRP
(2018)©®
Gonzalez-
Sanchez 24 72.0+£7.1 58.4 23 64.7+10.8 3438 P None
(2020)G%
Post-stroke cognitive impairment
Cogo PSNCI
(2021)19 13 694+17.8 385 (10) 64.7+13.3 40.0 S None

0 Higher in cases, J lower in cases, ns non-significant, unk unknown, - metabolite not measured. If not stated
decline; PSCNI, Post-stroke no cognitive impairment; S, Serum; P, Plasma; TRP, Tryptophan; KYN,
3-hydroxyanthranilic acid; XA, Xanthurenic acid; QA, Quinolinic acid; PIC, Picolinic acid; KTR, Kynurenine-
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between cases and controls

Ratios

HK/ AA/ HAA/ PIC/ QA/ KA/ KA/ XA/ QA/ KA/ HK/ PIC/ HK/
KYN KYN AA QA KA QA KYN HK HK TRP TRP TRP XA

Neop

. . . . - ns - L - . . . . .
T
O
Vool o e e ]

ns

ns

- - - - T - - - - - - - -

otherwise, controls consisted of neurologically healthy individuals. Abbreviations: SCD, Subjective cognitive

Kynurenine; KA, Kynurenic acid; AA, Anthranilic acid; HK, 3-hydroxykynurenine; HAA,
Tryptophan ratio; Neop, Neopterin.
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Table S4. Differences in TRP and KP metabolites between cases and controls in

Cases Controls
Study Female Female
N Age (%) N Age (%)
Red blood cells
Hartai 77.0 £
Qoony | ADCS) e 78.6 31 730483 677
Saliva
Liang 78.6 +
(201659 | AD (660) s 503 MCI(583) 789449 504
64.3 £
AD (3) o 0.0
Tsuruoka 72.0 = 68.1 +
2013 FTD (4) e 0.0 9 i 100
753+
LBD (3) 0 333
Urine
whil AD (103) 76&%* 51.5
(20£ S{gs) 86 759452 488
MCI(165)  63* 57.0
6.0
fza (l)(zh(;;lggm MCI (9) unk unk 9 unk unk
, AD(20)  100F 55.0
Yilmaz o 29 791463 552
(2020)193) 76.6 + ’ ’ :
MCI (10) 50.0
9.4
Fonteh 779 +
(200727 AD (8) o 50.0 8 795455 500
Feces
w AD (27) 7;"12; 44.4
u )
28 743 +9.0 50.0
(2021)(1%0 70.0 +
MCI (22) s 59.1
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other biological materials

Covariate in
analyses

None

Metabolites

TRP KYN 3-HK KA XA AA 3-HAA QA PIC KTR

None 0 - - - - - - - ; -
ns - - - - - - - - -
None ns - - - - - - - - -
ns - - - - - - - - -

None

- ns

3 ns ns N N - ns - - N
None

ns ns ns AN - ns - - N
None N J - - - - - - _ _

ns - - - - - - - - -
None

ns - - - - - - - - -
None ns - - - - - - - - -

ns - - - - - -
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Table S4. (Continue)

Cases Controls
Study Female Female
N Age (%) N Age (%)
Post-mortem brain tissue
Paglia ﬁﬁ%;l) 824 51 Fr(1)r91ta1 85+ 348
(2016)© 6.7 ) 6.4 ’
cortex cortex
Tarbit AD (8) 75.0 £ 7 78.0 +
(1980)®" Hippocampus 22.6 unk Hippocampus 29.1 unk
AD (9) 9
Hippocampus Hippocampus
Entorhinal cortex Entorhinal cortex
Xu Middle temporal 703 + Middle temporal 701 +
(2016)10D gyrus 7.1 444 Eyrus 6.7 444
Sensory cortex Sensory cortex
Motor cortex Motor cortex
Cingulate gyrus Cingulate gyrus
Cerebellum Cerebellum
AD (8) 6
Globus pallidus Globus pallidus
Putamen Putamen
Storga Nucleus 618+ Nucleus 698+
(1996)79 amygdalae 12.9 375 amygdalae 54 50.0
Nucleus caudatus Nucleus caudatus
Substantia nigra Substantia nigra
Gyrus cingula Gyrus cingula
Raphe Raphe
AD 80.6 + 825+
Baker Hippocampus (12) 7.3 66.7 Hippocampus (13) 7.1 69.2
(1989)® Substantia 81.0 £ 70.8 Substantia 80.0 £ 76.2
innominata (24) 7.5 innominata (21) 7.4
AD
Frontal (A4) (12) Frontal (A4) (6)
Frontal (A9) (10) Frontal (A9) (11)
Parietal (A39) (4) Parietal (A39) (10)
Temporal (A22) Temporal (A22)
Mourdian ) 75.0 £ (14) 73.0 £
(1989)© |  Temporal (A38) 9.4 unk Temporal (A38) 9.2 unk
(11) (10)
Occipital (A17) Occipital (A17)
an (16)
Hippocampus (9) Hippocampus (11)
Caudate (18) Caudate (10)
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Metabolites

Cov. in
analyses | TRP KYN 3-HK KA XA AA 3-HAA QA PIC KTR
None ns - - - - - - -
None ns - - - - - - -
1
1
None ) - - - - - - -
ns
T
T
ns
ns
ns
None ns - - - - - - -
ns
ns
ns
ns
None ns - - - - - - -
ns
ns
ns
ns
None - - - - - E: - -
ns
ns
ns
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Table S4. (Continue)

Cases Controls
Study Female Female
N Age (%) N Age (%)
Post-mortem brain tissue
AD (5) 5
Superior frontal Superior frontal
Arai Orbital 61.6+ Orbital 69.6 +
2) Cingulate unk Cingulate unk
(1985)¢ . 16.1 . 11.8
Inferior temporal Inferior temporal
“4) “4)
Insular Insular
Arai AD (4) 595+ nk 8 69.6 + nk
(1984)M Temporal 17.7 b Temporal 11.8 b

7T Sig. higher in cases, ¥ Sig. lower in cases, ns non-significant, unk unknown, - metabolite not measured. If
Abbreviations: IQR, interquartile range; AD, Alzheimer’s disease dementia; FTD, Frontotemporal dementia;

PSCI, post-stroke cognitive impairment; PSNCI, post-stroke no cognitive impairment; P, Plasma; S Serum;
AA, Anthranilic acid; HK, 3-hydroxykynurenine; HAA, 3-hydroxyanthranilic acid; XA, Xanthurenic acid;
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Metabolites

Cov. in

analyses | TRP KYN 3-HK KA XA AA 3-HAA QA PIC KTR

ns
ns
None - - - - - - - -
ns
ns

ns

None ns - - - - - - - -

not stated otherwise, controls consisted of neurologically healthy individuals. *Age in median (IQR).

LBD, Lewy body dementia; MCI, mild cognitive impairment; Dem, dementia; CTRL, control;
med, Medication; supp, Supplements; TRP, Tryptophan; KYN, Kynurenine; KA, Kynurenic acid;
QA, Quinolinic acid; PIC, Picolinic acid; KTR, Kynurenine-Tryptophan ratio; Neop, Neopterin.
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Table S5. Associations between TRP and KP metabolites and age

Metabolites
Study N Age Female Range Covariate in
(%) analyses TRP KYN 3-HK KA XA AA 3-HAA QA PIC KTR
CSF
é%‘i‘;l)l&%er 30 | 519 700 | 18-80 None L R T
(Szogig;i;%%er 105 72.7 49.5 unk Age*disease ns 0 ns T ns - - T -
Bie
(201610 49 unk 100 0-98 None Iy ns I ns - - - T 7 0
Wennstrom
(2014)) 20 76.0 50.0 71-84 None - - - ns - - - - - -
é%%‘;l)lﬁggfr 27 4514156 | 444 | 2574 None - - - - - e e
Height, weight,
tapping-time,
Eklundh atmospheric
(1996) 14 | 322+68 | 00 |2245 pressure, N - - - - - - - -
storage time,
neuraxis distance
?169};625)(41) 46 50.8 unk unk None ns  ns - ns - - - T -
Martinez
(1993)57 15 | 66.0+8.0 46.7 unk None ns - - - - - - - -
Beal
(1990 50 | 438432 | unk unk None - - S - - - -
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Mourdian

(198960 29 unk unk 22-81 None - - - - ns -
3‘19‘;1?)(6) 32 |415£107] 100 | unk None s - - - - -
Serum

é%%%l)i{;%er 30 | 519 700 | 18-80 None ns ons ns - - -
(SZO S%gig%er 105 72.7 49.5 unk Age*disease ns T ns T ns ) -
é*gf%};,fias 259 | unk 672 | ess | Sevemokng oy - 0
éi(i)slt;;(ﬂ) 47 | 71.2+£6.0 57.5 60-88 None - ns ns ns - ns -
(SQS?};§<77> 94 |559+194| 500 | 24-88 None I - 1
(Czaoplulr)‘gg) 284 | 79945 | 694 | unk Sex, BMI Lo - - - T
grobgg)s(}f; 26 | 684+83 | 846 | unk None e - -
é%%‘;l)i(‘}%er 27 |451+156| 444 | 2574 None - - - nms - - -
f;é%lz)(zg) 43| 663 488 | 34-93 None Voo - - - T
?fgg‘;‘)‘g% 15 | 660480 | 467 | unk None ns - - - - - -

109



Table S5. (Continue)

L Metabolites
Study N Age F ef)nale Range Covariate in
(%) analyses TRP KYN 3-HK KA XA AA 3-HAA QA PIC KTR
Plasma
(Cz}z)aztg;ﬂff 100 | 782+5.5 | 680 | 65-90 None Voo - - o oo o
(Szh(?z"o)m) 43 | 65579 | 419 unk None . - - - - -
Sex, race, BMI,
Darst sample storage time,
(2019 1212 | 60.8+6.7 69.0 unk cholesterol J 0 - - - - - - - -
lowering
medication
Giil Sex, diagnosis,
2017)® 130 unk 46.9 unk : reatine ns T ns =ns 4 7 ns T 1
g%rg%m) 31 | 73.0+83 67.7 unk None - ns - ns - - - - - -
5‘;‘;%3?3{50 31 [552+222| 548 | 2291 None ns - - - - - - -
f{;’ggfj‘)n 40 |448+126| 00 | 20-64 None V- S - - - -
](31395;‘51)(8) 11| 790+20 | 545 | 77-84 None ns - - - - - - - -
?139‘;;1‘11)(6) 32 [415£107] 100 | unk None nsoo- - - ..o oo
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Armstrong

(1973)0) 193 unk 52.8 18-77 None ns - - - - - - - - -

0 Sig. positive association, J Sig. negative association, ns non-significant, unk unknown, ™ non-linear association, - metabolite not measured. Abbreviations: TRP,
Tryptophan; KYN, Kynurenine; KA, Kynurenic acid; AA, Anthranilic acid; HK, 3-hydroxykynurenine; HAA, 3-hydroxyanthranilic acid; XA, Xanthurenic acid; QA,
Quinolinic acid; PIC, Picolinic acid; KTR, Kynurenine-Tryptophan ratio.
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Table S6. Differences in TRP and KP metabolites between younger and older

Younger Older
Study Female Female

N Age (%) Range N Age (%) Range
CSF
Kepplinger
(2019)60 15 379+10.5  66.7 18-50 15 65.9+74 733 51-80
Kepplinger
(2005)4) 17 354+09.1 41.2 25-50 10 61.6+104  50.0 50-74
Tohgi
(199364 31 33.8+09.1 194 <50 18 56.8+43 27.8 50-64
Heyes
(1992)4D 16 352+84 unk unk 30 59.1+142  unk unk
Ferraro
(198529 unk <40 unk unk unk > 40 unk unk
Serum
Westbrook
(2020)%% 50 256+6.2 320  20-30 | 116 77.6+5.9 43.1 70-93
Kepplinger
(2019)60 15 379+105  66.7 18-50 15 659+74 733  51-80
Dunn
(2015)@) unk <50 unk 19-50 | unk > 64 unk 64-81
Sipahi
(2013)7 46 38.6+6.8 56.5  24-63 48 725+5.5 438  65-88
Collino
(2013)17 18 31.2+5.0 50.0 25-40 20 73.1+3.0 50.0 68-76
Capuron <
201119 unk unk unk <80 unk unk unk 80=
Pertovaara N
(2006)69 309 45.0 450  21-64 | 284 unk 764  90-91
Kepplinger
(2005)4) 17 35.4+9.1 412 25-50 10 61.6+104 50.0 50-74
Frick 13 485+86 unk 34-57 | 15 673+27 unk  61-71
(200429 . . u . . u
Widner 49 384+120 unk 20-63 | 20  734+74 500 57-91
(20007 . . . . .
Sarwar
(1991) 79 37 unk 622 30-35 30 unk 63.3 80-89
Plasma
Xyda 12 27.0+5.0 50.0 18-35 12 76.0+5.0 583  65-85
(2020)(102) . . . - . . . -
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groups

Covariate in Metabolites
analyses TRP KYN 3-HK KA XA AA 3-HAA QA KTR
None ns T - T - - - - -
None - - - T - - - - -
None ns ns - - - - - - -
None - - - - - - - T -
Sex ns - - - - - - - -
None ns T ns ns ns  ns - ns 0
None ns ns - T - - - - _
Sex { - - - - - - - -
None d T - - - - - - T
None N - - - - - - - _
Sex, BMI ns T - - - - - - 0
None ns 0 - - - - - ; 0
None - - - ns - - - - -
None ns ns - - - - - - ns
None d ns - - - - - i, 0
Sex, age*sex { - - - - - - - ,
None ns ns - - - - - - -
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Table S6. (Continue)

Younger Older
Study Female Female
N Age (%) Range N Age (%) Range

Plasma
g;’g’f;‘)’(ﬂs) 14 23.0+37 500 1830 | 29 61.0+54 552 4574
Theofylakto
poulou 3723 unk 554 4546 | 3329  unk 559 70-72
(2013)®D
3"9‘;?)?3{30 13 329+81 385 2245| 13 783+57 539 7091
8‘3;;‘2)‘(‘2%) 55 274 582 1838 | 36 69.0 500  60-84

F(72) 250450 100 unk | F(42) 720+80 100  unk
Caballero
(1991)12

M(68) 260+40 00  unk [M(32) 71.0£7.0 00  unk
Phipps
(1985)6 84 unk 619 1769 | 47 unk 61.7  70<
Shaw
(1981)79 46 422 unk unk 70 70.1 unk unk
Feces
Ruiz-Ruiz
(2019 10 354+6.6 500 2744 | 10 745+43 700 6881

71 Sig. higher in older group, ¥ Sig. lower in older group, s non-significant, unk unknown, - metabolite not
AA, Anthranilic acid; HK, 3-hydroxykynurenine; HAA, 3-hydroxyanthranilic acid; XA, Xanthurenic acid,
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Covariate in

Metabolites

analyses TRP KYN 3-HK KA XA AA 3-HAA QA KTR
None J - - - - - - - -
Sex, eGFR, BMI,
physical activity, J 0 0 0 2 T T - 0
smoking
Sex ns - - - - - - - -
None J - - - - - - - -
ns - - - - - - - -
None
N - - - - - - - -
None J - - - - - - - -
Sex ! - - o - . .
None J - - - - - - - -

measured. * Median. Abbreviations: TRP, Tryptophan; KYN, Kynurenine; KA, Kynurenic acid;
QA, Quinolinic acid; PIC, Picolinic acid; KTR, Kynurenine-Tryptophan ratio.
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Table S7. Associations between KP metabolite ratios and neopterin and age

Study N Age Female (%) | Range | Tissue Cov. in analyses PIC/QA | Neopterin
Bie (2016)(10 49 unk 100 0-98 | CSF None ns 0
Valdiglesias (2017)°0 259 unk 67.2 65 = S Sex, smoking habits - 1
Sipahi (2013)77 94 559+194 50.0 24-88 S None - 0
Capuron (2011)13 284 | 79.9+4.5 69.4 unk S Sex, BMI - T
Frick (2004)2 43 66.3 48.8 3493 S None - 0
Giil (2017)® 130 unk 46.9 unk P Sex, diagnosis, creatine - 0

1 Positive association, ¥ negative association, ns non-significant, unk unknown, - ratio not measured. Abbreviations: CSF, Cerebrospinal fluid; S, Serum; P, Plasma; QA,
Quinolinic acid; PIC, Picolinic acid.

Table S8. Differences in CSF, plasma and serum neopterin between younger and older groups

Younger Older
Study Tissue Cov. in analyses Neopterin
N Age Female (%) Range | N Age Female (%) Range

(3218‘1‘13“)(77) 46 38.6+68 565  24-63 | 48 725+55 438 6588 | S None ns
8?111;)(2?3) unk unk unk <80 | unk unk unk 80= S Sex, BMI T
(Fzrzfolz)(zx) 13 48.5+8.6 unk 3457 | 15 673427 unk 61-71 | S None ns
Theofylakto

poulou 3723 unk 554 4546 3329  unk 559 7072 | P Sex, eGFR, BMI, 0
(2013)5D physical activity, smoking

T Higher in older group, ¥ lower in older group, ns non-significant, unk unknown. Abbreviations: P, Plasma; S, Serum.
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Table S9. Associations between TRP and KP metabolites and MMSE scores in cases and controls

Study Group Tissue Covariate in Metabolites
N Age analyses TRP KYN 3-HK KA XA AA 3-HAA PIC QA KTR
Shao
+ - - - - - - - - -
(202079 AD(30) 71.6+88 | P None ns
Sorgdrager
+ _ _ _ _
(2019)7 AD (33) 73.7£6.0 | CSF None ns ns ns ns ns ns
Sorgdrager
+ _ - _ -
(20197 AD (33) 73.7£6.0 S None T T ns ns ns T
Wissmann
+ _ _ - _ - - _ - _
(2013)% AD (43) 81.7+10.5 S None J
Gulaj
+ - - -
(2010)67 AD (34) 78.8 +£5.7 P None ns ns ns 0 ns ns  ns
Widner
+ - - - - - - -
(2000)" AD (21)  744%54 | S None ns i
AD (103)
Whiley MCI (165)
+ _ _ _ _ _ _ _
202109 CTRL (86) 77.0+61.3 S None ns ns 0
Age, time, age*time,
smoking,
g?)ff;e;g§01vang 1?3]?)((9605)) 75.1+£73 S AD*LBD, ns ns ns ns ns ns ns ns ns ns
AD*LBD*time,
eGFR, PLP
. AD (19)
gglllz:)s(t‘g))m LBD (18) 76.0 CSF None - - - ns - - - - - -
CTRL (20)

117



Table S9. (Continue)

Group . Covariate in Metabolites
Study Tissue
N Age analyses TRP KYN 3-HK KA XA AA 3-HAA PIC QA KTR
. AD (24)
(1999, HD(12)  wk | S None .
CTRL (unk)
Tohgi AD (14)
(1992)® CTRL (10) 68.4 CSF None ns  ns  ns - - - . s
Basun AD (22)
(1990)® cTRL(1 ™K P None nso- - - - ..o
(Lle;’;}g;‘é’;r HD(12) 424+11.7| S None .
(Gz(f)lfl)m) IS@) 7234122 P Age -y
?221612(0)“’3) CTRL (40) 73.9+5.1 S None ns s ) ) - ns i i i ]
. AD (112)
g(l)l;t)tgx) MCI (396) unk S Age, sex. education | - - - -l ) - - ns
CTRL (58)

0 Sig. positive association, J Sig. negative association, ns non-significant, unk unknown, - metabolite not measured. Abbreviations: AD, Alzheimer’s dementia; MCI, Mild

Cognitive Impairment; CTRL, Control; LBD, Lewy-body dementia; HD, Huntington’s disease; IS, Ischemic stroke patients; CSF, Cerebrospinal fluid; P, Plasma; S, Serum;
eGFR, estimated Glomerular Filtration Rate; PLP, Pyridoxal phosphate; TRP, Tryptophan; KYN, Kynurenine; KA, Kynurenic acid; AA, Anthranilic acid; HK, 3-
hydroxykynurenine; HAA, 3-hydroxyanthranilic acid; XA, Xanthurenic acid; QA, Quinolinic acid; PIC, Picolinic acid; KTR, Kynurenine-Tryptophan ratio.
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Table S10. Associations between TRP and KP metabolites and other cognitive scores in cases and controls

Group . Metabolites
Study Tissue .Covanilate Cognitive test
N Age In analyses TRP KYN 3-HK KA XA AA 3-HAA PIC QA KTR
. Age, sex,
Chatterjee | gy (199 782% | p | APOE e4 status, Global ns  ons - - - - -
(2020)(14 5.5 cognition?
BMI
Gulaj 78.8 +
(2010)37 AD (34) 57 P None CDT ns ns ns ns ns J ns
: DRS - - - - - - ns -
Mourdian 64.0 £
(1989)() AD (35) 59 CSF None
: WMS - - - - - - ns -
Toledo AD (175) Age, gender,
(2017)80 MCI (356) 75.3 S education, ADAS-Cogl3 ns ns - - - - - -
CTRL (199) APOE ¢4 status
Basun AD (22) . > N Memory (CDR) | ns - - - - - - -
(1990)® CTRL (11) un one Orientation ns ) ) ) ) ) ) _
(CDR)
Global
A - ns ns ns - - ns -
cognition
Kiister DEM (4) 712+ Age, education, Memory ) ns s ns - ) s )
(2017)9 MCI (32) 6.0 S alcohol compot}nd
SCD (11) ’ consumption Executive
function - ns ns ns - - { -
compound
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Table S10. (Continue)

Grou . Metabolites
Study P Tissue .Covarlate Cognitive test
N Age in analyses TRP KYN 3-HK KA XA AA 3-HAA PIC QA KTR
Age, sex, BMI, COWAT ns ns ns ns ns ns ns ns ns
education,
eGFR, smoking, DST ns ns ns ns ns ns ns ns ns ns
Hafstad 71.0 diabeteg,
Solvang | CTRL (2174) P hypertension,
(med) .
(2019)639 myocardial
infarction, stroke, KOLT ns ns ns ns ns ns ns ns ns s
PLP,
CRP, NSAIDS
RAVLT Trials ) ) ) ) ) ) ) ) ) !
1-5
Short delay !
Willette AD (112) Age, sex. memory - - ) S ) ) )
(2021)©® MCI (396) unk S education Items forgotten
CTRL (58) during long - - - - - - - - - T
delay
Memory factor - - - - - - - - - J

7T Sig. positive association,  Sig. negative association, ns non-significant, unk unknown, - metabolite not measured. *Composite score of verbal and visual episodic memory,
working memory and executive functioning. *Average of two component scores (memory functions and attention/ executive functions) as determined by principal component
analysis. Abbreviations: CTRL, Control; AD, Alzheimer’s dementia; MCI, Mild Cognitive Impairment; DEM, Dementia; SCD, Subjective Cognitive Decline; CSF,
Cerebrospinal fluid; P, Plasma; S, Serum; eGFR estimated Glomerular Filtration Rate; PLP, Pyridoxal phosphate; CRP, C-reactive protein; NSAIDS, Non-Steroidal Anti-
inflammatory Drugs; CDT, Clock Drawing Test; DRS, Mattis Dementia Rating Scale; WMS, Wechsler Memory Scale; ADAS-Cogl3, Alzheimer’s Disease Assessment
Scale cognitive subscale; CDR, Clinical Dementia Rating Scale; COWAT, Controlled Oral Word Association Test; DST, Digit Symbol Test; KOLT, Kendrick Object
Learning Test; RAVLT, Rey Auditory Verbal Learning Test; TRP, Tryptophan; KYN, Kynurenine; KA, Kynurenic acid; AA, Anthranilic acid; HK, 3-hydroxykynurenine;
HAA, 3-hydroxyanthranilic acid; XA, Xanthurenic acid; QA, Quinolinic acid; PIC, Picolinic acid; KTR, Kynurenine-Tryptophan ratio.
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Table S11. Associations between KP metabolite ratios or neopterin and cognitive scores in samples of patients and controls

Group . . Ratios
Stud Tissue Covariate Cognitive Neopterin
Y N Age in analyses test HK/ AA/ KA/ QA/ HK/ P
g KYN KYN KYN HK TRP
Age, sex, BMI, edqcation, COWAT _ _ _ _ _ !
Hafstad eGFR, smoking, diabetes,
Solvang CTRL (2174) 71.0% P hypertension, myocardial DST - - - - - ns
(2019)@9 infarction, stroke, PLP,
CRP, NSAIDS KOLT - - - - - v
Age, time, age*time
Hafstad L7 ’
AD (90) smoking, AD*LBD,
+ ) - - - -
(820(1\1/31)1(%8) LBD (65) 75.1£7.31 S AD*LBD*ime, MMSE ns ns
eGFR, PLP
i MMSE - - - - i
V;Eff;“ggn AD (43) 8174105 | S None
(2013) CDT - - - - - 1
. MMSE ns ns T ns - -
Gz‘(‘)lfg) . AD (34) 78.8 5.7 P None
( ) CDT ns ns ns ns - -
. AD (24)
g;‘;‘;;f%) HD (12) unk S None MMSE - - - - - ns
CTRL (unk)
(Lf;’;g‘;ggf HD(12)  424+117 | S None MMSE | - - - - - ns
Tohgi AD (14
a 99%)(83) CTRL( (1%) 68.4 CSF None MMSE - - - - ns -

T Positive association, ¥ negative association, zns non-significant, unk unknown, - metabolite not measured. *Age in median. Abbreviations: AD, Alzheimer’s dementia;
CTRL, Control; CSF, Cerebrospinal fluid; P, Plasma; S, Serum; eGFR, estimated Glomerular Filtration Rate; PLP, Pyridoxal phosphate; CRP, C-reactive protein; NSAIDS,
Non-Steroidal Anti-inflammatory Drugs; MMSE, Mini Mental State Examination; CDT, Clock Drawing Test; COWAT, Controlled Oral Word Association Test; DST, Digit
Symbol Test; KOLT, Kendrick Object Learning Test; TRP, Tryptophan; KYN, Kynurenine; HK, 3-hydroxykynurenine; KA, Kynurenic acid; AA, Anthranilic acid; QA,
Quinolinic acid.
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Table S12. Effect sizes and Egger’s bias coefficients of AD dementia and SCD studies

Effect size Heterogeneity Publication bias
a Egger’s bias
N SMD (95% CT) p-value 2 (%) p-value cgogefﬁcien ) p-value
Tryptophan
Overall 3 -0.45 (-0.82, -0.08) 0.018 0.0 0.607 -103.12 0.081
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 1 - - - - - -
Serum 1 - - - - - -
Kynurenine
Overall 3 0.21 (-0.16, 0.57) 0.271 0.0 0.630 -28.11 0.868
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 1 - - - - - -
Serum 1 - - - - - -
3-Hydroxykynurenine
Overall 3 0.63 (0.25, 1.02) 0.001 83.5 0.002 28.74 0.064
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 1 - - - - - -
Serum 1 - - - - - -
Kynurenic acid
Overall 3 0.38 (0.01, 0.75) 0.047 67.1 0.048 36.96 0.101
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 1 - - - - - -
Serum 1 - - - - - -
Picolinic acid
Overall 3 0.45 (0.08, 0.82) 0.017 0.0 0.862 13.41 0.893
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 1 - - - - - -
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Serum

Overall
CSF
Blood

Plasma
Serum

—_—_ N = W

-0.16 (-0.53, 0.20)

Quinolinic acid

0.384

13.5 0.315

*SMD > 0 trend towards higher in AD, SMD < 0 trend towards lower in AD. Statistically significant p-values are in bold. Abbreviations: SMD, Standardized mean

difference; 95% CI, 95% confidence interval; CSF, Cerebrospinal fluid.

Table S13. Effect sizes and Egger’s bias coefficients of MCI and control studies

Effect size Heterogeneity Publication bias
Egger’s bias
N SMD (95% CI)* p-value 12 (%) p-value it p-value
Tryptophan
Overall 5 -0.20 (-0.40, 0.01) 0.057 62.0 0.032 -2.25 0.329
CSF 1 - - - - - -
Blood 4 -0.24 (-0.45, -0.02) 0.031 68.0 0.025 -3.12 0.235
Plasma 2 - - - - - -
Serum 2 - - - - - -
Kynurenine
Overall 3 -0.02 (-0.23, 0.20) 0.891 77.8 0.011 3.15 0.660
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 0 - - - - - -
Serum 2 - - - - - -
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Table S13. (Continue)

Effect size Heterogeneity Publication bias
Egger’s bias
N SMD (95% CI)* p-value 2 (%) p-value cgogefﬁcien ) p-value
Kynurenic acid
Overall 3 0.23 (-0.11, 0.58) 0.188 83.7 0.002 5.94 0.724
CSF 1 - - - - - -
Blood 2 - - - - - -
Plasma 1 - - - - - -
Serum 1 - - - - - -
KTR
Overall 4 0.07 (-0.14, 0.28) 0.512 85.6 <0.001 0.80 0.868
CSF 1 - - - - - -
Blood 3 -0.07 (-0.30, 0.17) 0.579 86.1 0.001 -0.04 0.995
Plasma 0 - - - - - -
Serum 3 -0.07 (-0.30, 0.17) 0.579 86.1 0.001 -0.04 0.995

*SMD > 0 trend towards higher in MCI, SMD < 0 trend towards lower in MCL. Statistically significant p-values are in bold. Abbreviations: SMD, Standardized mean
difference; 95% CI, 95% confidence interval; CSF, Cerebrospinal fluid; KTR, Kynurenine-Tryptophan ratio.
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Table S14. Quality assessment of data included in the systematic review

Study

Selection

Comparability

Exposure

1

2 3 4

la

1b

1

2

3

Total

Case-control data

Arai (1984))

Arai (1985)®

Atukeren (2017)@®

Baker (1989)®)

Baran (1999)7

Basun (1990)®

Beal (1990)®

Bonaccorso (1998)(1D

Cogo (2021) (19

Czech (2012)19)

de Leeuw (2017)29
Fakhruddin (2020
Fekkes (1998)?%

Fonteh (2007)?7

Giil (2017)2
Gonzalez-Dominguez (2014)3D
Gonzalez-Dominguez (2015a)3?
Gonzalez-Dominguez (2015b)3?
Gonzalez-Sanchez (2020)3¥
Graham (2015)G
Greilberger (2010)©39

Gulaj (2010)37

Hartai (2007)“9

Heyes (1992)¢D

Ibafiez (2013)“

Jacobs (2019)*

Janssens (2020044
Kaddurah-Daouk (2011)“6)
Kaddurah-Daouk (2013)“7
Li (2010)

Liang (2016)®%

Lin (2019)59

Liu (2015)9

Martinez (1993)¢7
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Table S14. (Continue)

Study Selection Comparability | Exposure Total
1 2 3 4 la 1b 1 2 3

Case-control data

Molina (1998)3% 1 10 0 1 1 1 0 0 5
Mourdian (1989)©0 1 0 0 O 1 0 1 0 O 3
Oxenkrug (2017)©) 000 0 1 1 o o ol 2
Paglia (2016)©? 1 00 O 1 1 0 0 0 3
Pefia-Bautista (2020)©¢% 1 0 0 O 1 1 1 1 0 5
Ramos-Chavez (2018)©® 1 00 1 1 1 1 1 0 6
Rommer (2016)© 1 10 0 1 0 1 0 0 4
Rudman (1989)7% 1 01 0 1 0 0o 0 O 3
Santos (2020)7 1 01 0 1 1 1 0 O 5
Schwarz (2013)74 1 10 0 1 1 1 1 0 6
Shao (2020)7 1 0 0 O 0 1 1 0 O 3
Shaw (1981)79 00 0 O 0 1 0o 0 O 1
Sorgdrager (2019)7® 1 00 O 1 1 1 0 0| 4
Storga (1996)7 1 0 0 1 0 0 1 1 0 4
Tarbit (1980)®Y 00 0 O 0 0 1 0 O 1
Thomas (1986)3? 1 01 0 1 1 1 1 0 6
Tohgi (1992)) 100 0 1 o |1 0 of 3
Tohgi (1995)®5 100 0 1 o |1 0 of 3
Trushina (2013)®7 1 01 0 0 0 1 1 0 4
Tsuruoka (2013)®%) 1 1.0 0 1 0 1 0 O 4
Van der Velpen (2019)°) 1 11 0 0 0 1 1 0 5
Watkins (1989)? 1 01 0 1 1 1 1 0 6
Wennstrom (2014)%3 1 11 0 1 0 1 1 0 6
Whiley (2021)%9 100 0 1 o [1 1 of 4
Widner (1999)°9 1 00 O 0 0 0O 1 0 2
Widner (2000)°7 1 0 0 O 1 0 1 0 O 3
Willette (2021)® 1 0 0 O 1 1 1 1 0 5
Wu (2021)100) 1 01 0 1 1 1 1 0 6
Xu (2016)10D 1 0 0 O 1 1 1 0 O 4
Yilmaz (2020)1%% 1 01 0 1 1 1 1 0 6
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Table S14. (Continue)

Study

Selection

Comparability

Exposure

1 23 4

la 1b

1

2

3

Total

Different patient populations *
Hafstad Solvang (2019)3®)
Kaiser (2010)“®

Mashige (1993)6®
Cross-sectional data *
Armstrong (1973)0)

Banki (1981)©

Bie (2016)19

Caballero (1991)12
Capuron (2011)(13
Chatterjee (2020)9
Collino (2013)17
Demling (1996)?D

Dunn (2015)??

Eklundh (1996))

Ferraro (1985)@?9

Frick (2004)2)

Gold (2011)30)

Hafstad Solvang (2019)3%
Johnson (2018)“9
Kepplinger (2005)*9
Kepplinger (2019)¢9
Kiister (2017)CD
Leblhuber (1998)(52

Park (2020)©

Pertovaara (2006)(¢)
Phipps (1985)9

Proenza (1994)©7)
Ruiz-Ruiz (2020)7D
Sarwar (1991)7%

Sipahi (2013)77
Theofylaktopoulou (2013)®D
Tohgi (1993)9

Urbanska (2006)®
Valdiglesias (2017)°0
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Table S14. (Continue)

Study

Selection

Comparability

Exposure

2 3 4

la 1b

Total
1 2 3

Cross-sectional data?
Westbrook (2020)4
Wissmann (2013)®*
Xyda (2020)192)
Cohort data
Chouraki (2017)15
Darst (2019)19
Toledo (2017)®0)

1 1 n/a

1 na 0 6

*Assessed by using an adapted scale of the NOS for case-control studies, see appendix S3 and S4.

Abbreviations: n/a not applicable.
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Figure S1. Forest plots of AD dementia and control studies
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Standard error of SMD

Figure S2. Funnel plots of AD dementia and control studies

130

Standard error of SMD

Tryptophan

Standard error of SMD

/ (] ]

Standard error of SMD

Kynurenine
Fd AN
f’ \\
’ AY
n‘l ‘\
\\
N
Ay
[ ] A
N
\
eom
[
L ]
0
SMD




Anthranilic acid

Xanthurenic acid

as h_o ol pl

eouelg

SMD

|- “*
P
-
]
e
7 b
-
.
o -
m T [
\\\
e (]
- 4 Lo
Tl []
N |
"
e
-
I..J w2
L ?
e
T T T T F
o - o ]
AINS JO 1015 plepuElS
fe
\\\
-
.
\\\
-
\\\\
he] - Lo
o -~
g ] o
.
9 <
-
£ I ]
s} -
£ Tl
=3 ~,
G " e
~ ;
.
-
T T T P
=1 o

ans h.o lous _u:.mm:maw

SMD

SMD

Lower ClI
Pooled

® CSF

B Serum

A Plasma

131



Standard error of SMD

Tryptophan

Standard error of SMD

0

Kynurenine

Standard error of SMD

/x/ L .
* L]
5 0
SMD

Figure S3. Funnel plots of AD dementia and control studies, separately in CSF.
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Figure S4. Funnel plots of AD dementia and control studies, separately in blood.
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Figure S6. Funnel plots of AD dementia and SCD studies
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Tryptophan Kynurenine
Sty " sy .
= R 50 ) Waight o SMD (35% CI) Wit
ose
s
Qonziler Sinches (2020} Dwevaos e
- Kactuar Daous (2013 — e tmamuwm nm
[RTRPI——— _ 12 Ll 5100
Sl o= %5 1 —_— T zpnim am
Bias
aziom o Tar -
‘Wiiletie [2021) _— .01 (-0.26,0.25) 5333 Willatta (2021} — 048 [-0.46, 0.10) 110
LEa—— _ ampran oy 12 anumom) v
s Sttota flsqund = 0%, p = 0314 < ispedsoos T
Subltal {Faqua <> w4 iods 00 B
Heterogensiy behween w1+ 0,003
Hatoganaty betusan graupe: . 0.262
et (1 squares - e - 0058 < aroioinomy  is0m ol (Fomared « 778% 0,011} <> o202 020 10000
T T T T
s B i Y
Kynurenic acid KTR
S % snay =
© SMD (3% O wght L SMD (98 €0 imah
=0 or
Goraiies-Banches [2020) — 0 172 =200 Kaddunei Doouk {2012) BT {014, 1.08) e
Subtos (Laqutream 2, pe ) cetmie o ma
Subitl o= % 5= ) = == npeun 2w
™
-
s oa awcosm o o
[—— cwpsom 2w
Lin (2018 — 1600185, -0 151 08
- osmiomom s
R havez 2181 orpai  me
Suva deuared - 1%, 5 - 03251 e 018t0e002 e b e 8 1 .
TR ——— e
|+
Ovarall (haquarad = 83,75, p = 0008} <__> 023 (411,058 et Cversil {1 squanad = &5 8%, p = 00001 007 (014,038 00
" e T e

Figure S7. Forests plots of MCI and control studies
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Tryptophan Kynurenine
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Figure S9. Funnel plots of MCI and control studies, separately in blood
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Appendix S1. Data extraction form

Study Characteristics

Study ID

2001)

(surname of first author and year first full
report of study was published e.g. Smith

Title

Methods

Type of study

(please tick)

I:' Case-control

I:' Retrospective

I:' Cross-sectional

I:I Other, namely

I:' Prospective

(specify the groups
studied (e.g.
inpatient,
outpatient) and/or

from which study
participants are
drawn)

Participant N:
characteristics

Mean age:

verall

(overall) Age range:

N (%) Female:
Population
description

Person measuring

(e.g. psychiatrist,
researcher, study
nurse. If multiple
persons were

involved, specify
tasks per person)
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Appendix S1. (Continue)

Diagnosis

(please tick)

I:‘ Normal aging/ cognition

I:‘ Cognitive impairment

L]
I:' Dem

I:' Subjective cognitive impairment (SCD)
I:I Mild cognitive impairment (MCI)

I:' Cognitive impairment-no dementia (CIND)
I:I Vascular cognitive impairment (VCI)

I:' __ standard deviation below comparison group

entia

I:I All-cause dementia

I:' Alzheimer’s disease dementia
I:I Vascular dementia

I:' Huntington’s disease

I:' Creutzfeldt-Jakob disease
I:' Lewy body dementia

I:' Down syndrome

I:' Frontotemporal dementia

I:I Mixed dementia

I:' Normal pressure hydrocephalus
I:I Posterior cortical atrophy

I:' Parkinson’s disease

I:' Korsakoff syndrome

I:' Unknown
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Appendix S1. (Continue)

Diagnosis of
dementia (DSM-1V,
ICD-10, research
criteria, unknown)
or definition of
cognitive
impairment (c.g.
Peterson criteria, 2
standard deviations
below control
group)

Comparator(s)/ I:‘ Control (no neurological disorder)
control

(please tick) I:‘ Different stages/ severity of dementia, namely

I:‘ Different ages of controls, namely

Characteristics Group: Group: Group:
(per group) N: N: N:
Mean age: Mean age: Mean age:
Range: Range: Range:
N (%) Female: N (%) Female: N (%) Female:
Comorbidities? [ ] Yes, namely
(please tick
please tick) |:| No

I:‘ Unclear

Setting

(including location
and social context)

Inclusion criteria

Exclusion criteria
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Appendix S1. (Continue)

Method of
recruitment of
participants

(e.g. phone, mail,
clinic patients)

Exclusions

(Number of
exclusions and
reason for
exclusion)

Repeated
assessment

(please tick)

I:‘ Yes, namely
I:‘ No
I:‘ Unclear

Neuropsychological
test used
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Appendix S1. (Continue)

Exposure

Measured metabolites

I:' Tryptophan

I:' N-formyl kynurenine
I:' Kynurenine

I:' 3-hydroxykynurenine
I:' Kynurenic acid

I:' Xanthurenic acid

I:I Anthranilic acid

I:I 3-hydroxyanthranilic acid
I:I Cinnabarinic acid
I:I Picolinic acid

I:I Quinolinic acid

I:I Other, namely

Measurement
technique
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Appendix S1. (Continue)

Biomaterial(s)

(please tick)

|:| Blood
I:' Plasma
I:' Serum
[ ]csk
I:' Urine
I:' Faecal material
I:' Saliva
I:' Post-mortem tissues
I:' Peripheral blood mononuclear cell
|:| Human primary neuron

I:' Human induced pluripotent stem cell

Metabolite

Intra assay variations

Inter assay variations

Biomaterial(s)

Outcome

(e.g. cognitive
impairment, dementia,
depression)

Concentrations

Statistical methods
used (e.g. logistic
regression, mixed
effects regression, Cox
regression)
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Appendix S1. (Continue)

Interaction analyses? | [ ] yes, namely

(please tick) I:'
No
I:' Unclear
Adjustment for |:| Yes, namely

potential confounders?

I:' No
I:' Unclear

(please tick)

Other findings

Other information

Key conclusions of
study authors

Correspondence for
further study
information

Notes:
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Appendix S2. Newcastle-Ottawa quality assessment scale adapted for studies
with different patient populations.

Note: A study can be awarded a maximum of one star for each numbered item
within the Selection and Outcome categories, with the exception for ‘Assessment
for outcome’ from the Outcome category. A maximum of two stars can be given
for Comparability.

Selection (Maximum 4 stars)

Case 1:
1. Is the case definition adequate?

a) Yes, with independent validation *
b) Yes, e.g. record linkage or based on self-reports
¢) No description

2. Sample size, response rate, and comparability between respondent and non-
respondents

a) Consecutive or obviously representative series of cases *

b) Potential for selection biases or not stated

Case 2:
1. Is the case definition adequate?
a) Yes, with independent validation *

b) Yes, e.g. record linkage or based on self-reports
¢) No description

2. Sample size, response rate, and comparability between respondent and non-
respondents

a) Consecutive or obviously representative series of cases *

b) Potential for selection biases or not stated
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Appendix S2. (Continue)

Comparability (Maximum 2 stars)

Comparability of cohorts on the basis of the design or analysis

a) Study controls for the most important factor *
b) Study controls for any additional factor *
¢) No control for any important factor

Outcome (Maximum 3 stars)

1. Ascertainment of exposure

a) Secure record (e.g. surgical records) *

b) Structured interview where blind to case/control status *
¢) Interview not blinded to case/control status

d) Written self-report or medical record only

e) No description

2. Same method of ascertainment for both groups?
a) Yes *
b) No

3. Non-Response rate

a) Same rate for both groups *
b) Non respondents described
c) Rate different and no designation
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Appendix S3. Newcastle-Ottawa quality assessment scale adapted for cross-
sectional studies.

Note: A study can be awarded a maximum of one star for each numbered item
within the Selection and Outcome categories, with the exception for ‘Assessment
for outcome’ from the Outcome category. A maximum of two stars can be given
for Comparability.

Selection (Maximum 4 stars)

1. Representativeness of the exposed cohort
a) Truly representative of the general population (random sampling) *

b) Somewhat representative of general population (non-random sampling) *
¢) Selected group of users (e.g. nurses, volunteers)
d) No description of the sampling strategy

2. Sample size, response rate, and comparability between respondent and non-
respondents
a) Sample size is justified, response rate AND the comparability between
respondents and non-respondents characteristics are described *

b) Sample size is justified and the response rate OR the comparability between
respondents and non-respondents characteristics is described *

¢) Sample size is justified, but no description of the response rate and the
characteristics of the responders and non-responders

d) Sample size is not justified, and there is no description of the response rate
or the characteristics of the responders and non-responders

3. Selection of the non-exposed cohort

a) Drawn from the same community as the exposed cohort *
b) Drawn from a different source
¢) No description of the derivation of the non-exposed cohort

4. Ascertainment of exposure

a) Validated measurement tool *

b) Non-validated measurement tool, but the tool is available or described *
¢) Self-report

d) No description
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Appendix S3. (Continue)

Comparability (Maximum 2 stars)

Comparability of cohorts on the basis of the design or analysis

a) Study controls for the most important factor *
b) Study controls for any additional factor *
¢) No control for any important factor

Outcome (Maximum 3 stars)

1. Assessment of outcome

a) Independent blind assessment **
b) Record linkage **

¢) Self-report

d) No description

2. Statistical test

a) The statistical test used to analyse the data is clearly described and
appropriate, and the measurement of the association is presented, including
confidence intervals and the probability level (p value) *

b) The statistical test is not appropriate, not described or incomplete
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Abstract

Neurodegenerative disorders such as Alzheimer’s disease (AD) have been
associated with alterations in tryptophan (TRP) catabolism, albeit that no studies
investigate mRNA and epigenetic levels. The aim of the present study was to
investigate transcriptomic and associated DNA (hydroxy)methylation changes
within the genes of the TRP- and nicotinamide adenine dinucleotide (NAD)-
pathways in AD and validate the findings in two independent cohorts. We used
post-mortem middle temporal gyrus (MTG) tissue from AD patients (n =45) and
controls (n = 35), and blood from two independent cohorts, i.e., the German
study on Ageing, Cognition, and Dementia in Primary Care Patients (AgeCoDe)
cohort (n = 96), and the Dutch BioBank Alzheimer Center Limburg (BBACL)
cohort (n = 262). Fifty-five TRP- and 52 NAD-associated genes were selected
through the Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome,
and WikiPathways databases. Gene expression, DNA (hydroxy) methylation
profiling and associated bisulfite pyrosequencing data were analyzed. Gene
regulatory network (GRN) and network perturbation analysis was performed
using the Metacore database. Association analyses were done using linear
regression, adjusting for several covariates. In our MTG analysis, 11 TRP- and
20 NAD-associated genes displayed differential expression in AD. Additionally,
numerous loci displayed differential DNA (hydroxy)methylation, the levels of
which correlated to the corresponding gene expressions on several occasions.
Furthermore, GRN and network perturbation analysis also identified several
genes that showed differential gene expression in the MTG. Based on these
findings, three candidate genes, i.e., IDO2, SLC7A5 and PAPR14, were assessed
in blood samples of subjects of the AgeCoDe. One CpG site in IDO2,
cgl1251498, showed a significant difference in methylation level when
comparing converters to AD dementia and non-converters, at a preclinical stage.
In the BBACL cohort, whereas no significant difference in cgl1251498
methylation between groups was observed, a significant negative association
between cgl 1251498 methylation and age, representing the most important risk
factor for AD, was found. Our preliminary data suggest numerous transcriptional
and epigenetic differences in both TRP- and NAD-pathway associated genes in
AD, and pinpoint the /DO?2 gene as a prime candidate gene. These genes and the
encoded proteins may be targeted in the development of novel biomarkers and
treatment strategies for AD.

Keywords: Tryptophan, Alzheimer’s disease, Epigenetics, Brain, Blood
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Introduction

Alzheimer’s disease (AD), a heterogencous neurodegenerative disorder
characterized by gradual cognitive decline but also linked to multiple phenotypes
and comorbidities, is the most common type of dementia, contributing to 50%-
75% of cases [1]. For most people, the biggest risk factor for dementia is aging
[2]. Currently, there is no treatment for AD and the exact cause and
pathophysiology remain partly unclear. While the amyloid beta (Af) and tau
hypotheses have been investigated for decades, recent studies have shown that
other mechanisms could be involved in the development and course of AD as
well. For example, recent work has shown that the tryptophan (TRP) catabolic
pathway may contribute to neurodegenerative disorders such as AD [3]. TRP is
an essential amino acid, supplied only through diet or supplements. TRP
competes with other large neutral amino acids for the same large amino acid
transporter (LAT) in order to cross the blood-brain barrier (BBB) [4]. Once TRP
enters the brain, it acts as a precursor for many pathways centered around
molecules such as kynurenine (KYN), serotonin, tryptamine, and protein
synthesis [5].

Current studies on the TRP catabolic pathway largely focus on the kynurenine
pathway (KP) as it is the dominant pathway, accounting for >90% of tryptophan
metabolism. Tryptophan 2,3-dioxygenase 2 (TDO2), indoleamine 2,3-
dioxygenase 1 (IDO1), and IDO2 are the first and rate-limiting enzymes that
metabolize TRP and initiate the KP [6]. Although TDO2 is mainly expressed in
the liver, it is also present in the brain. Astrocytes, microglia, microvascular
endothelial cells, and macrophages are the main cell types expressing IDO [5].
Further downstream KP metabolites, also known as kynurenines, have shown to
exert both neurotoxic (e.g., quinolinic acid [QA]) and neuroprotective (e.g.,
kynurenic acid [KA]) effects in the brain [4, 5]. In relation to the
pathophysiology of AD, KA is considered neuroprotective because it is an
antagonist for all ionotropic glutamate receptors as well as the a7 nicotinic
acetylcholine (a7nACh) receptor [3]. On the contrary, QA is considered
neurotoxic because it is an agonist of N-methyl-D-aspartate (NMDA) receptor
with the potential to induce excitotoxicity [3]. In cross-sectional studies, plasma
KA concentrations were shown to be decreased [7, 8] while QA concentrations
were increased in AD patients compared to controls [7]. Additionally, in post-
mortem brain studies, the highest QA expression was shown in the perimeter of

158



senile plaques in the hippocampus [9, 10]. Additionally, QA was co-localized
with hyperphosphorylated tau within cortical neurons in AD brain and QA
treatment increased tau phosphorylation in human primary neurons [11]. The KP
also initiates the de novo synthesis of nicotinamide adenine dinucleotide (NAD)
via the route through QA. NAD is a coenzyme central to metabolism and
especially adenosine triphosphate (ATP) production. Studies have shown a
decrease in NAD levels during normal aging, but also during neurodegeneration
[12].

Studies systematically investigating the TRP catabolic pathway are lacking.
Most studies have used concentrations of multiple metabolites or their ratio to
deduce KP activity. Although these provide valuable information, investigating
changes in mRNA expression and DNA methylation of genes linked to these
pathways may be of great value in view of their potential role in the pathogenesis
of AD and its molecular regulation. Therefore, the aim of the current study was
to examine to which extent TRP- and NAD-associated genes were affected in
AD at the transcriptional and DNA (hydroxy)methylation level. For this purpose,
we first investigated TRP- and NAD- pathway associated genes through
transcriptomic- and (hydroxy)methylation- profiling, gene regulatory network
(GRN), and network perturbation analysis, making use of human post-mortem
middle temporal gyrus (MTG) tissue from AD patients and controls.
Subsequently, we aimed to validate the MTG findings through investigating
blood based methylation profiling and pyrosequencing, making use of two
independent longitudinal cohorts.

Materials and methods

Post-mortem MTG brain tissue

Detailed information about the MTG datasets can be found elsewhere [13].
Briefly, MTG DNA samples were obtained from AD patients (n = 45) and
neurologically normal control (n = 35) from Brain and Body Donation Program
(BBDP) donors and stored at the Brain and Tissue Bank of the Banner Sun
Health Research Institute (BSHRI; Sun City, Arizona, USA) (Table 1). Detailed
information about the BBDP has been reported elsewhere [14, 15]. The
organization of the BBDP allows for fast tissue recovery after death and samples
in this study had an average post-mortem interval of 2.8 hours. Additionally,
Braak staging was carried out for assessing the degree of neurofibrillary
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pathology. A consensus diagnosis of AD or non-demented control was reached
by following National Institutes of Health (NIH) AD Center criteria [15].
Exclusion criteria were comorbidity with any other type of dementia,
cerebrovascular disorders, mild cognitive impairment (MCI), and presence of
non-microscopic infarcts. Informed consent was obtained from all human
participants. This includes donors of the BSHRI-BBDP, who signed an
Institutional Review Board-approved informed consent form, including specific
consent to the use of donated tissue for future research [14, 15].

Table 1. MTG patient demographics

AD patients Non-demented controls
N 45 35
Gender (male/female) 22/23 17/18
Age of death 85.09 +6.24 84.46 +5.50
PMI 2.77 £ 0.69 2.87+1.03
Plaque total 12.97 £2.25 4.65 £4.30
Tangle total 11.02 +4.16 3.96 £2.10
Braak Stage (range (median)) II-VI(V) -1V (1)

Overview of patient characteristics in post-mortem middle temporal gyrus (MTG) brains used in this study.
Data are presented in n or mean + standard deviation (SD). Patients were age- and gender- matched and
diagnosed with either Alzheimer’s disease (AD) or non-demented controls.

The AgeCoDe cohort

Detailed information about the Ageing, Cognition and Dementia in Primary Care
Patients (AgeCoDe) datasets can be found elsewhere [13]. AgeCoDe, a
prospective longitudinal study, aims to improve early detection of MCI and
dementia in primary care and included 3327 non-demented individuals at
baseline [16]. For this study, the dataset published by Lardenoije et al. (2019)
was used [13]. Briefly, a subsample of 96 individuals (age >70 years) with whole
blood DNA methylation data available, were selected. Of these, 41 individuals
converted to AD during the course of the study, while 42 control subjects did not
show cognitive impairment at baseline nor at follow-up 4.5 years later. The
remaining 13 individuals did convert, but only after 4.5 years (Table 2). The
German AgeCoDe study protocol was approved by the local ethics committees
at the University of Bonn (Bonn, Germany), the University of Hamburg
(Hamburg, Germany), the University of Diisseldorf (Diisseldorf, Germany), the
University of Heidelberg/Mannheim (Mannheim, Germany), the University of
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Leipzig (Leipzig, Germany), and the Technical University of Munich (Munich,
Germany).

Table 2. AgeCoDe cohort patient demographics

Controls AD Converters | AD Converters (4.5 years)

Baseline (T1)
N 42 54 41
Age at baseline 81.00+3.11 | 82.31+3.55 82.01 +£3.51
Gender (male/female) 10/32 17/37 13/28

IDO2 (cg112551498) (%) 72.53 £5.36 | 75.59 +3.71 76.23 £3.73
Follow-up (T2)

N 42 41
Age at baseline 81.00+3.11 | 82.01 £3.51
Gender (male/female) 10/32 13/28

IDO?2 (cg112551498) (%) 73.07 £4.91 | 75.25 +4.96

Overview of patient characteristics in the AgeCoDe cohort used in this study. Data are presented in n or mean
+ standard deviation (SD). Patients were age- and gender-matched. Blood was collected at baseline and follow-
up (average 4.5 years). All patients were controls at baseline and the patients were followed-up over time.
Patients who converted to Alzheimer’s disease (AD) after 4.5 years (n = 13) were included as converters at
baseline. Converters within 4.5 years (n = 41) represent the baseline characteristics of patients who converted
within 4.5 years.

The BBACL cohort

The Biobank Alzheimer Center Limburg (BBACL) study is an ongoing,
prospective clinical cohort of patients referred to the Memory Clinic of the
Maastricht University Medical Center + (MUMC+), the Netherlands, for the
evaluation of their cognitive complaints. These patients were diagnosed either
with subjective cognitive decline (SCD), mild cognitive impairment (MCI), or
dementia. Inclusion criteria were a clinical dementia rating scale (CDR; Morris
1993) score from 0 to 1, and a Mini-Mental State Examination (MMSE; Folstein
1975) score > 20, thereby including patients across the clinical spectrum of SCD,
MCI and mild dementia. Exclusion criteria at baseline were non-degenerative
neurological diseases, such as Normal Pressure Hydrocephalus, Huntington’s
disease, brain tumor, epilepsy, encephalitis, recent transient ischemic attack
(TIA) or cerebrovascular accident (CVA) (< 2 years), or TIA/CVA with
concurrent (within three months) cognitive decline; a history of psychiatric
disorders, current major depressive disorder (within 12 months) (DSM 1V), or
alcohol abuse. All patients underwent a physical, cognitive and neuropsychiatric
evaluation and biomaterials were collected. SCD and MCI patients were
followed-up over time and a proportion developed dementia. For this study,
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individuals were selected based on the availability of baseline DNA samples. As
such, DNA (hydroxy)methylation levels were measured using pyrosequencing
of DNA isolated from whole blood samples from 262 individuals: SCD (n = 39),
MCI (n = 168), and dementia (n = 55). Amongst the 168 MCI patients, 80
patients developed dementia (MCI-D) while 88 individuals remained MCI
(MCI-MCI) within 76 months after baseline (Table 3). The BBACL study
protocol was approved by local ethics committees (METC 15-4-100) at the
MUMC+ (Maastricht, the Netherlands). All participants gave their written
informed consent.

Table 3. BBACL cohort patient demographics

SCD MCI Dementia MCI-D MCI-MCI
Demographics variables
N 39 168 55 80 88
Ace at baseline 59.62 + 72.65 74.44 + 74.94 + 70.57 =

g 9.50 7.69 7.89 6.24 8.30

Gender 33/6 89/79 24/31 45/35 44/44
(male/female)
Education
(low/middle/high) 13/16/10 64/66/38 27/20/8 26/31/23 38/35/15
Lifestyle variables

2595+ 26.66 + 24.67 £ 26.28 £ 27.01 £
BMI (kg/m?) 4.00 4.17 3.97 3.67 4.57

(n=22) (n=121) (n=42) (n=58) (n=63)
Smoking status
(never/< 6 months/  17/0/13/8 74/1/61/22 | 30/0/17/4 38/0/32/7 36/1/29/15
> 6 months/current)

Alcohol
consumption 30/6 116/42 38/12 60/17 56/25
(yes/no)
Cognitive test
2831+ 26.65 £ 24.07 £ 26.03 £ 2723+
MMSE 1.58 2.30 2.28 242 2.04
80.52 + 68.41 + 5326+ 64.38 + 72.07 +
normMMSE 14.04 15.63 11.03 15.30 15.10
Pyrosequencing (%)
IDO2 64.96 + 6331 + 6391 + 63.39 + 63.23 +
(cg11251498) 4.55 5.12 6.06 5.93 4.28

Overview of patient characteristics in the BBACL cohort used in this study. Data are presented in n or mean +
standard deviation (SD). Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment;
MCI-D, MCI to dementia converters; MCI-MCI, MCI to MCI non-converters; MMSE, mini mental state
examination; normMMSE, normalized mini mental state examination.
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Identification of tryptophan catabolic pathway-associated genes

The TRP catabolic pathway can be divided into two separate pathways, i.e., the
TRP (metabolic) pathway and the NAD pathway. Our list of genes of the TRP-
and NAD- pathways was generated through combining three databases: the
Kyoto Encyclopedia of Genes and Genomes (KEGG), WikiPathways, and
Reactome. In the KEGG database, the Homo sapiens “tryptophan metabolism
pathway” (pathway: hsa00380) [17] and the ‘“nicotinate and nicotinamide
metabolism pathway” (pathway: hsa00760) [18] were selected. In
WikiPathways, the “Tryptophan metabolism pathway (Homo sapiens)” from
Lynn M. Ferrante et al. [19], and the “NAD biosynthetic pathways (Homo
sapiens)” from Kristina Hanspers et al. [20], were selected. Finally, in Reactome,
“Tryptophan catabolic” (Identifier: R-HSA-71240) [21], “Serotonin and
melatonin biosynthesis” (Identifier: R-HSA-209931) [22], and “Nicotinate
metabolism” (Identifier: R-HSA-196807) [23] were selected. This systematic
search was validated and complemented by screening the available scientific
literature on this matter. In the end, this procedure resulted in a gene set
consisting of 59 TRP- and 57 NAD-associated genes (Supplementary Tables S1
and S2).

Transcriptomic- and DNA (hydroxy)methylomic- profiling

The brain tissue samples used for RNA extraction were identical to those used
in the DNA methylation study. Both transcriptomic- and DNA (hydroxy)
methylomic- profile data were obtained from a previous study by our group, as
published by Lardinoije et al. [13]. The gene expression microarray data used in
the present study were generated using Illumina HumanHT-12 v4 BeadChip
arrays as described in more detail previously [24]. For differential DNA
methylation analysis in the BSHRI-BBDP samples, bisulfite (BS) and oxidative
BS (0xBS) conversion of genomic DNA (gDNA) derived from MTG tissue was
performed using the TrueMethyl™ 24 Kit version 2.0 (Cambridge Epigenetix,
Cambridge, UK). A total of 8uLL from each BS/oxBS-treated DNA sample was
amplified and hybridized on HM 450K arrays (Illumina, Inc., San Diego, CA,
USA) for quantifying methylation status of different human °5-Cytosine-
phosphate-Guanine-3 (CpG) sites. All procedures were performed according to
the manufacturer’s protocol. For the AgeCoDe samples, gDNA was isolated
from whole blood and concentration was measured using the NanoDrop ND1000
spectrophotometer (Thermo Fisher scientific). Then, 200ng BS-treated DNA
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was analyzed using HM 450K arrays according to the manufacturer’s protocol.
Imaging of the arrays were done using the Illumina iScan.

Gene-gene interaction network and network perturbation analysis

A detailed description of the protocol for the network analysis was published
elsewhere [25]. Briefly, functional interactions between genes in the TRP- and
NAD-associated pathways were identified through MetaCore (Clarivate
Analytics). MetaCore is a collection of manually curated and experimentally
validated direct gene-gene interactions. The analysis was restricted to
“Functional interactions”, “Binding interactions”, and “Low trust interactions”
to ensure a highly confident interaction network map and functional interaction
among the selected genes. Additionally, a network perturbation analysis is a tool
to identify common and phenotype-specific positive and negative elementary
circuits. Studies have reported the significant role of these circuits in both
maintaining network stability and having stable steady state [26, 27]. Network
perturbation analysis was done through Java implementations as proposed by
Zickenrott et al. [28], in which a network simulation analysis combined single
genes and sets of up to four genes, in order to identify and rank genes and gene
sets based on their ability to regulate the expression of downstream genes.

Pyrosequencing

DNA samples of 310 BBACL individuals were isolated from the buffy coat
using the QIAsymphony DSP DNA Midi kit (QIAGEN, Hilden, Germany)
following the manufacturer’s instructions. Isolated DNA was aliquoted and
stored at -80°C for later use. The DNA concentration was measured using the
Qubit dsDNA BR Assay Kit (Q32853, Thermo Fisher Scientific, Waltham, MA,
USA) and Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA) analytical instrument, following the manufacturer’s instructions. In the
end, 262 DNA samples met the minimal requirement of 200ng to be used as input
for BS treatment. For this purpose, DNA was BS-treated using the EZ-96 DNA
Methylation-Gold kit (D5008, ZYMO RESEARCH, Irvine, CA, USA),
following the manufacturer’s instructions with one minor adjustment in which
the BS-converted samples were eluted in 20pL of elution buffer. Then, 1uL of
the resulting sample was used for polymerase chain reaction (PCR) amplification
followed by BS pyrosequencing. All BS conversion assays included at least two
negative controls.
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IDO2 (cg11251498) PCR and pyrosequencing primers (reverse direction) were
designed using the PyroMark Assay Design version 2.0.1.15 (QIAGEN, Hilden,
Germany) (Supplementary Table S3) using Ensembl Genome Browser GRCh37
assemble database. All PCR reactions used FastStart™ Taq DNA Polymerase,
dNTPack (Roche, Basel, Switzerland) following manufacturer’s instructions.
Briefly, each PCR reaction contained 2.5uL of PCR buffer (10x) with 20mM
MgCl,, 0.5uL of ANTPs, 1 uL of forward and reverse primers (SuM), 0.2uL of
FastStart™ Taq DNA polymerase (5U/uL), and 1pL of BS treated gDNA in a
total volume of 25uL. All PCR reactions had two positive and negative (BS
negative and water each) controls. In addition, the PCR reaction was performed
as follows: denaturation at 95°C for 5 minutes; 58 cycles of 95°C for 30 seconds,
57°C for 30 seconds, 72°C for 30 seconds; followed by final extension for 1
minute at 72°C. Each PCR product (150bp) was then size-fractionated on a 2%
agarose gel in Tris-Acetate-EDTA (TAE) buffer.

Pyrosequencing was performed and quantified using the PyroMark Q48
Autoprep system and Pyro Q48 Autroprep 2.4.2 software (QIAGEN, Hilden,
Germany) following the manufacturer’s instructions. The sensitivity of the assay
was assessed using methylated and unmethylated DNA standards from the
EpiTect PCR Control DNA set (QIAGEN, Hilden, Germany). All the
pyrosequencing runs included multiple negative controls and only samples that
passed the quality control were included.

Statistical analysis

A detailed description of the statistical analysis performed for the BSHRI-BBDP
and AgeCoDe can be found elsewhere [13]. All computational and statistical
analyses for these two cohorts were performed using R (version 3.3.2) and
RStudio (version 1.0.136). Briefly, preprocessing and analysis of the raw data
sets were conducted in R (version 3.4.4) [29]. Raw expression data was log-
transformed and quantile-quantile normalized. For computing the cell
composition, the Neun_pos cell percentage was calculated from the methylation
data. The same regression model used for assessing methylation was applied to
the expression data where the effects of age, gender and cell type composition
were regressed out using limma with p-value less than 0.05 was considered as
statistically significantly differentially expressed. Additionally, a false discovery
rate (FDR) correction for multiple testing was applied for both transcriptomic-
and DNA (hydroxy)methylomic- profiling in which a g-value less than 0.05 was
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considered statistically significant. It is worth nothing that, in the DNA
(hydroxy)methylomic profile analyses, the TRP- associated genes ASMT and
KYATI were not included in this analysis, as data on DNA methylation and
hydroxymethylation were not available for these genes. In addition, ALDH9A1
and SLC36A44 were excluded from the ShmC analysis due to missing data.
Concerning the NAD pathway, the NADK2, NMNATI, and NMRK genes were
not included in the analysis, as data were not available for these genes. In
addition, PARP2 was excluded from the ShmC analysis due to missing data.

All remaining computational and statistical analyses for BBACL and AgeCoDe
(only for pyrosequencing and age association analyses) were performed using
SPSS Statistics version 27. In BBACL, crude mini mental state exam (MMSE)
score (range 0 — 30) was normalized (normMMSE; range 0 — 100) using the
NormPsy (version 1.0.7) function. Various models were performed to adjust for
the effect of covariates using general linear model univariate analysis, in which
model 1 adjusted for age, gender, education, and model 2 (only for BBACL)
additionally adjusted for lifestyle (smoking status, drinking status, and body
mass index (BMI)). Model I was considered the main model. All association
studies reported the beta value (PB), standard error (S.E.), p-value, and 95%
confidential interval (95% CI). P-values less than 0.05 were considered as
statistically significant.

Results

Altered gene expression profiles in the brain of patients with AD

Out of the 59 identified TRP pathway-associated genes, 55 genes (29 up-
regulated and 26 down-regulated) were included in the microarray analysis.
After FDR correction, 11 of these genes showed significant differential mRNA
expression in patients with AD versus controls (Figure 1; Supplementary Table
S4). In addition, microarray data were available for 52 genes of the 57 NAD
pathway-associated genes. After FDR correction, mRNA levels of 20 genes
showed statistically significant differences with 6 genes showing lower
expressions and 14 genes showing a higher expressions (Figure 2;
Supplementary Table S5).
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Figure 1. TRP pathway associated genes show significant differential gene expression. Shown are all the
genes in the TRP pathway with up (red) or down (blue) regulation in the middle temporal gyrus of AD patients
compared to age-matched controls. Differential expression is presented as log2 fold change. Differential
regulation was assessed using false discovery rate (FDR) test and q < 0.05 was considered significant. * q <
0.05, ** 9 <0.01 and *** q <0.001. Error bars represent standard error of mean (SEM).
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Figure 2. NAD pathway associated genes show significant differential gene expression. Shown are all the
genes in the NAD metabolism pathway with up (red) or down (blue) regulation in the middle temporal gyrus
of AD patients compared to age-matched controls. Differential expression is presented as log2 fold change.
Differential regulation was assessed using false discovery rate (FDR) test and q < 0.05 was considered
significant. * q <0.05, ** q <0.01 and *** q <0.001. Error bars represent standard error of mean (SEM).
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Transcriptomic enrichment analysis

In order to examine whether expression changes in TRP- and NAD-related genes
are overrepresented in AD, an enrichment analysis was conducted based on the
transcriptomic profiling within the MTG. It identified 31726 genes of which
11459 genes were identified to be significantly (limma p-value < 0.05)
differentially expressed between AD patients and age-matched control
individuals [13]. Once adjusting for multiple testing (limma FDR g-value <
0.05), 7776 genes were significantly differentially expressed at the mRNA level,
resulting in an overall enrichment score of 24.5% as a baseline. The TRP
pathway as a whole only displayed a 20% enrichment score (1-sided Fisher’s
exact test, p = 0.82, odds ratio [OR] = 0.77), indicating this gene set overall did
not display a significant enrichment in view of differentially expressed genes. In
contrast, the NAD pathway showed a 38.5% enrichment score (1-sided Fisher’s
exact test, p = 0.018, OR = 1.93), indicating a significant enrichment in
differentially expressed genes within the NAD-associated gene set (Data not
shown).

Alterations of DNA (hydroxy)methylation in the brain of patients with AD
As an exploratory approach, we investigated whether the aforementioned AD-
specific TRP- and NAD-associated mRNA profiles were associated with DNA
methylation differences at the level of 5-methylcytosine (SmC), 5-hydroxy
methylcytosine (ShmC), or unmodified cytosoine (5uC). Within the TRP
pathway, differences in 5mC, 5hmC, and 5uC levels showed nominal
significance (p-value < 0.05) for 18/827 probes, 17/501 probes, and 30/827
probes, respectively (Figure 3; Supplementary Tables S6-S8). These
differentially (hydroxy)methylated probes were linked to 12 significantly
differentially expressed genes. Interestingly, six of these genes showed
significant differences in different types of methylation modifications for the
same CpG site (Supplementary Table S9). Moreover, two differentially
hydroxymethylated CpG sites within the SLC745 gene, i.e., cgl0169763 and
cg09409405, displayed a negative correlation between ShmC levels and mRNA
expressions (Figure 4A, B). For 5uC, both cgl9571004 (CYP2EI) and
cg01812894 (ALDHIAI) showed a positive correlation with mRNA expressions
(Figure 4C, D).
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Figure 3. TRP pathway associated genes show significant differential (hydroxy)methylation levels. Shown are significant CpG sites with its corresponding gene name
in the tryptophan metabolism pathway with up (red) or down (blue) regulation in the middle temporal gyrus of AD patients compared to age-matched controls. (A) Differential
methylation (5SmC) level. (B) Differential hydroxymethylation (ShmC) level. (C) Differential unmodified (5uC) level. Differential level is presented as log2 fold change.
Differential regulation was assessed using limma differential expression analysis and p < 0.05 was considered significant. * p < 0.05 and ** p < 0.01. Error bars represent

standard error of mean (SEM).
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Figure 4. Spearman’s correlation analysis of TRP pathway. Spearman’s correlation analysis between
methylation (m5hmC, AS5uC) levels and mRNA expressions. (A-D) Gene name (probe ID): (A) SLC745
(cg10168763), (B) SLC745 (cg09409405), (C) CYP2EI (cgl9571004), (D) ALDHIAI (cg01812894).
Spearman’s correlation analysis are presented with spearman r-value, 95% confidence interval, and p-value.

Within the NAD pathway, SmC, ShmC, and 5uC showed nominally significant
differences for 21/1009 probes, 18/632 probes, and 36/1009 probes respectively
(Figure 5; Supplementary Tables S10-S12). These differentially (hydroxy)
methylated probes were linked to 18 significant differentially expressed genes.
Five of these genes showed significant differences at different levels of
methylation for the same CpG site (Supplementary Table S13). Eight CpG sites
displayed significant correlations between DNA (hydroxy)methylation and
mRNA expression (Figure 6-8). Concerning SmC, three CpG sites (cg21580588
[NADK]; cg09185911 [NADK]; cgl4750551 [PARPI14)]) showed a positive
correlation (Figure 6A, B and Figure 7A), while two other CpG sites
(cgl0582690 [SIRTI] and cgl1229284 [PARPI4]) showed a negative
correlation (Figure 6C, D). At the ShmC level, again, cgl4750551 (PARPI14)
showed a significant negative correlation (Figure 7A), while cg24937136
(PARPI) was positively correlated (Figure 7B) to its mRNA expression profile.
Finally, for SuC, cgl16373880 (NMNAT?2) showed a positive correlation (Figure
8A), whereas two CpG sites (cg05215649 [NADSYNI] and cgl5824543
[NADKY]) showed a negative correlation (Figure 8B, C) with the corresponding
mRNA levels.
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Figure 5. NAD pathway associated genes show significant differential (hydroxy)methylation levels. Shown are significant CpG sites with its corresponding gene name
in the nicotinate and nicotinamide metabolism pathway with up (red) or down (blue) regulation in the middle temporal gyrus of AD patients compared to age-matched
controls. (A) Differential methylation (5mC) level. (B) Differential hydroxymethylation (ShmC) level. (C) Differential unmodified (5uC) level. Differential level is presented
as log2 fold change. Differential regulation was assessed using limma differential expression analysis and p < 0.05 was considered significant. * p <0.05 and ** p <0.01.
Error bars represent standard error of mean (SEM).
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Figure 6. Spearman’s correlation analysis of SmC in NAD pathway. Spearman’s correlation analysis
between methylation (e 5mC) levels and mRNA expressions. Gene name (probe ID): (A) NADK (cg21580588),
(B) NADK (cg09185911), (C) SIRTI (cgl0582690), and (D) PARPI14 (cgl1229284). Spearman’s correlation
analysis are presented with spearman r-value, 95% confidence interval, and p-value.
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Figure 7. Spearman’s correlation analysis of PARP14 in NAD pathway. Spearman’s correlation analysis
between methylation (e 5mC and m5hmC) levels and mRNA expressions. Gene name (probe ID): (A) PARP14
(cgl4750551), (B) PARPI (cg24937136). Spearman’s correlation analysis are presented with spearman r-
value, 95% confidence interval, and p-value.
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Figure 8. Spearman’s correlation analysis of SuC in NAD pathway. Spearman’s correlation analysis
between methylation (A5uC) levels and mRNA expressions. Gene name (probe ID): (A) NMNAT2
(cgl6373880), (B) NADSYNI (cg05215649), (C) NADK (cgl5824543). Spearman’s correlation analysis are
presented with spearman r-value, 95% confidence interval and, p-value.

Gene regulatory network and network perturbation analysis

GRN was generated through MetaCore (Clarivate Analytics), which builds gene
networks by implementing direct functional interactions between genes acquired
from experiments-based literature reports. In combination with identifying a
GRN, we identified network perturbation candidates that have the potential to
induce a positive phenotypic transition, i.e., moving from a diseased to a healthy
GRN (Table 4). Concerning the TRP pathway, the reconstructed control network
comprised 22 nodes and 30 interactions (Figure 9A), while the AD network
comprised of 22 nodes and 25 interactions (Figure 9B). In the associated
perturbation analysis, 9 genes were identified whose alteration holds the
potential to revert the gene expression program from a diseased towards a
healthy state. Two of these genes (/DO2 and CYP2EI) showed significant
changes in differential mRNA expression after FDR correction when comparing
AD cases with control subjects. The highest perturbation score was obtained for
a 3-gene perturbation combination, involving CAT, IDO2, and CYP2E] (Table
4).

In a similar manner, GRNs for the NAD pathway were constructed. The control
NAD network comprised 13 nodes and 21 interactions (Figure 10A), while the
AD network comprised 14 nodes and 24 interactions (Figure 10B). Furthermore,
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in the perturbation analysis, 8 genes were identified, of which 2 genes (SIRT!
and PARPI) showed significant differential mRNA expression after FDR
correction. The highest perturbation score was obtained for a 2-gene perturbation
combination, involving SIRTI and PARPI (Table 4).

Table 4. Perturbation scores of TRP- and NAD- pathway associated genes

TRP Pathway Genes NAD Pathway Genes
Perturbation Score  Combination Perturbation Score Combination
10 [CAT, IDO2] [SIRT7, SIRT3]
10 [CAT, IDOL1] [IDO1, SIRT3]
9 [MAOA, CAT] [SIRT7, SIRT1]

[IDO2, CYP3A4]
[CYP3A4, IDO1]
[CYP2EL, IDO2]
[CYP2EL, IDO1]
[CYP1A2, IDO2]
[CYP1A2, IDO1]
[CYP1AL, IDO2]
[CYP1AL, IDO1]
[CAT]

[MAOB, CAT]
[MAOA, CYP3A4]
[MAOA, CYP2EI]
[MAOA, CYP1A2]
[MAOA, CYP1A1]
[CYP3A4]
[CYP2EL]
[CYP1A2]
[CYP1AL]

[CAT, CYP3A4]
[CAT, CYP2EI]
[CAT, CYP1A2]
[CAT, CYPIAI]
[MAOB, CYP3A4]
[MAOB, CYP2E1]
[MAOB, CYP1A2]
[MAOB, CYP1A1]
[CYP2EL, CYP3A4]
[CYP1A2, CYP3A4]
[CYP1A2, CYP2EL]
[CYP1A2, CYP1AL]
[CYP1AL, CYP3A4]
[CYP1AL, CYP2EL]
[MAOA, IDO2]
[MAOA, IDO1]
[MAOB, ID0O2]
[MAOB, IDO1]
[MAOA]
[IDO2]
[IDO1]
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[SIRT7, PTGS2]
[SIRTL, IDOI1]
[NAMPT, SIRT7]
[SIRT7, IDOI]
[PARP1, SIRT7]
[PARPI, SIRT3]
[PARPI, SIRTI]
[PARPI1]
[NAMPT, IDO1]
[SIRT3]

[PTGIS, SIRT3]
[PTGIS, PARPI1]
[PARP1, NAMPT]
[PARP1, IDO1]
[SIRTL, SIRT3]
[SIRTI]

[PTGS2, SIRT3]
[PTGIS, SIRT1]
[PTGIS, NAMPT]
[PARP1, PTGS2]
[NAMPT, SIRT3]
[NAMPT]
[PTGS2, SIRT1]
[NAMPT, SIRT1]
[NAMPT, PTGS2]
[PTGIS, IDO1]
[PTGIS]

[IDO1]

[PTGS2, IDO1]
[PTGS2]

[PTGIS, PTGS2]
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Table 4. (Continue)

TRP Pathway Genes NAD Pathway Genes
Perturbation Score Combination Perturbation Score Combination
4 [MAOB, MAOA]

4 [MAOB]
4 [IDO2, IDO1]

Overview of network perturbation scores for TRP- and NAD-pathway associated genes. The list of the gene’s
full name can be found in the Supplementary Tables S1 and S2.
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Figure 9. Gene regulatory network (GRN) of TRP pat|

hway. (A) GRN representing the control phenotype

and containing 22 nodes and 30 interactions; (B) GRN representing Alzheimer’s disease (AD) phenotype and
containing 22 nodes and 25 interactions. Green line indicates gene activation, while red line indicates gene

inhibition.
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Figure 10. Gene regulatory network (GRN) of NAD pathway. (A) GRN representing the control phenotype
and containing 13 nodes and 21 interactions; (B) GRN representing Alzheimer’s disease (AD) phenotype and
containing 14 nodes and 24 interactions. Green line indicates gene activation while red line indicates gene
inhibition.

IDO2 methylation in AgeCoDe

Based on the MTG and in silico, such as GRN and gene perturbation, analyses,
IDO2, SLC7A45, and PARPI14 were selected as potential candidate genes for
further investigation. Therefore, an independent longitudinal cohort, i.e.,
AgeCoDe, with DNA derived from blood available, was used in an attempt to
validate the MTG methylation findings. In the AgeCoDe cohort, across these
genes, 8 out of 106 CpG sites showed nominal significant differential DNA
methylation (data not shown), of which only ¢g11251498 (IDOZ2) was shown
nominal significance for both MTG 5uC and AgeCoDe while the rest were not
found in the MTG analysis. Upon further analysis, cgl 1251498 (IDO2) level was
significantly higher in AD converters than controls at baseline (p = 0.001) and
displayed a tendency towards higher methylation in AD patients after 4.5 years
follow-up (p = 0.051), while controlling for age and gender for both time points
(Table 2).
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IDO?2 pyrosequencing in BBACL

In order to validate cgl 1251498 (IDO2), we pyrosequenced this locus in DNA
from blood samples of subjects from an independent longitudinal cohort, i.e.,
BBACL. At baseline, cg11251498 (ID0O2) did not show a significant difference
in DNA methylation when comparing SCD, MCI, and dementia patients (model
1, p = 0.58; model 2, p = 0.55). Similarly, no difference in /DO2 DNA
methylation was observed when comparing future converters and non-converters
(MCI-D, MCI-MCI) at baseline (model 1, p=0.38; model 2, p=0.32) (Table 3).
Despite no difference in /DO2 DNA methylation, a strong negative association
between /DO2 DNA methylation and age was seen both when comparing SCD,
MCI, and dementia patients (model I: p=-0.11, S.E. = 0.04, p = 0.006, 95% CI
=-0.19 t0 -0.031) and converters and non-converters (model I: p =-0.14, S.E. =
0.053, p =0.009, 95% CI = -0.24 to -0.035). Moreover, an age association was
still significant for both comparisons in model 2 (Table 5). Lastly, cg1 1251498
(IDO2) showed no significant association with cognition when comparing SCD,
MCI, and dementia patients at baseline (model 1, p = 0.60; model 2, p = 0.15)
and when comparing future converters and non-converters (model I, p = 0.81;
model 2, p = 0.30) (Table 5).

TABLE 5. IDO2 methylation association with age and cognitive test in the
BBACL cohort

i} S.E. t p-value 95% CI
Baseline Age
Model 1 -0.110  0.040 -2.750  0.006 -0.189  -0.031
Model 2 -0.126  0.049 -2.558  0.011 -0.223  -0.029
normMMSE
Model 1 -0.012  0.023  -0.519  0.604 -0.058  0.034
Model 2 -0.042  0.029 -1464 0.145 -0.099  0.015
Age
Model 1 -0.139  0.053 -2.630  0.009 -0.244  -0.035
Converter Model 2 -0.163  0.067 -2.446 0.016 -0.296  -0.031
normMMSE
Model 1 0.007 0.028  0.242 0.809 -0.048  0.061
Model 2 -0.037  0.035 -1.042  0.300 -0.107  0.033

Association between IDO2 percent methylation at position cgl1251498 with age or normalized MMSE
(normMMSE) for baseline diagnosis and in view of conversion within 76 months. Model 1 adjusted for age,
gender, education and diagnosis/converters, while model 2 adjusted for model 1 + lifestyle factors (tobacco
use, alcohol use, and body mass index (BMI)). Abbreviations: normMMSE, normalized mini mental state
exam; P, beta value; S.E., standard error; t, t statistic; 95% CI, 95% confidence interval.
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Discussion

The aim of the present study was to investigate the TRP catabolic pathway and
its potential dysregulation in the pathophysiology of AD. Making use of a
selection of 59 TRP- and 57 NAD-associated genes, we conducted a hypothesis-
driven pathway enrichment analysis, assessed gene-specific mRNA expression
and DNA (hydroxy)methylation profiles, and performed a GRN and associated
perturbation analysis. We then validated the findings by zooming in on blood
IDO2 methylation in two independent longitudinal cohorts, i.e., AgeCoDe and
BBACL.

Transcriptional and epigenetic differences of TRP- and NAD-associated
genes in the brain of patients with AD

For the TRP metabolic pathway, 11 genes showed significant differences in
mRNA expression in the brain of patients with AD as compared to controls.
These genes were associated with the KP (TDO2, HAAO, IDO2, KYAT3), the
tryptamine pathway (AOCI), the acetyl-CoA pathway (DLD, DHTKDI), L-
trytophanyl-tRNA synthesis (WARS), amino acid transport (SLC7A45),
hydroxymelatonin (CYP2EI), and oxaloacetate (DHCR24). Of these, AOCI,
IDO2,SLC745, and WARS showed nominal (but not after correction for multiple
testing) significant differences in DNA (hydroxy)methylation levels.

TRP is an essential amino acid and transported from the periphery to the central
nervous system (CNS) through amino acid transporter. Based on our results, the
transporter gene solute carrier family 7 member 5 (SLC745), also known as large
amino acid transporter 1 (LATI1), showed a significant increase in mRNA
expression, while exhibiting nominally significant differences at the level of
ShmC and 5uC in AD. The KP is active under inflammatory conditions, as such
unbound free TRP competes with other large neutral amino acids (LNAAs) for
the same LATI1 transporter. LAT1 is located in the capillaries of the blood-brain-
barrier (BBB) and allows these amino acids to pass through the BBB, while
LAT1 mRNA expression is (co)regulated by DNA methylation [30]. Taken
together, these findings sketch a picture suggesting that alterations in LAT1
expression and function are regulated by DNA (hydroxy)methylation and may
lead to an abnormal degree of delivery of TRP and/or other large amino acids to
the CNS in AD, and future studies are warranted to test this hypothesis.
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Furthermore, /D02 displayed decreased mRNA expression and increased ShmC
(two CpG sites) and 5uC (one CpG site, cgl1251498) levels in AD. More
importantly, both our GRN and network perturbation analysis pointed towards
IDO? as a potentially critical player in the pathophysiology of AD. In fact, /IDO2
was part of the gene set with the highest perturbation score. In other words, /DO2
is suggested to play a crucial role in the maintenance and stability of the
phenotype under consideration and normalizing /DO2 expression in AD has the
potential to move the disease (AD) GRN towards that of healthy controls. /DO2
is structurally linked and closely located to /DO! on chromosome 8, but its exact
function is still unclear. Studies have reported that IDO1 mediates T cell
suppressive effects, while IDO2 is a pro-inflammatory mediator of B cell
responses and critical for IDO1-mediated T cell regulation [31, 32]. Studies have
shown that under normal physiological or non-inflammatory conditions IDO
mRNA expression is either undetectable or very low, but upon immune
stimulation, it is up-regulated significantly [33]. Neuroinflammation seems an
important contributor to the pathophysiology of AD and has been shown to be
an early event in AD [34]. Interestingly, Guillemin et al. (2005) confirmed
increased IDO activity in AD hippocampus via immunohistochemistry [10]. The
same group has previously shown that both inflammatory cytokines and Ap can
lead to increased cellular expression of IDO [35-37].

IDO?2 in relation to age and conversion to AD

Based on the MTG data, cgl1251498 (IDO2) was selected as a potential
candidate site to be further validated in the blood of two independent longitudinal
cohorts, i.e., AgeCoDe and BBACL. In AgeCoDe, at baseline, cgl1251498
displayed a significant increase in methylation in those subsequently converting
to AD when compared to non-convertors. In BBACL, no significant difference
in cgl1251498 DNA methylation between SCD, MCI, and dementia patients
was observed. However, a significant negative age association with cg11251498
methylation was seen in BBACL, an effect that was neither observed in
AgeCoDe nor in the MTG data (Supplementary Table S14). One plausible
explanation for this apparent discrepancy on the effect of age may be the
different age ranges (BBACL: 43 years-90 years; MTG: 70-95; AgeCoDe: 75-
89) of individuals assessed in the various studies. Moreover, while the MTG and
AgeCoDe studies both represent age-matched studies, for BBACL, SCD
individuals were about 10 years younger than MCI and dementia patients.
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NAD pathway

TRP is also a precursor to the NAD pathway. In our transcriptomic analysis, 20
NAD pathway-associated genes showed significant differences in mRNA
expression. These genes were associated with one of the three pathways which
synthesize NAD, i.e., i) the de novo biosynthesis via the KP (OPRT), ii) the
salvage pathway (SIRTI, SIRTS5, PARPI, PARP4, PARPY, PARPI10, PARPI14),
and iii) the Preiss-Handler pathway (SLC548, NAPRT, NADSYNI). Some genes
were associated with both the salvage- and Preiss-Handler- pathways (NMNAT?2,
NT5C3, PNP, NT5C2, NT5M, NT5C).

Although the KP is often seen as the main driver for NAD production, recent
studies suggest that the salvage pathway may be equally important in this respect
[12, 38, 39]. Based on our MTG data, genes involved in the salvage pathways,
especially poly (ADP-ribose) polymerases (PARPs), showed significant
differences in gene expression. Studies have reported PARPs to be involved in
DNA repair, cell proliferation, and cell death [40-42]. Amongst others, our data
pointed towards PARP14 both at the level of transcription and methylation, with
cgl4750551 displaying differential levels of SmC and ShmC, which correlated
with PARPI4 mRNA expressions positively and negatively, respectively.
Moreover, our GRN analysis showed that the PARPI4 node was linked to
PARPI and SIRTI. Whereas no studies to date investigated the function of
PARPI14 in AD, lipid studies have reported that PAPRI4 regulates low-density
lipoproteins (LDL) receptors and apolipoproteins in macrophages, thus involved
in hypercholesterolaemia and hyperlipidemia [43]. Furthermore, studies have
reported that cholesterol affects amyloid, tau, and gliosis in AD, and elevated
LDL is a risk factor for developing AD [44, 45]. Clearly, these results warrant
further research into the role of these genes in AD.

Strengths and limitations

The strength of this study was our step-wise approach that used post-mortem
tissues to find AD-related differences in expression and methylation of TRP- and
NAD-associated genes, and subsequent validation of (hydroxy)methylation in
two independent clinical cohorts. Additionally, we have used in silico modeling,
including a GRN and network perturbation analysis, and various models to adjust
for covariates. One limitation of the present study is that the BBACL cohort
displayed significant age difference between the groups (which we have taken
into account by adjusting for age in our analysis). Moreover, while representing

181



a multi-omics analysis, we have to take into consideration that these data are
solely based on transcriptomic- and (hydroxy)methylation profiles. Gene
expression does not represent protein expression, let alone protein activity, and
according to Vogel et al., the correlation between mRNA and protein expression
can be as little as 40% [46]. Lastly, since we used bulk post-mortem MTG
tissues, factors such as cell type composition, the vulnerability of specific cell
types in AD and accompanying differences in cell-type proportions between
groups, may influence the acquired data.

Conclusion

Our integrative analyses making use of post-mortem brain tissue and blood
samples from two independent longitudinal cohorts has provided new
information on the (dys)regulation and expression of genes involved in TRP- and
NAD pathway associated genes in AD. These findings provided first,
preliminary evidence suggesting that /D02, and more specifically cgl1251498,
could be a candidate biomarker for AD. Although further research is needed to
reach a solid conclusion, the transcriptional and epigenetic data analysis
combined with in silico modeling represents a powerful tool to gain more insight
in the involvement of key biological pathways in the development and course of
AD.
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Supplemental Material

Table S1. List of TRP metabolic pathway associated genes

Tryptophan metabolism pathway gene Abbreviation

Aminoadipate Aminotransferase AADAT
Aralkylamine N-Acetyltransferase AANAT
Acetyl-CoA Acetyltransferase 1 ACATI1
Acetyl-CoA Acetyltransferase 2 ACAT2
Aminocarboxymuconate Semialdehyde Decarboxylase ACMSD
Arylformamidase AFMID
Aldehyde Dehydrogenase 1 Family Member Al ALDHIAL1
Aldehyde Dehydrogenase 1 Family Member A2 ALDHI1A2
Aldehyde Dehydrogenase 1 Family Member B1 ALDHIBI1
Aldehyde Dehydrogenase 2 Family Member ALDH2
Aldehyde Dehydrogenase 3 Family Member A2 ALDH3A2
Aldehyde Dehydrogenase 7 Family Member Al ALDH7A1
Aldehyde Dehydrogenase 8 Family Member Al ALDHS8A1
Aldehyde Dehydrogenase 9 Family Member Al ALDHO9A1
Amine Oxidase, Copper Containing 1 AOCI
Aldehyde Oxidase 1 AOX1
Acetylserotonin O-Methyltransferase ASMT
Catalase CAT
Cytochrome P450 Family 19 Subfamily A Member 1 CYPI9A1
Cytochrome P450 Family 1 Subfamily A Member 1 CYP1Al
Cytochrome P450 Family 1 Subfamily A Member 2 CYP1A2
Cytochrome P450 Family 1 Subfamily B Member 1 CYP1BI
Cytochrome P450 Family 2 Subfamily A Member 13 CYP2A13
Cytochrome P450 Family 2 Subfamily C Member 18 CYP2C18
Cytochrome P450 Family 2 Subfamily E Member 1 CYP2E1
Cytochrome P450 Family 2 Subfamily F Member 1 CYP2F1
Cytochrome P450 Family 2 Subfamily ] Member 2 CYP2J2
Cytochrome P450 Family 3 Subfamily A Member 4 CYP3A4
Cytochrome P450 Family 4 Subfamily F Member 12 CYP4F12
Cytochrome P450 Family 7 Subfamily B Member 1 CYP7BI
Dopa Decarboxylase DDC
24-Dehydrocholesterol Reductase DHCR24
Dehydrogenase E1 And Transketolase Domain Containing 1 DHTKD1
Dihydrolipoamide Dehydrogenase DLD
Dihydrolipoamide S-Succinyltransferase DLST
Enoyl-CoA Hydratase, Short Chain 1 ECHSI1
Enoyl-CoA Hydratase And 3-Hydroxyacyl CoA Dehydrogenase EHHADH
Glutaryl-CoA Dehydrogenase GCDH
3-Hydroxyanthranilate 3,4-Dioxygenase HAAO
Hydroxyacyl-CoA Dehydrogenase HADH
Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme Complex

. HADHA
Subunit Alpha
Indoleamine 2,3-Dioxygenase 1 IDO1
Indoleamine 2,3-Dioxygenase 2 IDO2
Interleukin 4 Induced 1 IL411
Indolethylamine N-Methyltransferase INMT
Kynurenine 3-Monooxygenase KMO
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Table S1. (Continue)

Tryptophan metabolism pathway gene Abbreviation
Kynurenine Aminotransferase 1 KYATI
Kynurenine Aminotransferase 3 KYAT3
Kynureninase KYNU
Monoamine Oxidase A MAOA
Monoamine Oxidase B MAOB
Oxoglutarate Dehydrogenase OGDH
Solute Carrier Family 36 Member 4 SLC36A4
Solute Carrier Family 3 Member 2 SLC3A2
Solute Carrier Family 7 Member 5 SLC7A5
Tryptophan 2,3-Dioxygenase TDO2
Tryptophan Hydroxylase 1 TPHI
Tryptophan Hydroxylase 2 TPH2
Tryptophanyl-TRNA Synthetase WARS

Table S2. List of NAD pathway associated genes

Nicotinate and nicotinamide metabolism pathway gene Abbreviation

Aminocarboxymuconate Semialdehyde Decarboxylase ACMSD
Aldehyde Oxidase 1 AOX1
Bone Marrow Stromal Cell Antigen 1 BST1
CD38 Molecule CD38
Cytochrome P450 Family 8 Subfamily B Member 1 CYP8BI1
Ectonucleotide Pyrophosphatase/Phosphodiesterase 1 ENPP1
Ectonucleotide Pyrophosphatase/Phosphodiesterase 3 ENPP3
Indoleamine 2,3-Dioxygenase 1 IDO1
NAD Kinase NADK
NAD Kinase 2, Mitochondrial NADK2
NAD Synthetase 1 NADSYNI1
Nicotinamide Phosphoribosyltransferase NAMPT
Nicotinate Phosphoribosyltransferase NAPRT
NAD(P)HX Dehydratase NAXD
NAD(P)HX Epimerase NAXE
Nicotinamide Nucleotide Adenylyltransferase 1 NMNATI1
Nicotinamide Nucleotide Adenylyltransferase 2 NMNAT2
Nicotinamide Nucleotide Adenylyltransferase 3 NMNATS3
Nicotinamide Riboside Kinase 1 NMRK1
Nicotinamide Riboside Kinase 2 NMRK2
Nicotinamide N-Methyltransferase NNMT
Nicotinamide Nucleotide Transhydrogenase NNT
Nik Related Kinase NRK
5', 3'-Nucleotidase, Cytosolic NT5C
5'-Nucleotidase, Cytosolic IA NT5C1A
5'-Nucleotidase, Cytosolic IB NT5C1B
5'-Nucleotidase, Cytosolic II NT5C2
5'-Nucleotidase, Cytosolic IITA NTS5C3A
5'-Nucleotidase Ecto NTSE
5',3'-Nucleotidase, Mitochondrial NT5M
Nudix Hydrolase 12 NUDTI2
Poly(ADP-Ribose) Polymerase 1 PAPRI
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Table S2. (Continue)

Nicotinate and nicotinamide metabolism pathway gene Abbreviation
Poly(ADP-Ribose) Polymerase 2 PARP2
Poly(ADP-Ribose) Polymerase 4 PARP4
Poly(ADP-Ribose) Polymerase 6 PARP6
Poly(ADP-Ribose) Polymerase 8 PARPS
Poly(ADP-Ribose) Polymerase 9 PARP9
Poly(ADP-Ribose) Polymerase 10 PARPI10
Poly(ADP-Ribose) Polymerase 14 PARP14
Poly(ADP-Ribose) Polymerase 16 PARP16
Purine Nucleoside Phosphorylase PNP
Prostaglandin 12 Synthase PTGIS
Prostaglandin-Endoperoxide Synthase 2 PTGS2
Quinolinate Phosphoribosyltransferase QPRT
Renalase, FAD Dependent Amine Oxidase RNLS
Sirtuin 1 SIRT1
Sirtuin 2 SIRT2
Sirtuin 3 SIRT3
Sirtuin 4 SIRT4
Sirtuin 5 SIRTS
Sirtuin 6 SIRT6
Sirtuin 7 SIRT7
Solute Carrier Family 22 Member 13 SLC22A13
Solute Carrier Family 5 Member 8 SLCS5A8
Tryptophan 2,3-Dioxygenase TDO2
Tankyrase TNKS
Tankyrase 2 TNKS2

Table S3. IDO2 PCR and sequencing primer overview

Target

Gene Forward Reverse region Product
Primer (5°-3°) primer (5°-3°) (GRCh37) size (bp)
IDO2 (Bio-) AGGAATTTTATA ACCACCACAAAA  8:39792704: 150
ATAGAGAATAGTGATTT ATATTACATTTTCA  39792853:1
. . Target region PyroMark
Gene Sequencing Primer CpG (GRCh37) Orientation
8:39792769: Lower stand
IDO2 CTAATAACTTCTTTTCTAACCT 1 397927741 (5°-3")

The overview of the polymerase chain reaction (PCR) and pyrosequencing primers for /DO2. Abbreviation:
Bio, biotinylation; GRCh37, Ensembl CRCh37 assembly; bp, base pair.
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Table S4. TRP metabolic pathway gene expression

Gene Fold Ave g-value
Name Change  Expr t S.E. B p-value (FDR)
TDO2 0.910 6.594 -4.349  0.031 1.865 0.000 0.001
HAAO 0.876 6.707 -4.336  0.044  1.821 0.000 0.001
AOC1 0913 6.631 -4.180  0.031 1.300 0.000 0.001
IDO2 0.940 6.612 -3.826  0.023  0.153 0.000 0.004
DLD 0.778 8.701 -3.431 0.105  -1.045  0.001 0.011
SLC7AS 1.329 9.654 3.176 0.129  -1.766  0.002 0.020
WARS 0.842 8.749 -3.109  0.080 -1.949  0.003 0.020
CYP2EI1 0.846 7.298 -3.081 0.079  -2.024  0.003 0.020
DHCR24 0.782 8.085 -2.930  0.121  -2.422  0.004 0.027
DHTKDI1 1.093 7.489 2.762 0.046  -2.847  0.007 0.040
KYAT3 0.896 7.476 -2.679  0.059  -3.049  0.009 0.045
ALDHS8ALI 1.097 7.089 2.590 0.051  -3.261 0.012 0.053
CYP2C18 0.982 6.489 -2.491 0.010  -3.489  0.015 0.063
ECHS1 1.086 9.994 2.443 0.049  -3.598  0.017 0.067
CYP4F12 1.098 6.703 2.386 0.057  -3.723  0.020 0.072
AFMID 0.932 7.043 -2.348  0.043  -3.805  0.022 0.074
ACMSD 1.023 6.459 2.308 0.014  -3.892  0.024 0.077
SLC3A2 1.128 8.464 2.190 0.079  -4.136  0.032 0.094
ALDHIBI1 0.956 6.855 -2.159  0.030 -4.199  0.034 0.094
SLC36A4 1.127 8.246 2.135 0.081  -4247  0.036 0.094
ALDHIALI 0.827 9.257 -2.123  0.130  -4.271 0.037 0.094
ACAT2 0.866 7.815 -2.118  0.098  -4.279  0.037 0.094
CYP19A1 1.030 6.624 2.071 0.020 -4.371 0.042 0.098
MAOB 1.127 9.065 2.061 0.083  -4.391 0.043 0.098
CAT 1.167 8.504 2.029 0.110  -4.451 0.046 0.099
CYP3A4 0.978 6.490 -2.024  0.016  -4.462  0.047 0.099
CYP2F1 1.012 6.455 1.975 0.009  -4.553  0.052 0.106
CYP2J2 1.124 9.728 1.721 0.098  -4.995  0.089 0.176
IDO1 0.982 6.558 -1.695  0.016  -5.037  0.094 0.179
OGDH 0.931 7.210 -1.633  0.064 -5.136  0.107 0.196
ALDH2 1.108 10.897 1.559 0.095 -5249  0.123 0.219
INMT 1.077 6.574 1.459 0.073  -5.393  0.149 0.256
DLST 1.057 7.608 1.426 0.057 -5439  0.158 0.256
KYNU 1.041 6.746 1.412 0.041  -5458  0.162 0.256
TPH2 0.985 6.577 -1.410  0.016  -5.461 0.163 0.256
EHHADH 0.956 7.432 -1.265  0.051  -5.647  0.210 0.321
CYPIAI1 1.016 6.587 1.210 0.018 -5.714  0.230 0.342
ALDH3A2 1.036 8.366 1.012 0.050 -5.927 0315 0.456
KYATI 1.046 8.341 0.923 0.070  -6.010  0.359 0.506
ACATI 0.953 9.451 -0.854  0.081 -6.071 0.396 0.540
HADHA 1.058 8.227 0.842 0.096  -6.081 0.403 0.540
MAOA 1.058 10.586  0.782 0.105  -6.128  0.436 0.562
ALDH9A1 1.034 11.593 0.777 0.063  -6.132  0.440 0.562
AADAT 1.034 7.409 0.735 0.065 -6.164  0.465 0.579
AOX1 1.026 6.556 0.720 0.051  -6.174  0.474 0.579
ALDH1A2 0.970 6.814 -0.702  0.063  -6.186  0.485 0.579
CYP7BI 0.994 6.556 -0.620  0.015  -6.240  0.537 0.620
CYP1A2 1.004 6.442 0.613 0.010 -6.244  0.542 0.620
ALDH7A1 1.036 9.729 0.597 0.085 -6.254  0.552 0.620
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Table S4. (Continue)

Gene Fold Ave g-value
Name Change  Expr t S.E. B p-value (FDR)
DDC 0.995 6.478 -0.578 0.012  -6.264 0.565 0.621
HADH 0.980 9.921 -0.392 0.074  -6.353 0.696 0.751
CYP2A13 1.003 6.538 0.352 0.011 -6.368 0.726 0.768
GCDH 0.993 7.301 -0.273 0.039  -6.392 0.785 0.815
IL411 0.998 6.478 -0.171 0.016  -6.415 0.865 0.881
ASMT 1.001 6.451 0.109 0.013 -6.423 0.914 0914
AANAT N/A N/A N/A N/A N/A N/A N/A
CYPIBI N/A N/A N/A N/A N/A N/A N/A
KMO N/A N/A N/A N/A N/A N/A N/A
TPH1 N/A N/A N/A N/A N/A N/A N/A

Gene expression of TRP pathway associated genes in the middle temporal gyrus (MTG) in a comparison of
Alzheimer’s disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard
error; t, t-value; B, b value; FDR, false discovery rate.

Table S5. NAD pathway gene expression

Gene Fold Ave g-value
Name Change  Expr S.E. B p-value (FDR)
SIRTI 1.208 8.627 5.908 0.046  7.626 0.000 0.000
NMNAT2 0.653 8.255 -4.838  0.127 3.584 0.000 0.000
PARP1 1.137 11.041 4.702 0.039  3.096 0.000 0.000
PARP9 1.250 7.651 4.371 0.074  1.941 0.000 0.000
TDO2 0.910 6.594 -4.349  0.031 1.865 0.000 0.000
PARP14 1.200 7.511 3.746 0.070  -0.095  0.000 0.003
NT5C3 0.860 8.505 -3.692  0.059  -0.261  0.000 0.003
PNP 1.238 7.557 3.543 0.087  -0.713  0.001 0.004
SLC5A8 1.385 8.602 3.538 0.133  -0.729  0.001 0.004
PARP4 1.259 8.388 3.493 0.095 -0.862  0.001 0.004
QPRT 1.211 8.318 3.337 0.083  -1.313  0.001 0.006
NT5C2 1.203 10366  3.297 0.081  -1.429  0.002 0.007
PARP10 1.163 7.305 2.970 0.074  -2319  0.004 0.015
NAPRT 1.268 8.370 2.940 0.117  -2397  0.004 0.015
NADSYNI1 1.103 7.288 2.857 0.050 -2.611  0.006 0.018
SIRTS 0.953 7.547 -2.836  0.025 -2.663  0.006 0.018
NTSM 0.923 6.993 -2.784  0.041  -2.792  0.007 0.020
NT5C 1.164 8.532 2.676 0.082  -3.058  0.009 0.026
CYP8BI1 0.977 6.498 -2.543  0.013  -3.370 0.013 0.035
NADK 1.075 7.307 2.489 0.042  -3.494  0.015 0.038
ACMSD 1.023 6.459 2.308 0.014  -3.892  0.024 0.057
NNT 0.847 8.713 -2.286  0.105  -3.937  0.025 0.058
PTGIS 0.971 6.551 -2.233  0.019  -4.047  0.029 0.063
TNKS2 1.034 6.599 2.205 0.022  -4.106 0.031 0.065
BST1 0.977 6.542 -2.025  0.017  -4460  0.046 0.095
SIRT2 1.087 7.669 2.006 0.060 -4.494  0.048 0.095
SIRT7 1.030 6.746 1.904 0.022 4682  0.061 0.115
CD38 0.980 6.587 -1.872  0.016  -4.739  0.065 0.119
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Table SS. (Continue)

Gene Fold Ave g-value
Name Change  Expr ¢ S.E. B p-value (FDR)
RNLS 0.980 6973  -1.739  0.017  -4.965 0.086 0.152
IDO1 0.982 6.558  -1.695 0.016  -5.037  0.094 0.156
NMNATS3 1.056 7.480 1.694 0.046  -5.040  0.094 0.156
NADK2 1.086 8.149 1.670 0.072  -5.078  0.099 0.156
NAMPT 1.112 7.309 1.665 0.092  -5.085 0.100 0.156
NT5C1B 1.010 6.475 1.458 0.010  -5.395 0.149 0.226
ENPPI 1.031 6.764 1.396 0.031 -5.479  0.167 0.246
ENPP3 0.988 6.558  -1.253 0.014  -5.662 0214 0.307
PARP16 1.028 6.948 1.217 0.033  -5.705 0.227 0.317
TNKS 0.988 6.585  -1.202 0.014  -5.723 0.233 0.317
NMRK1 0.968 7.716  -0.805 0.058 -6.110 0423 0.561
SLC22A13 1.007 6.499  0.755 0.014  -6.148  0.452 0.581
AOX1 1.026 6.556  0.720 0.051 -6.174 0474 0.581
NNMT 0.988 6.583  -0.716  0.024 -6.177  0.476 0.581
SIRT6 0.988 6.633  -0.706  0.025  -6.184  0.483 0.581
NAXE 0.975 8960  -0.629  0.057 -6.234  0.531 0.626
NT5C1A 0.995 6.510  -0.583 0.013  -6.262  0.562 0.647
PARP6 0.988 7.513  -0.499  0.034 -6.306 0.619 0.698
PTGS2 1.024 8.070  0.296 0.114  -6.386  0.768 0.848
NMRK2 0.998 6.482  -0.243 0.009  -6.400  0.808 0.857
SIRT3 1.002 6.584  0.231 0.011 -6.403 0.818 0.857
NAXD 0.993 9218  -0.222 0.045  -6.405 0.825 0.857
NUDTI12 0.997 6.621 -0.133 0.028  -6.420  0.894 0.912
PARP8 1.000 6.479  0.068 0.008  -6.427  0.946 0.946
NMNATI N/A N/A N/A N/A N/A N/A N/A
NRK N/A N/A N/A N/A N/A N/A N/A
NTSE N/A N/A N/A N/A N/A N/A N/A
PARP2 N/A N/A N/A N/A N/A N/A N/A
SIRT4 N/A N/A N/A N/A N/A N/A N/A
SIRT7 N/A N/A N/A N/A N/A N/A N/A

Gene expression of NAD pathway associated genes in the middle temporal gyrus (MTG) in a comparison of
Alzheimer’s disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard
error; t, t-value; B, b value; FDR, false discovery rate.
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Table S6. TRP pathway SmC levels

Probe Gene Fold Ave SNP .
Name Name Change Expr t S.E. p-value B Chromosome position Region
cgl0216820 TPH2 1.012 0.198 2.859  0.006 0.006 -4376 12 72332539  TSS200
cg09577907 CYPI9A1  1.021 0.704 2.704  0.011 0.008 -4.771 15 51535668  5'UTR
cg08104579  AANAT 1.015 0.718 2.643  0.008 0.010 -4.923 17 74467662  3'UTR;3'UTR
cg07887243 MAOB 0.990 0.066 -2.587 0.006 0.012 -5.058 X 43741530  IstExon
cgl2978820 CYP2A13  1.013 0.342 2.528 0.007 0.014 -5.198 19 41593202  TSS1500
cg24406775 SLC3A2 0.985 0.508 -2.488 0.009 0.015 -5.292 11 62655842  Body
cg20352402 ALDH8Al 1.026 0.531 2434 0.015 0.017 -5.417 6 135271333  TSS200
cg05903298 ACATI 0.999 0.020 -2.419 0.001 0.018 -5.450 11 107992155 TSS200
cg20336341 DDC 1.013 0.279 2.379  0.008 0.020 -5.539 7 50628841 TSS200;5'UTR
5'UTR;1stExon;
cgl3198321 ALDHI1A2 0.998 0.019 -2.275 0.001 0.026 -5.768 15 58357891 1stExon:S'UTR
cgl8047172 DDC 1.014 0.552  2.240  0.009 0.028 -5.844 7 50670059  Body
cgl3232821 DDC 1.015 0.334 2.221 0.010 0.029 -5.883 7 50628718  5'UTR;5'UTR;1stExon
cgl4080227 ALDHIB1 0.997 0.052 -2.176  0.002 0.033 -5979 9 38363157
cgl2715421 DDC 1.009 0.422 2.132  0.006 0.036 -6.068 7 50629987  5'UTR;TSS1500
cg09207718 CYP1A2 1.010 0.690 2.093  0.007 0.040 -6.146 15 75041386  5'UTR
cgl0649458 MAOA 1.014 0.819 2.072  0.009 0.042 -6.188 X 43512216
cgl7952826 ACAT2 1.025 0.278 2.024  0.017 0.047 -6.283 6 160182184 TSS1500
cgl18493449 AANAT 0.988 0.869 -1.998 0.009 0.049 -6.333 17 74467972 Body

List of nominal significant differentially methylated (SmC) probes in the TRP pathway associated gene in the middle temporal gyrus (MTG) in a comparison of Alzheimer’s

disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard error; t, t-value; B, b value; TSS, transcription start site; 5’UTR, 5’untranslated

region; 3’UTR, 3’untranslated region.

Table S7. TRP pathway ShmC levels

Probe Gene Fold Ave SNP .
Name Name Change Expr t S.E. p-value B Chromosome position Region
cg27214960 CYP2El 1.021 0.042 3.392  0.009 0.001 -1.590 10 135343280 Body
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1stExon; TSS1500;5'UTR;

cgl8125510 WARS 1.020 0.213 2.893  0.010 0.005 -2.981 14 100841768  5'UTR;TSS1500;1stExon;
S'UTR;5'UTR

cg00565882 CYP1BI1 1.015 0.100 2.623  0.008 0.010 -3.661 2 38300707 Body

cgl3134297 INMT 1.027 0.124 2449 0.016 0.017 -4.070 7 30737556

cg09409405 SLC7AS 0.986 0.045 -2.310 0.009 0.024 -4379 16 87911198

cgl0268548 ACAT2 1.012 0.159 2243  0.007 0.028 -4.524 6 160184041 Body

cgl3518442 ALDHIA2 1.016 0.234 2214 0.011 0.030 -4.584 15 58358879 TSS1500;TSS1500

cg24406775 SLC3A2 1.020 0.152 2.188 0.013 0.032 -4.639 11 62655842 Body

cgl1363097 IDO2 1.027 0.107 2.173  0.017 0.033 -4.669 8 39792086 TSS1500

cgl0169763  SLC7A5 0.974 0.110 -2.164 0.018 0.034 -4.687 16 87873389 Body

cg09577907 CYP19A1 0.985 0.144 -2.163 0.010 0.034 -4.689 15 51535668 S'UTR;5'UTR

cg23532924 DDC 1.012 0.065 2.129  0.008 0.036 -4.758 7 50633445 TSS1500

cg09767736  IL4I1 1.015 0.156 2.059 0.010 0.043 -4.898 19 50400119 Body;1stExon;5'UTR

cgl18285819 INMT 0.982 0.158 -2.039 0.013 0.045 -4.936 7 30736630

cg01466330 1DO2 1.012 0.056 2.039 0.008 0.045 -4.936 8 39835697 Body

cg27527503 HADH 1.021 0.231 2.033  0.015 0.045 -4.948 4 108909664 TSS1500

cg04484695 MAOB 1.014 0.181 2.008 0.010 0.048 -4.997 X 43742501 TSS1500

List of nominal significant differentially hydroxymethylated (ShmC) probes in the TRP pathway associated gene in the middle temporal gyrus (MTG) in a comparison of
Alzheimer’s disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard error; t, t-value; B, b value; TSS, transcription start site; 5S’UTR,
5’untranslated region.

Table S8. TRP pathway 5uC levels

Probe Gene Fold Ave p- SNP

Name Name Change Expr t S.E. value B Chromosome position Region
cg00565882 CYPIBI 0.981 0.778 -3.067 0.009 0.003 -3.750 2 38300707  Body
1stExon; TSS1500;5'UTR;
cgl8125510 WARS 0.978 0.682 -3.034 0.010 0.003 -3.838 14 100841768  S'UTR;TSS1500;1stExon;
S'UTR;5'UTR
cgl0169763 SLC7AS 1.025 0.242 2992 0.012 0.004 -3.953 16 87873389 Body
cg20408276 CYPIBI 0.971 0.328 -2.888 0.015 0.005 -4.230 2 38300586 Body
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Table S8. (Continue)

Probe Gene Fold Ave p- SNP .

Name Name Change Expr t S.E. value B Chromosome position Region
cgl3472594 ALDHIBI 0.986 0474 -2.871 0.007 0.005 -4275 9 38346777

cg04790887 ALDHIA2 0.987 0.160 -2.626 0.007 0.010 -4.894 15 58515544

cgl9571004 CYP2EI 0.982 0.250 -2.566 0.010 0.012 -5.038 10 135340850 TSS200
cgl3857519 TPHI 0.994 0.088 -2.556 0.004 0.013 -5.062 11 18062735  TSS1500
cg20352402 ALDHS8A1 0.981 0213 -2.505 0.011 0.014 -5.182 6 135271333 TSS200
cgl4225090 ALDHIBI 0.993 0.091 -2.441 0.004 0.017 -5330 9 38237796

cg04582695 AANAT 0.984 0.282 -2.435 0.009 0.017 -5344 17 74449757  5'UTR;1stExon;TSS1500
cgl0649458 MAOA 0.989 0.124 -2360 0.007 0.021 -5514 X 43512216

cg08645207 AOXI1 0.976 0296 -2.285 0.015 0.025 -5.678 2 201489698 Body
cg03236170 SLC7AS 0.976 0.570 -2.247 0.016 0.028 -5.758 16 87915396

cgl6738971 ALDH7A1 0.994 0.923 -2.238 0.004 0.028 -5.779 5 125931166  TSS200
cg01052699 AADAT 0.991 0.668 -2.235 0.006 0.028 -5.785 4 171030995

cg02162897 CYPIBI 0.984 0211 -2.233 0.010 0.029 -5.789 2 38300537  Body
cg06264984 CYPIBI 0.988 0.763 -2.208 0.008 0.030 -5.841 2 38300885  Body
cg22874188 AOCI1 0.992 0.125 -2.141 0.005 0.036 -5980 7 150555302 Body
cgl6437184 ALDHSAL1 0.982 0314 -2.136 0.012 0.036 -5990 6 135157459

cgl12802310 CYPIBI 0.988 0.594 -2.122 0.008 0.037 -6.019 2 38304720  TSS1500
cg07887243 MAOB 1.009 0.929 2.119 0.006 0.037 -6.026 X 43741530  1stExon
cgl1251498 IDO2 0.981 0.304 -2.077 0.014 0.041 -6.109 8 39792769  Body
cg20336341 DDC 0.989 0.641 -2.065 0.008 0.042 -6.133 7 50628841  TSS200;5'UTR
cgl18872418 TPHI 0.989 0.149 -2.062 0.008 0.043 -6.140 11 18068355

cgl3198321 ALDHIA2 1.002 0.977 2.037 0.001 0.045 -6.188 15 58357891  S'UTR;1stExon;1stExon;5'UTR
cg01812894 ALDHIAl1 0.987 0.189 -2.017 0.009 0.047 -6.227 9 75568506  TSS1500
cg25924411 GCDH 0.998 0.955 -2.009 0.002 0.048 -6.243 19 13001836  TSS200
cgl0335743 DDC 0.995 0.091 -2.002 0.004 0.049 -6.256 7 50634611  TSS1500

List of nominal significant differentially unmodified (5uC) probes in the TRP pathway associated gene in the middle temporal gyrus (MTG) in a comparison of Alzheimer’s
disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard error; t, t-value; B, b value; TSS, transcription start site; 5’UTR, 5 untranslated

region.
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Table S9. Summary of TRP pathway genes with both differential gene

expression and methylation levels in the middle temporal gyrus of controls and

AD patients
S5mC ShmC 5uC
(Probe ID) (Probe ID) (Probe ID)
ACAT2 (cg17952826) (cg10268548)
ALDHIA1 (cg01812894)
(cg13472594)
ALDHI1BI1 (cg14080227) (ca14225090)
(cg20352402)
ALDHS8AI (¢g20352402) (cal6437184)
AOCT" (cg22874188)
CYP19A1 (cg09577907) (cg09577907)
CYP2E!" (cg27214960) (cg19571004)
- (cgl1363097)
IDO2 (cg01466330) (cg11251498)
MAOB (cg07887243) (cg04484695) (cg07887243)
SLC3A2 (cg24406775) (cg24406775)
. (cg09409405) (cg10169763)
SLCTAS (cg10169763) (cg03236170)
WARS" (cg18125510) (cg18125510)

Bold probe IDs are nominal significant probes in multiple regions of TRP pathway. Abbreviation: SmC,
methylcytosine; ShmC, hydroxymethylcytosine; SuC, unmodified cytosine; FDR, false discovery rate; * FDR
significant gene expression.
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Table S10. NAD pathway SmC levels

Probe Gene Fold Ave SNP .

Name Name Change Expr t S.E.  p-value B Chromosome position Region

cgl7766305 RNLS 0.989 0.111 -2.896 0.006 0.005 -4.280 10 90147030 Body

cg07612655 PTGIS 0.986 0.288 -2.821 0.007 0.006 -4.476 20 48185517 TSS1500

cg26707013  SIRT4 1.030 0.516 2.635 0.016 0.010 -4.943 12 120752270

cg21580588 NADK 1.006 0.967 2.492  0.003 0.015 -5.281 1 1685723 Body

cg07595035 NAXD 1.025 0.595 2.389  0.015 0.019 -5.518 13 111291582  3'UTR
TSS1500;TSS1500;TSS200;

cg21464278 PARP9 0.997 0.045 -2.358 0.002 0.021 -5.586 3 122283593  TSS1500;Body;TSS200;
TSS1500

cg08378505 NT5C 0.999 0.022 -2.319 0.001 0.023 -5.673 17 73127297 Body

cg09185911 NADK 1.018 0.808 2.284  0.011 0.025 -5.749 1 1688883 Body

cgl5260978 NADK 1.022 0.612 2281 0.014 0.025 -5.755 1 1685832 Body

cgl2135976  SLCSA8  1.010 0.116 2.255 0.006 0.027 -5.811 12 101604147  TSS200

cg04444303  SIRT1 0.978 0.779 -2.252  0.014 0.027 -5.818 10 69634106

cgl0582690  SIRT1 0.999 0.021 -2.229 0.001 0.029 -5.866 10 69644422 TSS1500;TSS200

cgl2488274 PARPI6  0.975 0.580 -2.189 0.017 0.032 -5.950 15 65594642

cg20613259 NT5C2 1.019 0411 2.149 0.012 0.035 -6.034 10 104868306  Body

cg25038311 NT5C2 1.018 0.499 2.125 0.012 0.037 -6.082 10 104964751

cgl1229284 PARP14  0.996 0.065 -2.113 0.003 0.038 -6.106 3 122399506  TSS200
5'UTR;5'UTR;TSS1500;

cg08122652 PARP9 1.015 0472 2.081 0.010 0.041 -6.170 3 122281939  S'UTR;S'UTR;5'UTR,;
5'UTR

cg09321403  SIRTS 1.011 0.112 2.077 0.008 0.041 -6.179 6 13555624

cgl4750551 PARP14  1.023 0.534 2.029 0.016 0.046 -6.273 3 122401343  Body

cg20754155 NAXD 1.011 0.809 2.013  0.008 0.048 -6.304 13 111256586

List of nominal significant differentially methylated (SmC) probes in the NAD pathway associated gene in the middle temporal gyrus (MTG) in a comparison of Alzheimer’s
disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard error; t, t-value; B, b value; TSS, transcription start site; 5’UTR, 5 untranslated
region; 3’UTR, 3’untranslated region.
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Table S11. NAD pathway ShmC levels

Probe Gene Fold Ave SNP .
Name Name Change Expr t S.E. p-value B Chromosome position Region
cg07612655 PTGIS 1.026 0.218  4.164 0.009  0.000 0.874 20 48185517 TSS1500
cg24937136 PARP1 1.022 0.382  3.137 0.010  0.002 -2.323 1 226593346 Body
cg03530744 NAXD 1.025 0332 2.965 0.012  0.004 -2.793 13 111270991 Body
cg20819482 TNKS 1.035 0303  2.867 0.017  0.005 -3.049 8 9472057 Body
cg23809813 RNLS 1.018 0352 2793 0.009  0.007 -3.240 10 90217672 Body
cg25147026 PTGS2 1.024 0273 2725 0.013  0.008 -3.412 1 186650441 TSS1500
cg01683055 PARP4 1.018 0.041  2.689 0.010  0.009 -3.501 13 25026835 Body
cg26707013 SIRT4 0.974 0.347  -2.365 0.016  0.021 -4.259 12 120752270

cgl3415078 NAXD 0.984 0.045  -2.363 0.010  0.021 -4.264 13 111287117 Body
cg21580588 NADK 0.994 0.017  -2.349  0.004  0.021 -4.295 1 1685723 Body
cg05722993 NADK 1.018 0.331 2329 0.011 0.023 -4.339 1 1727796 Body
cgl14750551 PARP14 0.975 0335 -2.294 0.016  0.025 -4.414 3 122401343 Body
cg27058217 NAXD 1.017 0.121 2252 0.011 0.027 -4.504 13 111289041 Body
cg03081930 NAXD 0.981 0.173  -2.214  0.013  0.030 -4.584 13 111288583 Body
¢g09560636 NNT 1.022 0.156  2.096 0.015  0.039 -4.824 5 43631579 Body
cg15897209 NNMT 1.018 0.267  2.074 0.013  0.041 -4.867 11 114151397

cgl15824543 NADK 1.021 0.199  2.074 0.015  0.041 -4.868 1 1695391 Body
cg24867653 SLC22A13 0.993 0.054 -2.024  0.005 0.046 -4.966 3 38306594 TSS1500

List of nominal significant differentially hydroxymethylated (ShmC) probes in the NAD pathway associated gene in the middle temporal gyrus (MTG) in a comparison of

Alzheimer’s disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard error; t, t-value; B, b value; TSS, transcription start site.
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Table S12. NAD pathway SuC levels

Probe Gene Fold Ave SNP .

Name Name Change Expr t S.E.  p-value B Chromosome position Region
cg03530744 NAXD 0.982 0.184 -3.410 0.008 0.001 -2.762 13 111270991  Body
cg06516476 NTSE 1.016 0.343 3.406 0.007 0.001 2775 6 86174584 Body
cgl6540590 NNT 0.980 0.193  -2.963 0.010 0.004 -4.032 5 43802496

cg05238288 PARP4 0.992 0.933 -2.869 0.004 0.005 -4.279 13 25087299 TSS1500
cg24647015 NNMT 0.991 0.131 -2.645 0.005 0.010 -4.848 11 114191367

cg07612655 PTGIS 0.988 0.493 -2.634 0.007 0.010 -4.875 20 48185517 TSS1500
cg25038311 NT5C2 0.979 0.340 -2.532 0.012 0.013 -5.120 10 104964751

cgl9966621 NTS5C3A 1.003 0.970 2.513  0.002 0.014 -5.163 7 33102440 TSS200
cg05722993 NADK 0.985 0.230 -2.468 0.009 0.016 -5.267 1 1727796 Body
cgl7130251 NMRK2 0.985 0.342 -2.459 0.009 0.016 -5.289 19 3945936

cg20819482  TNKS 0.969 0.382 -2.408 0.019 0.019 -5.406 8 9472057 Body
cg09546332 PARP4 0.997 0.941 -2.388 0.002 0.019 -5.451 13 25086777 S'UTR
cg02977388 RNLS 0.974 0.599 -2.319 0.017 0.023 -5.605 10 90253615 Body
cg07631435 NNMT 0.984 0.723  -2.315 0.010 0.023 -5.613 11 114043903  Body
cg26176158 NT5C2 1.004 0.052 2.289  0.003 0.025 -5.670 10 104936358  S'UTR
cg08645207 AOX1 0.976 0.296 -2.285 0.015 0.025 -5.678 2 201489698  Body
cgl3215387 NT5C2 0.998 0966 -2.273 0.001 0.026 -5.704 10 104953220  TSS200
cgl6373880 NMNAT2 0.990 0.160 -2.270 0.006 0.026 -5.710 1 183274638  Body;TSS1500
cgl1592576 CYP8BI 0.984 0.273 -2.261 0.010 0.027 -5.730 3 42915467 3'UTR;1stExon
cg05262549 NMNAT2 0.989 0.775 -2.206  0.008 0.030 -5.846 1 183256588  Body
cg05215649 NADSYNI  0.989 0.306 -2.191 0.007 0.032 -5.878 11 71196591 Body
cgl9518845 NMNAT2 1.015 0.206 2.190  0.010 0.032 -5.880 1 183338346  Body
cg09936839  SIRT6 0.985 0.466 -2.168 0.010 0.033 -5.925 19 4181854 Body;TSS1500
cgl14098385 PARP9 0.994 0.107 -2.166 0.004 0.034 -5.929 3 122285010  TSS1500;TSS1500;Body
cg08122070 NADK 1.007 0.096 2.153  0.005 0.035 -5956 1 1689610 Body
cg26802917 NRK 0.991 0.126 -2.148 0.006  0.035 -5.965 X 105064008

cg01749742 NT5C1B 0.981 0462 -2.131 0.013 0.036 -6.000 2 18944047

cg08482694  PTGS2 0.998 0.960 -2.106 0.002 0.039 -6.052 1 186649530  S'UTR;1stExon
cg03315247 PARP14 0.996 0.937 -2.093 0.003 0.040 -6.078 3 122399498  TSS200
cg22566518  SIRT6 0.997 0951 -2.074 0.002 0.042 -6.115 19 4182796 TSS1500
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5'UTR;5'UTR;TSS1500;

cg22930808 PARP9 0.989 0.173  -2.059 0.008 0.043 -6.145 3 122281881  S'UTR;5'UTR;5'UTR;
S'UTR

cg21356631 BSTI1 0.978 0.380 -2.043 0.015 0.045 -6.177 4 15702461

cg06371014 NMRK2 0.992 0.176  -2.034 0.006 0.046 -6.194 19 3924433 Body

cg08200577 PARP4 0.992 0.891 -2.017 0.006 0.047 -6.228 13 25086393 S'UTR

cgl12488274 PARP16 1.012 0.324 2.009  0.009 0.048 -6.242 15 65594642

List of nominal significant differentially unmodified (5uC) probes in the NAD pathway associated gene in the middle temporal gyrus (MTG) in a comparison of Alzheimer’s
disease (AD) patients and controls. Abbreviation: AveExpr, average expression; S.E., standard error; t, t-value; B, b value; TSS, transcription start site; 5’UTR, 5 untranslated
region; 3’UTR, 3’untranslated region.
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Table S13. Summary of NAD pathway genes with both differential gene

expression and methylation levels in the middle temporal gyrus of controls and

AD patients
5mC 5hmC 5uC
(Probe ID) (Probe ID) (Probe ID)
BSTI (cg21356631)
CYPSBI® (cg11592576)
(cg21580588) (cg21580588)
NADK* (cg09185911) (cg05722993) (cg g‘g 1755(9)%)
(cg15260978) (cg15824543) (cg )
NADSYNI® (cg05215649)
(cg16373880)
NMNAT2* (c205262549)
(cg19518845)
NNT (c209560636) (cg16540590)
NT5C” (c208378505)
(cg25038311)
NT5C2* Eigigﬁiﬁfﬂ (cg26176158)
g (cg13215387)
NT5C3* (cg19966621)
PARPI® (cg24937136)
PARP14* Eziiﬁgggg‘g (cg14750551) (cg03315247)
(cg05238288)
PARP4* (cg01683055) (cg09546332)
(c208200577)
PARPY" (cg21464278) (cg14098385)
PTGIS (cg07612655) (cg07612655) (cg07612655)
QPRT (c203997039)
. (cg04444303)
SIRTI (cg10582690)
SIRTS" (cg09321403)
SLCSAS" (cg12135976)

Bold probe IDs are nominal significant probes in multiple regions of NAD pathway. Abbreviation: SmC,
methylcytosine; ShmC, hydroxymethylcytosine; SuC, unmodified cytosine; FDR, false discovery rate; * FDR

significant gene expression.
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Table S14. AgeCoDe and MTG /DO2 methylation association with age

B S.E. t p-value 95% CI
AgeCoDe
Baseline -0.149 0.139 -1.075 0.285 -0.424 0.126
Follow-ups -0.137 0.166 -0.825 0.412 -0.467 0.193
MTG
mRNA -0.001 0.002 -0.285 0.777 -0.004 0.003
5mC 0.001 0.001 0.892 0.375 -0.001 0.002
5hmC 7.097E-5 0.001 0.064 0.949 -0.002 0.002
5uC -0.001 0.001 -1.026 0.308 -0.003 0.001

Association between /DO2 percent methylation at position cgl1251498 with age in AgeCoDe baseline and
follow-up, and the middle temporal gyrus (MTG). Both analyses adjusted gender and diagnosis stage.
Abbreviations: MTG, middle temporal gyrus; B, beta value; S.E., standard error; t, t statistic; 95% CI, 95%

confidence interval.
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Abstract

Affective symptomatology such as depression and anxiety are more commonly
observed in patients with dementia or in individuals at risk of developing
dementia compared to individuals without cognitive complaints. One pathway
that has been associated with neurodegenerative disease, cognitive function and
affective symptoms is the kynurenine pathway (KP). However, studies
investigate affective symptoms and dementia independently. Therefore, the aim
of the present study was to investigate associations between plasma KP
metabolites and affective symptoms in patients with and without cognitive
impairments from the memory clinic setting. Plasma KP metabolites were
measured by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in
patients with subjective cognitive decline (SCD; n = 296), mild cognitive
impairment (MCI; n = 308), and dementia (n = 164) who participated in the
Biobank Alzheimer Center Limburg (BBACL) study. Symptoms of depression
and anxiety were measured using the neuropsychiatric inventory (NPI) and the
15-item geriatric depression scale (GDS15). Cross-sectional associations
between metabolites and affective symptoms were analyzed using negative
binomial and binary logistic regression analyses, adjusted for several covariates.
Higher plasma levels of xanthurenic acid (XA, incidence rate ratio [IRR] 0.91
[95% confidence interval 0.86, 0.97]), picolinic acid (PIC; 0.93 [0.88, 0.99],
kynurenic acid/quinolinic acid ratio (KA/QA; 0.92 [0.86, 0.97]), kynurenic
acid/kynurenine ratio (KA/KYN; 0.94 [0.89, 0.99]), and XA/QA ratio (0.90
[0.85, 0.96]) levels were associated with lower IRR of depressive symptoms on
the self-rated GDS15. Furthermore, XA, KA/QA, KA/KYN, and XA/QA
associations were robust and independent from various other measured factors.
Additionally, symptoms of depression and anxiety were more commonly
reported by care partners in patients with dementia than in patients with SCD.
Lastly, higher plasma levels of KA (0.81 [0.66, 1.00]) was associated with lower
IRR of anxiety-like symptoms reported by informants. Although the exact
mechanisms through which the KP plays a role in both cognitive and affective
symptoms remains unclear, our findings provide evidence that higher plasma KP
metabolite concentrations were associated with lower IRR of affective
symptoms in patients with or at risk of developing dementia.

Keywords: Kynurenine pathway, dementia, affective symptomatology,
cognitive impairment
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Introduction

Dementia is a general term to describe loss of memory, language, problem-
solving, and social abilities severely enough to interfere with daily life. Mild
cognitive impairment (MCI) is similar to dementia with the difference being that
impairment is less pronounced and day-to-day functioning is still intact [1].
Recently, research in patients with subjective cognitive decline (SCD) has been
growing. SCD refers to individuals who notice a decline in memory or other
cognitive abilities, while clinical diagnosis shows no proof of such decline [2].
A meta-analysis reported that the annual conversion rate of people with SCD to
dementia was 2.33% and to MCI was 6.67% [3]. In general, cognitive and
affective symptomatology are two symptom dimensions which are considered to
being qualitatively distinct from each other, yet depressive- and anxiety-like
symptoms were commonly observed in patients with dementia or at risk of
developing dementia, suggesting that they are linked to each other. For example,
two independent meta-analyses reported that the overall pooled prevalence of
depression in MCI patient was 32% [4] and the prevalence rates of depression
and anxiety across dementia stages, mild, moderate, and severe, were 38%, 41%,
and 37%, respectively, for both symptoms [5].

Recent studies suggest that dysregulation of certain metabolic pathways could
be involved in the development of both neurodegenerative and neuropsychiatric
disorders. Amongst others, studies point towards the tryptophan-kynurenine
metabolic pathway [6-12] as an important mechanism in this respect. Tryptophan
(TRP) is an essential amino acid, which can only be obtained through diet or
supplements and is a precursor to multiple biochemical pathways such as
kynurenine (KYN), serotonin, tryptamine, and protein synthesis [6]. The
kynurenine pathway (KP) is the dominant pathway and accounts for more than
90% of tryptophan metabolism [13]. Multiple studies in individuals with AD
have shown diverse and even opposite effects of KP metabolites, also known as
kynurenines, with some exhibiting neurotoxic and others neuroprotective
properties. For example, quinolinic acid (QA) is a well-known kynurenines that
displays neurotoxic properties in AD, most likely due to its role as an agonist of
the N-methyl-D-aspartate (NMDA) receptor [14]. Additionally, QA has been
shown to induce the generation of free radicals, mitochondrial dysfunction and
inflammation [15]. Contrary to QA, kynurenic acid (KA) is a competitive
antagonist of NMDA receptors as well as noncompetitive a7 nicotinic
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acetylcholine receptor inhibitor, thus considered as a neuroprotective factor in
AD [16]. Besides focused analyses of individual KP metabolite, ratios between
certain KP metabolites, such as KYN/TRP ratio (KTR; reflecting changes in
indoleamine 2,3-dioxygenase [IDO] activity) and KA/QA ratio (reflecting the
balance between neuroprotection and neurotoxicity) are also well investigated
[17]. Additionally, a meta-analysis has reported other ratios such as KA/KYN
and KA/HK to be lower in patients with major depressive disorder (MDD)
compared to controls [18]. However, to date, no studies have addressed the
hypothesis that affective symptomatology in people with cognitive complaints,
impairments or with dementia is associated with alterations in KP metabolites
(and their ratios). Based on this, this cross-sectional study measured plasma TRP
and KP metabolites and addressed associations of these with expression of
affective symptomatology in people with SCD, MCI and in people with
dementia, and analyzed associations across these diagnostic groups, taking into
account various covariates.

Materials and Methods

Study participants

Cross-sectional data was used from individuals who participated in the Biobank
Alzheimer Center Limburg (BBACL) study and for whom plasma kynurenines
were determined. The BBACL study is an ongoing, prospective clinical cohort
of patients referred to the Memory Clinic of the Maastricht University Medical
Center+ (MUMC++, Maastricht, the Netherlands), for the evaluation of their
cognitive complaints. Patients were classified with either SCD (n = 296), MCI
(n = 308), or dementia (n = 164). Inclusion criteria were a clinical dementia
rating scale (CDR; Morris 1993) score from 0 to 1, and a Mini-Mental State
Examination (MMSE; Folstein 1975) score > 20, thereby including patients
across the clinical spectrum of SCD, MCI and mild dementia. Exclusion criteria
at baseline were non-degenerative neurological disorders, such as Normal
Pressure Hydrocephalus, Morbus Huntington, brain tumor, epilepsy,
encephalitis, recent transient ischemic attack (TIA) or cerebrovascular accident
(CVA) (<2 years), or TIA/CVA with concurrent (within three months) cognitive
decline; a history of psychiatric disorders, current major depressive disorder
(within 12 months) (DSM IV), or alcohol abuse. All patients underwent a
physical, cognitive and neuropsychiatric evaluation. Additionally, a structural
magnetic resonance imaging (MRI) cerebrum was made, and biomaterials were
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collected. The BBACL study protocol was approved by the local ethics
committee (METC 15-4-100) at the MUMC+ (Maastricht, the Netherlands). All
participants gave their written informed consent.

Neuropsychiatric assessment

In addition to extensive cognitive assessments, the present study used the 15-
item geriatric depression scale (GDS15) and the domains Depression and
Anxiety of the Neuropsychiatric Inventory (NPI) for measuring expression of
affective symptomatology.

The GDSI15, a short version of the 30-item based GDS (GDS30), is a self-
administered questionnaire to estimate the presence or absence of depressive
symptoms and, if present, its severity [19]. In general, scores from 0-4 are
considered normal (depending on age, education, and complaints); 5-8 reflect
mild depression; 9-11 moderate; and 12-15 severe depression. The GDS15 cut-
off scale was set at 4/5 (0-4: not depressed; 5-15: depressed) as multiple studies
reported this cut-off displaying the highest accuracy, sensitivity, and specificity
[20-22].

The NPI-, an informant-based questionnaire, is a validated clinical instrument
for evaluating neuropsychiatric symptoms [23]. Briefly, the informant indicates
the presence or absence of 12 NPI symptoms: delusions, hallucinations,
agitation/aggression, depression/dysphoria, anxiety, elation/euphoria, apathy/
indifference, disinhibition, irritability/lability, aberrant motor behavior, night-
time restlessness, and eating disorder. For this study, only symptoms of
depression (NPID) and anxiety (NPIA) were included. If an informant indicated
the presence of symptoms of depression or anxiety, the frequency (1 = rarely,
less than once per week; 2 = sometimes, about once per week; 3 = often, several
times per week; and 4 = very often, once or more per day) and severity (1 = mild;
2 = moderate; 3 = severe) were rated. If an informant indicated absence of
symptoms, they were rated 0 for frequency and severity. A domain score (0 to
12 points) per symptom (NPID-DS, depression; NPIA-DS, anxiety) was
calculated by multiplying its frequency and severity.

Blood collection and biochemical analysis
Venous non-fasting EDTA blood samples were collected at baseline, centrifuged
at 4°C at 2000g for 10 minutes, aliquoted into 0.5 ml polypropylene vials, and
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stored at -80°C until analysis. Plasma concentrations of TRP (uM) and KP
metabolites (KYN (uM), KA (nM), hydroxykynurenine (3-HK [nM]),
anthranilic acid (AA [nM]), xanthurenic acid (XA [nM]), 3-hydroxyanthranilic
acid (3-HAA [nM]), picolinic acid (PIC [nM]), and QA (nM)) of the whole
cohort were analyzed at once in 2019 by liquid chromatograph-tandem mass
spectrometry (LC-MS/MS) by Bevital (Bergen, Norway, https://bevital.no). In
addition, KTR (KYN/TRP * 1000), KA/QA, KA/KYN (KYN unit converted to
nM), KA/HK, and XA/QA ratios were calculated.

Potential covariates

The following relevant characteristics and covariates were measured. Estimated
glomerular filtration rate (eGFR), which is calculated using the chronic kidney
disease epidemiology collaboration (CKD-EPI) formula [24], was used to
measure general kidney function. Additionally, data were collected on body
mass index (BMI), smoking status (never, ex-smoker [more than 6 months ago],
and current smoker), and alcohol consumption (none, low [< 7 glasses per week
for women, <14 glasses per week for men], high [> 7 for women, >14 for men]),
given their known links to cognition, depression, and anxiety [25-27]. In
addition, data on blood levels of vitamin B2 (riboflavin [RIBO]) and B6
(pyridoxal 5’-phosphate [PLP] i.e., coenzymes in the KP) were collected, given
their known links with cognition [28, 29]. General cognition was scored using
the mini mental state examination (MMSE), given its links is associated with
affective symptoms [30, 31], and presence of cardiovascular disease,
cerebrovascular disease, and hypertension were recorded, given their known
links with cognitive and affective symptomatology [32-37].

Statistical analysis

All statistical analyses were done using IBM SPSS Statistics version 27. Based
on the Shapiro-Wilk normality test, patient characteristics were statistically
analyzed using Kruskal-Wallis (with bonferroni corrections) or Pearson chi-
square tests. Furthermore, all metabolite levels were log transformed and
standardized prior to statistical analysis for comparative purposes. To investigate
associations of plasma metabolites with affective symptomatology, binary
logistic- and negative binomial- regression analyses were done while controlling
for covariates. All assumptions were tested and met for all statistical models and
results were presented in incidence rate ratio (IRR) and 95% confidence interval
(95% CI).
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First, interaction analyses between age and baseline diagnosis were done for
group comparisons as age is the main risk factor for developing dementia.
Additionally, as cognitive impairment may influence metabolite levels,
interaction analyses between baseline diagnosis and metabolite concentrations
were done. All factors and covariates were analyzed as main effects, unless
otherwise stated.

Different models were done to adjust for the effect of covariates on the
association between TRP, KP metabolites, and its ratios with affective
symptomatology tests. The models were adjusted as follows:

- Model 1. demographics and kidney function;

- Model 2 (main model): model 1 with baseline cognitive diagnosis status;

- Model 3: model 2 with lifestyle factors;

- Sensitivity analysis (S4): model 3 with vitamin B, cognitive function,

and comorbidities;

Model 2 with SA conditions and Model 2 with model 3 conditions analyses were
only performed to examine if the change in sample size influenced the outcome.
Demographics consists of age, gender, and educational level (low, middle, high).
Lifestyle includes BMI, smoking status, and alcohol consumption. Finally,
vitamin B includes PLP and RIBO, and comorbidities include cardiovascular
disease, cerebrovascular disease, and hypertension. P-value less than 0.05 was
considered as nominal significant and Bonferroni multiple testing (g-value) less
than 0.05 were considered as statistically significant. For analyses investigating
associations with metabolite levels, a p-value lower than 0.004 (0.05/14
variables) was considered statistically significant after Bonferroni correction.

Results

Characteristics of study population

In this study population, patients with dementia were older compared to patients
with SCD and MCI, and patients with MCI were also older compared to SCD
patients (Table 1; Supplementary Tables S1 and S8). On the contrary, for BMI,
eGFR, and MMSE, an opposite trend was shown in which patients with SCD
showed higher BMI than patients with dementia and higher eGFR levels than
patients with MCI and dementia. Additionally, patients with MCI had higher
eGFR levels than patients with dementia. As expected, MMSE score was highest
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in patients with SCD and lowest in patients with dementia. Moreover, there was
a significant difference in the history of cardiovascular diagnoses between the
groups.

Table 1. Demographics

SCD MCI Dementia
(n = 296) (n=308) (n=164) p-value

Demographics
Age (year) 61.8+10.8 | 71.2+9.7" | 755+ 7.7 < 1 0.000
Gender

Male/Female 184/112 173/135 86/78 0.102
Education

Low/Mid/High 95/122/79 110/122/76 75/56/33 0.069

27.0+£52 | 26.7+45 25.8 £ 4.0

BMI (kg/mr’) (n1=229) | (n=240) (n=129) 0.027
eGFR 84.0£13.9 | 76.1 £15.6*"" | 74.0 £14.6"" 0.000
Tobacco usage

Never/Former/Current 133/105/47 | 125/121/45 80/59/18 0.388
Alcohol consumption

None/Low/High 70/172/35 76/166/40 36/92/18 0.915
Cardiovascular disease

Absent/Present 153/140 129/174 61/97 0.009
Hypertension

Absent/Present 57/85 72/103 40/58 0.984
Cerebrovascular disease

Absent/Present 267/26 255/41 136/22 0.120
Cognition
MMSE 287+ 1.4 | 269424 | 249 £2.5M ¢ 10,000

Data are presented as n or mean + standard deviation (SD). The sample size of each measurements are equal
to the group sample size, unless otherwise stated. Kruskal-Wallis with Bonferroni correction or Pearson chi-
square tests were used to analyze the difference between subjective cognitive decline (SCD), mild cognitive
impairment (MCI), and dementia. Significance after Bonferroni correction: *SCD vs MCI; ®SCD vs dementia;
°MCI vs dementia; “q < 0.05; q < 0.01; **q < 0.001; **q < 0.0001. Abbreviations: BMI, body mass index;
eGFR, estimated glomerular filtration rate; MMSE, mini-mental state exam.

With regards to the affective symptomatology, NPIA differed between groups
with dementia had higher NPIA-DS than MCI patients. Patients with SCD had a
higher GDS15 score than MCI and dementia and significant difference in GDS
cut-off scale was shown (Table 2). On the NPI comparisons between the groups,
once adjusted for age, gender, educational level and bonferroni correction,
informants of patients with dementia showed an increased IRR of reporting a
presence of depression symptoms (NPID) than informants of people with SCD
patients. Additionally, dementia patient informants had a higher IRR of reporting
anxiety symptoms (NPIA) than informants of people with MCI and SCD (Table
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3). Lastly, NPID-DS (p = 0.76), NPIA-DS, (p = 0.19), and GDSI15 (p = 0.34)
and GDS15 cut-off scale (p = 0.81) showed no difference between the groups
(data not shown). Lastly, many downstream KP metabolites and its ratios such
as KYN, 3-HK, AA, PIC, QA, and KTR were lower in patients with SCD than
in patients with MCI and/or dementia, while others such as TRP, XA, KA/QA,
KA/HK, and XA/QA were higher in patients with SCD than in patients with MCI

and/or dementia (Table 4).

Table 2. Scores on neuropsychiatric tests

SCD MCI Dementia _value
(n = 296) (n = 308) (n=164) p-valu
Neuropsychiatric symptoms
NPID
Absent/Present 157/135 170/136 83/78 0.660
20+£29 1.9+29 1.8+2.6
NPID-DS =292 | (n=306) (n=160) 0.775
NPIA
Absent/Present 215/77 229/77 102/59 0.023
1.2+24 1.1+£22 1.6 £2.7¢*
NPIA-DS (n=292) (n=305) (n=161) 0.023
4.0+3.1 3.2+£2.8" 2.8 £2.30"
GDSI15 (=286) | (n—294) (= 157) 0.00016
GDSI15 cut-off scale (4/5)
No depression/Depression 216/70 248/46 139/18 0.015

Data are presented as n or mean + standard deviation (SD). The sample size of each measurements are equal
to the group sample size, unless otherwise stated. Kruskal-Wallis with Bonferroni correction or Pearson chi-
square tests were used to analyze the difference between subjective cognitive decline (SCD), mild cognitive
impairment (MCI), and dementia. Significance after Bonferroni correction: *SCD vs MCI; ®SCD vs dementia;
°MCI vs dementia; “q < 0.05; *q < 0.01; *"q < 0.001; *""q < 0.0001. Abbreviations: NPID, neuropsychiatric
inventory depression; NPID-DS, NPID-domain score; NPIA, NPI anxiety; NPIA-DS, NPIA-domain score;
GDS15, 15-item geriatric depression scale.

Table 3. Presence of depression and anxiety across the groups

NPID NPIA
IRR (95% CI) g-value | IRR (95% CI) q-value
SCD? vs MCI 1.329 (0.925, 1.909) 0.366 1.092 (0.730, 1.633) 1.00
SCD? vs Dementia 1.805 (1.151, 2.829) 0.028 2.026 (1.252, 3.281) 0.014
MCI*® vs Dementia 1.358 (0.915, 2.016) 0.382 1.855 (1.215, 2.833) 0.016

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic
regression with Bonferroni correction (q-value) and adjusted for age, gender, and educational level was used
to analyze the association between the groups. “Reference group. NPID (n = 759) and NPIA (n = 759).
Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment; NPID, neuropsychiatric
inventory depression; NPIA, NPI anxiety.
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Table 4. Plasma levels of metabolites of the kynurenine pathway, its ratios, and

vitamin B
SCD MCI Dementia —value
(n =296) (n=308) (n=164) P
TRP and KP metabolites
TRP (uM) 58.5+10.5 55.8+11.6 559+ 12.1b" 0.001
KYN (uM) 1.7£04 1.8+0.5 1.8 +0.5% 0.012
485+17.3 58.0 £39.7 60.8 + 46.3"™
3-HK (nM) (n = 290) (n = 306) (n=161) 0.003
KA (nM) 51.7+£18.0 55.6+41.9 5224231 0.705
XA (nM) 159+6.8 15.0 £ 9.6 14.3 £ 6.9 0.003
147+52 16.1 £ 6.5*" 16.9 + 7.6
AA (nM) (n=290) (n=306) (n=161) 0.0002
424+ 14.7 432 +17.5 42.8+18.7
3-HAA (nM) (n=290) (n=306) (n=161) 0.858
PIC (nM) 47.0+184 50.0 £22.7 53.0 + 28.4%" 0.032
QA (nM) 4482 +201.7 | 521.0 +356.6*" 542.7 + 442 .6 0.002
KP metabolite ratios
KTR 293 +8.1 32.8 +10.98" 32.8 +10.7v" 5.0E-06
KA/QA 0.12+0.04 0.12 +0.04*" 0.11 + 0.04>™" 0.001
KA/KYN 0.03 +£0.01 0.03 +£0.01 0.03 +0.01 0.067
1.1+£0.3 1.1+04 1.0 £ 0.3
KA/HK (n=290) (n=308) (n=164) 0.001
XA/QA 0.04 +0.02 0.03 + 0.022"" 0.03 £ 0.020"* 1.1E-07
Vitamin B
PLP (nM) 63.8 £66.3 54.0 + 52.5¢" 59.3 £ 74.1"" 6.0E-05
RIBO (nM) 20.4+£29.6 21.4+395 25.0+54.6 0.904

Data are presented as mean =+ standard deviation (SD). Median and IQR can be found in Supplementary Table
S1. The sample size of each measurements are equal to the group sample size, unless otherwise stated. Kruskal-
Wallis with Bonferroni correction or Pearson chi-square tests were used to analyze the difference between
subjective cognitive decline (SCD), mild cognitive impairment (MCI), and dementia. Significance after
Bonferroni correction: *SCD vs MCI; ®SCD vs dementia; MCI vs dementia; “q < 0.05; “q <0.01; ""q <0.001;
"™q < 0.0001. Abbreviations: TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA,
kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic
acid; QA: quinolinic acid; KTR, kynurenine/tryptophan ratio; PLP, pyridoxal 5’-phophate; RIBO, riboflavin.

Associations between KP metabolites and self-reported depressive
symptoms

Although self-reported depressive symptoms (GDS15) did not differ between the
groups, GDS15 was significantly associated with several metabolites and its
ratios (Table 5). In model 2, higher levels of XA, PIC, KA/QA, KA/KYN, and
XA/QA ratios were associated with reduced IRR in GDS15, where KA/QA and
XA/QA ratios remained significant after multiple test correction (Table 5).
Additionally, after various covariate adjustment analyses, XA, KA/QA,
KA/KYN, and XA/QA were still associated with reduced IRR in GDSIS5,
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indicating that these associations were robust and independent of several factors
(Supplementary Table S2). Furthermore, KA levels showed no association in
model 2, but higher KA levels were associated with a reduced IRR in model 3
and in model 2 with model 3 conditions, suggesting that lifestyle factors play a
role in the association (Supplementary Table S2). Lastly, BMI mediated the
association with PIC based on model 3 analysis (Data not shown).

In the GDS15 cut-off scale analysis, on the contrary to the score analysis, only
higher XA/QA ratio level showed lower IRR of depressive status in model 2 and
was significant throughout the entire models, but did not survive correction for
multiple testing (Table 5; Supplementary Table S3). Additionally, higher XA
levels were associated with lower IRR in model 3, SA, model 2 with SA and
model 3 conditions, but was non-significant in model I and model 2 (Table 5;
Supplementary Table S3).

Table 5. Association between TRP, KP metabolite and its ratios with GDS15

GDSI15 GDS15 cut-off

TRP

Model 1 0.987 (0.932, 1.045) 0.925 (0.777, 1.102)

Model 2 0.984 (0.930, 1.042) 0.921 (0.773, 1.097)
KYN

Model 1 1.021 (0.954, 1.092) 0.978 (0.793, 1.204)

Model 2 1.018 (0.951, 1.089) 0.973 (0.789, 1.200)
3-HK

Model 1 0.998 (0.932, 1.069) 1.005 (0.815, 1.238)

Model 2 0.999 (0.932, 1.070) 1.005 (0.815, 1.240)
KA

Model 1 0.943 (0.878, 1.012) 0.893 (0.717, 1.113)

Model 2 0.937 (0.872, 1.006) 0.884 (0.708, 1.104)
XA

Model 1 0.921 (0.865, 0.980)"" 0.854 (0.705, 1.035)

Model 2 0.914 (0.859, 0.974)"" 0.845 (0.697, 1.026)
AA

Model 1 1.056 (0.993, 1.124) 1.169 (0.964, 1.418)

Model 2 1.058 (0.994, 1.126) 1.170 (0.965, 1.419)
3-HAA

Model 1 0.989 (0.931, 1.051) 0.952 (0.791, 1.145)

Model 2 0.988 (0.929, 1.049) 0.948 (0.787, 1.141)
PIC

Model 1 0.930 (0.877, 0.986)" 0.888 (0.739, 1.067)

Model 2 0.931 (0.878, 0.987)" 0.889 (0.740, 1.068)
04

Model 1 1.065 (0.993, 1.142) 1.139 (0.919, 1.413)

Model 2 1.062 (0.990, 1.139) 1.134 (0.914, 1.408)
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Table 5. (Continue)

GDS15 GDS15 cut-off

KTR

Model 1 1.037 (0.966, 1.114) 1.070 (0.863, 1.328)

Model 2 1.037 (0.966, 1.114) 1.071 (0.863, 1.329)
KA/QA

Model 1 0.916 (0.866, 0.970) 0.841 (0.704, 1.003)

Model 2 0.915 (0.864, 0.969)" 0.839 (0.703, 1.002)
KA/KYN

Model 1 0.939 (0.886, 0.994)" 0.922 (0.769, 1.104)

Model 2 0.939 (0.886, 0.994)" 0.921 (0.769, 1.104)
KA/HK

Model 1 0.961 (0.906, 1.020) 0.924 (0.774, 1.103)

Model 2 0.957 (0.902, 1.016) 0.918 (0.768, 1.097)
XA/QA

Model 1 0.902 (0.850, 0.958)" 0.814 (0.676, 0.980)

Model 2 0.899 (0.847, 0.955)" 0.810 (0.673, 0.976)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative binominal
regression (GDS15) or binary logistic regression (cut-off scale) was used to analyze the association. Model 1:
adjusted for age, gender, educational level, and eGFR; Model 2: adjusted for model 1 and diagnosis status
(SCD, MCI, and dementia). Further covariate adjusted models can be found in the Supplementary Tables S2
and S3. *p < 0.05; **p < 0.01; ***p < 0.001. #Significance after Bonferroni correction (p < 0.004).
Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment; eGFR, estimated
glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA, kynurenic
acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA:
quinolinic acid; KTR, kynurenine/tryptophan ratio; GDS15, 15-item geriatric depression scale.

Associations between KP metabolites and informant reported depressive-
and anxiety- symptoms

In the NPID analyses, there were no significant associations between TRP, KP
metabolites and its ratios with NPID and NPID-DS in model 2 (Table 6;
Supplementary Tables S4 and S5). NPIA was investigated in the same manner
as NPID. Higher levels of KA showed a nominal significant association with
lower IRR in NPIA for model I and model 2, but was not significant in mode! 3.
Furthermore, 3-HK showed no association in model 2, but higher levels of 3-HK
were associated with lower IRR with NPIA in model 3 (Table 6; Supplementary
Table S6). Finally, NPIA-DS analysis showed no association between TRP, KP
metabolite and its ratios in all models (Table 6; Supplementary Table S7).
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Table 6. Association between TRP and KP metabolites and ratio in NPI

NPID

NPID-DS

NPIA

NPIA-DS

TRP
Model 1
Model 2

KYN
Model 1
Model 2

3-HK
Model 1
Model 2

KA
Model 1
Model 2

XA
Model 1
Model 2

AA
Model 1
Model 2

3-HAA
Model 1
Model 2

PIC
Model 1
Model 2

QA
Model 1
Model 2

216

1.087 (0.938, 1.260)
1.099 (0.947, 1.276)

0.923 (0.772, 1.103)
0.938 (0.784, 1.122)

0.918 (0.772, 1.092)
0.921 (0.775, 1.096)

0.879 (0.729, 1.060)
0.904 (0.749, 1.092)

1.023 (0.873, 1.199)
1.048 (0.892, 1.230)

1.064 (0.901, 1.255)
1.068 (0.904, 1.262)

1.079 (0.924, 1.261)
1.096 (0.937, 1.281)

1.023 (0.878, 1.193)
1.023 (0.876, 1.193)

0.970 (0.802, 1.172)
0.989 (0.818, 1.196)

1.069 (0.940, 1.215)
1.072 (0.941, 1.220)

0.938 (0.794, 1.108)
0.940 (0.795, 1.110)

0.919 (0.778, 1.085)
0.920 (0.779, 1.086)

0.858 (0.722, 1.019)
0.862 (0.725, 1.025)

0.994 (0.861, 1.147)
0.999 (0.864, 1.155)

0.999 (0.869, 1.149)
0.997 (0.866, 1.147)

1.049 (0.912, 1.207)
1.051 (0.914, 1.210)

0.976 (0.855,1.115)
0.977 (0.855, 1.116)

0.914 (0.770, 1.087)
0.917 (0.771, 1.091)

1.004 (0.854, 1.180)
1.007 (0.856, 1.185)

0.869 (0.714, 1.057)
0.882 (0.724, 1.074)

0.827 (0.678, 1.010)
0.827 (0.678, 1.010)

0.788 (0.641, 0.969)"
0.809 (0.657, 0.998)"

0.911 (0.766, 1.083)
0.925(0.777, 1.102)

0.871 (0.723, 1.048)
0.869 (0.721, 1.048)

0.901 (0.759, 1.069)
0.913 (0.769, 1.085)

0.959 (0.811, 1.135)
0.953 (0.805, 1.128)

0.873 (0.706, 1.080)
0.888 (0.718, 1.099)

1.051 (0.869, 1.272)
1.051 (0.866, 1.275)

0.810 (0.625, 1.048)
0.826 (0.639, 1.067)

0.893 (0.726, 1.100)
0.915 (0.743, 1.126)

0.825 (0.652, 1.042)
0.836 (0.661, 1.057)

0.955 (0.779, 1.170)
0.962 (0.785, 1.180)

0.888 (0.700, 1.125)
0.896 (0.709, 1.133)

0.912 (0.736, 1.128)
0.931 (0.751, 1.154)

0.947 (0.777, 1.156)
0.947 (0.776, 1.155)

0.846 (0.663, 1.081)
0.858 (0.671, 1.098)



KTR
Model 1 0.837 (0.695, 1.008) 0.856 (0.720, 1.017) 0.867 (0.707, 1.064) 0.801 (0.634, 1.013)
Model 2 0.839 (0.697, 1.011) 0.855 (0.719, 1.017) 0.876 (0.713, 1.076) 0.815 (0.645, 1.029)
KA/QA
Model 1 0.937 (0.804, 1.091) 0.963 (0.837, 1.108) 0.939 (0.795, 1.109) 0.979 (0.805, 1.191)
Model 2 0.942 (0.809, 1.098) 0.965 (0.839, 1.110) 0.946 (0.801, 1.119) 0.979 (0.804, 1.191)
KA/KYN
Model 1 0.962 (0.825, 1.122) 0.925 (0.807, 1.061) 0.909 (0.768, 1.077) 0.956 (0.791, 1.156)
Model 2 0.964 (0.826, 1.124) 0.926 (0.808, 1.062) 0.908 (0.767, 1.076) 0.951 (0.786, 1.150)
KA/HK
Model 1 0.984 (0.846, 1.145) 0.955 (0.822, 1.108) 0.991 (0.840, 1.169) 0.961 (0.784, 1.177)
Model 2 1.001 (0.860, 1.165) 0.959 (0.825, 1.113) 1.010 (0.855, 1.193) 0.952 (0.779, 1.164)
XA/QA
Model 1 1.037 (0.886, 1.214) 1.041 (0.904, 1.200) 0.989 (0.832, 1.175) 1.045 (0.852, 1.281)
Model 2 1.047 (0.894, 1.227) 1.045 (0.906, 1.204) 0.994 (0.836, 1.182) 1.044 (0.852, 1.279)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression (NPID and NPIA) and negative binominal regression
(NPID-DS and NPIA-DS) were performed. Model I: adjusted for age, gender, educational level, and eGFR; Model 2: adjusted for model I and diagnosis status (SCD, MCI,

and dementia). Further covariate adjusted models can be found in the Supplementary Tables S4-S7. p < 0.05. Abbreviations: SCD, subjective cognitive decline; MCI, mild
cognitive impairment; eGFR, estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic
acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR, kynurenine/tryptophan ratio; NPID, neuropsychiatric inventory
depression; NPID-DS, NPID-domain score; NPIA, NPI anxiety; NPIA-DS, NPIA-domain score.
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Discussion

The main aim of this large cohort study was to investigate the cross-sectional
associations between plasma TRP, KP metabolites, and its ratios with affective
symptomatology across a wide cognitive spectrum ranging from SCD, MCI, and
dementia. Overall, our study showed that higher plasma concentrations of XA,
PIC, KA/QA, KA/KYN, and XA/QA levels were associated with lower IRR of
self-reported depressive symptoms. In addition, caretakers of dementia patients
had higher IRR in reporting depressive symptoms than SCD patients, and also in
anxiety symptoms than SCD and MCI patients. Furthermore, higher KA levels
were associated with lower IRR of informants reporting anxiety-like symptoms.
Therefore, the overall findings indicate a negative association between KP
metabolites with affective symptoms in patients with or at risk of developing
dementia.

Although the screening tools used in this study are clinically validated screening
tools, each screening tool has its strengths and weaknesses because affective
symptomatology are heterogeneous symptoms and vary between individuals. As
demonstrated in this study, the findings in the NPID and GDS15 were not
consistent and plausible explanations could be the purpose and design of the tests
itself. First, the informants rate NPI and the patients themselves rate GDSI15.
Moreover, a review by Lai (2014) concluded that NPI tests were valid and
reliable, even across different ethnic groups, but the major issue is the scoring
system (no multiples of 5, 7, and 11), thus parametric tests may not be
appropriate [38]. While GDS15 is an effective, reliable and accurate screening
test for depression, in populations that contain large numbers of patients with
AD dementia, it lost its validity [39]. However, more recent study concluded that
GDS15 was able to assess depressive symptoms among very old people with an
MMSE score of 10 or more, but not for older people with MMSE scores lower
than 10 [40]. Our dementia patients had an average MMSE score of 25 and our
models 1 and 2 analyses showed that patient diagnosis had little-to-no influence
in the association outcome. Therefore, as demonstrated in this study, it is
important to assess affective symptoms using multiple screening tools.

KP metabolites and its ratios are associated with depressive-like symptoms
This study has shown that multiple metabolites and its ratios were indeed
associated with depression- and anxiety-related symptoms, and our results,
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comparing model I with model 2, also showed that diagnosis status had little-to-
no influence on these associations. This important notion suggests that changes
in circulating KP metabolites may be related to depressive- and anxiety-like
symptoms, independent from cognitive status or the presence of dementia.
Moreover, this study is the first study to investigate the association between KP-
associated metabolites and affective symptoms in patients with cognitive issue.
Therefore, the findings could only be compared with studies investigating the
associations between the KP and patients with clinically diagnosed major
depression since it has been extensively examined before and two independent
systematic reviews and meta-analyses were recently published [18, 41]. In
accordance to our findings, the reviews reported no differences in QA [18, 41],
3-HK [18,41], and KTR [18] levels between those with depression and matched
controls, which our findings also showed no associations with self-reported
depressive symptoms and informant reported depressive symptom. Lastly, a
recent study reported, after correcting for multiple testing, no difference in TRP,
but lower levels of PIC and XA in patients suffering from major depressive
episodes compared to healthy controls [42], which was similar to our data on
TRP, and, to a lesser extent, our nominal significant associations for PIC and
XA. KP metabolites are part of multiple biochemical processes, and may have
neuromodulating properties though diverse mechanisms. For example, although
the exact mechanism of XA is still unclear and not widely studied, studies have
reported XA inhibits metal ion-induced lipid peroxidation and has anti- and
sometimes pro-oxidative properties [43-45]. In addition, the endogenous
functions of PIC is also unclear, but studies have suggested it may be
neuroprotective due to its metal chelation property [46]. Having said that, PIC
demonstrated mildly inhibit the effects of QA neurotoxicity [47].

Although most studies examine individual metabolite, investigating different KP
metabolite ratios are as important. KA/QA ratio is a widely studied ratio since it
determines the balance between neuroprotective and neurotoxic effects of the
KP. Both reviews and our data have shown, respectively, lower and negative
association of KA/QA ratio in patients with depression and GDS15 [18, 41]. We
have further shown that the KA/QA ratio association was robust, independent
from various factors, and remained significant after multiple testing. It is worth
mentioning that KA/QA ratio in the GDS15 cut-off scale also showed tendency
towards negative association, but did not reach statistical significance (p =
0.053). Furthermore, KYN has shown neurodegenerative and excitotoxic
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properties [48], as such, KA/KYN showed lower levels in patients with
depression [18], which was in line with our association with GDS15. To the best
of our knowledge, we are the first to report the association between XA/QA ratio
and depressive symptoms in patients with cognitive impairment or dementia.
Despite individual metabolite measurements, such as KA and QA, were not
statistically significant in our GDS15 score association, both KA/QA ratio and
XA/QA ratio were statistically significant across different models and even after
multiple testing correction.

KP metabolites and its ratios across the cognitive spectrum

Even though our study investigated affective symptomatology, our study
population were patients with cognitive issues. Studies have reported differences
in plasma KP metabolite levels in patients with cognitive impairment or
dementia, such as AD, compared to neurologically healthy controls. For
example, studies have reported lower levels of XA [9, 49], TRP [7, 49-55], and
KA/KYN [52], an increased levels of KTR [52] in AD patients compared to
controls, and no difference in KA levels [7, 8, 49, 50, 56]. In addition,
neuroinflammation has a role in the pathogenesis of AD [57], thus lower TRP
and higher KTR concentration may indicate inflammation since KTR is an
inflammatory marker for IDO activity. IDO is the first and rate-limiting enzyme
that is activated upon inflammatory stimulation such as interferon gamma (IFNy)
and tumor necrosis factor alpha (TNFa) which converts TRP to KYN and
initiates the KP [48, 58]. In addition to differential levels in cognitive disorders,
KP metabolites and its ratios have also shown to be associated with cognitive
function. TRP [9, 59], XA [60] and KA/KYN ratio [52] has shown positive
association with MMSE score, while KTR [61, 62] was negatively associated
with MMSE score. Additionally, other disease have shown similar results. Our
group recently reported that individuals with type-2 diabetes showed plasma
levels of XA to be associated with lower odds of cognitive impairment and better
executive functioning and attention [63]. Although further research is needed,
the findings indicating that some KP metabolites and its ratios are involved in
both cognitive and affective symptoms while others were specifically to one
specific disorder.

Strengths and limitations
The strengths of this study are that, to our knowledge, this is the first large cross-
sectional study to report the associations between plasma TRP, KP metabolites
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(and its ratios) with affective symptoms in patients with cognitive complaints,
cognitive impairment, and dementia. Also, the study investigated affective
symptoms using different clinically validated tests while adjusting for various
covariates. Nevertheless, there were some limitations in this study, such as the
absence of neurologically healthy controls, the use of non-fasted blood samples
and the significant age difference between the diagnosis groups. On average,
SCD patients were 10 years younger when compared to MCI or dementia
patients, a notion that was taken into account by correcting for age in our
analysis. Lastly, despite the uncertainty whether the KP metabolites act
independent from each other, we still corrected for multiple testing, which may
be associated with and increased chance for type II errors. As such, it is also
important to interpret our data based on the pattern of associations (e.g., strength,
consistency, or directional expectation).

Conclusion

While it has been suggested that the KP is associated with cognitive function and
affective symptoms, the exact nature of this relationship is still unknown. Here
we show that several KP metabolites such as XA and PIC and its ratios such as
KA/QA, KA/KYN, and XA/QA were associated with affective symptoms across
a spectrum of cognitive performance, including neurodegeneration. Since
neuroinflammation plays a key role in affective symptoms and in the KP, future
prospective studies should investigate associations between inflammatory
markers and their interaction with KP metabolites.
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Supplementary Material

Table S1. BBACL characteristics in median (IQR)

SCD (n = 296) | MCI (n = 308) | Dementia (n = 164)
TRP and KP metabolites
TRP (uM) 58.35 (51.60, 64.05) 55.65 (47.90, 62.30) 54.55 (48.75, 63.00)
KYN (uM) 1.62 (1.44, 1.85) 1.69 (1.44, 1.99) 1.76 (1.47, 2.00)
3-HK (nM) 45.15 (37.70, 54.50) 47.65 (38.50, 62.80) 49.50 (40.80, 66.60)
KA (nM) 47.90 (40.30, 60.70) 48.95 (37.10, 63.60) 46.20 (38.05, 62.10)
XA (nM) 14.45 (11.10, 19.30) 12.75 (9.75, 18.65) 12.65 (9.13, 18.65)
AA (nM) 13.75 (11.40, 16.80) 14.75 (11.60, 19.10) 15.40 (12.60, 19.50)
3-HAA (nM) 39.95 (31.40, 51.00) 38.50 (31.00, 52.00) 39.70 (29.70, 51.00)
PIC (nM) 42.25 (33.65, 55.85) 46.00 (35.70, 59.65) 46.55 (37.75, 62.25)
QA (nM) 399.50 (325.50, 521.00) 450.50 (335.50, 581.00) 450.00 (346.00, 600.00)
KP metabolite ratios
KTR 27.71 (24.31, 32.09) 0.11 (0.09, 0.14) 0.11 (0.08, 0.13)
KA/QA 0.12 (0.10, 0.15) 0.03 (0.02, 0.04) 0.03 (0.02, 0.03)
KA/KYN 0.03 (0.03, 0.04) 1.01 (0.79, 1.25) 0.95 (0.74, 1.17)
KA/HK 1.06 (0.91, 1.28) 0.03 (0.02, 0.04) 0.03 (0.02, 0.04)
XA/QA 0.04 (0.03, 0.05) 0.11 (0.09, 0.14) 0.11 (0.08, 0.13)
Vitamin B
PLP (nM) 47.85 (34.25, 66.65) 39.15 (25.85, 56.10) 37.90 (28.05, 58.35)
Riboflavin (nM) 12.50 (7.76, 20.75) 12.40 (7.93, 20.55) 12.00 (7.24, 19.30)

Data are presented as median and interquartile range (IQR). The sample size of each measurements are equal to the group sample size, unless otherwise stated in Table 3.
Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA, kynurenic acid;
XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR, kynurenine/tryptophan ratio; PLP, pyridoxal
5’-phophate; RIBO, riboflavin.
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Table S2. GDS15

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
TRP 0.651 0.987 (0.932, 1.045) 0.584 0.984 (0.930, 1.042) 0.326 0.967 (0.905, 1.034)
KYN 0.552 1.021 (0.954, 1.092) 0.613 1.018 (0.951, 1.089) 0.891 0.994 (0.913, 1.082)
3-HK 0.960 0.998 (0.932, 1.069) 0.972 0.999 (0.932, 1.070) 0.241 0.951 (0.874, 1.034)
KA 0.102 0.943 (0.878, 1.012) 0.071 0.937 (0.872, 1.006) 0.017 0.898 (0.821, 0.981)
XA 0.010 0.921 (0.865, 0.980) 0.005 0.914 (0.859, 0.974) 0.001 0.881 (0.815, 0.951)
AA 0.084 1.056 (0.993, 1.124) 0.074 1.058 (0.994, 1.126) 0.314 1.039 (0.964, 1.120)
3-HAA 0.730 0.989 (0.931, 1.051) 0.688 0.988 (0.929, 1.049) 0.493 0.974 (0.903, 1.050)
PIC 0.015 0.930 (0.877, 0.986) 0.017 0.931 (0.878, 0.987) 0.172 0.953 (0.888, 1.021)
QA 0.077 1.065 (0.993, 1.142) 0.091 1.062 (0.990, 1.139) 0.864 1.008 (0.922, 1.102)
KTR 0.317 1.037 (0.966, 1.114) 0.315 1.037 (0.966, 1.114) 0.384 1.040 (0.952, 1.137)
KA/QA 0.003 0.916 (0.866, 0.970) 0.002 0.915 (0.864, 0.969) 0.044 0.932 (0.870, 0.998)
KA/KYN 0.032 0.939 (0.886, 0.994) 0.032 0.939 (0.886, 0.994) 0.028 0.924 (0.862, 0.991)
KA/HK 0.190 0.961 (0.906, 1.020) 0.149 0.957 (0.902, 1.016) 0.446 0.973 (0.907, 1.044)
XA/QA 0.001 0.902 (0.850, 0.958) 0.0005 0.899 (0.847, 0.955) 0.005 0.902 (0.839, 0.969)
Sensitivity analysis (SA) Model 2 with SA conditions Model 2 with model 3 conditions
TRP 0.191 0.937 (0.850,1.033) 0.930 0.930 (0.844, 1.024) 0.301 0.965 (0.902, 1.032)
KYN 0.678 1.028 (0.904, 1.168) 0.395 1.056 (0.931, 1.199) 0.558 1.025(0.943, 1.115)
3-HK 0.646 0.973 (0.865, 1.094) 0.779 1.016 (0.911, 1.132) 0.884 0.994 (0.915, 1.079)
KA 0.001 0.813 (0.719, 0.920) 0.020 0.869 (0.772, 0.978) 0.046 0.916 (0.841, 0.998)
XA 0.00023 0.829 (0.750, 0.916) 0.002 0.855 (0.775, 0.943) 0.001 0.882 (0.817, 0.952)
AA 0.828 1.012 (0.906, 1.131) 0.547 1.034 (0.927, 1.153) 0.228 1.047 (0.972, 1.129)
3-HAA 0.133 0.925 (0.835, 1.024) 0.416 0.960 (0.871, 1.059) 0.983 1.001 (0.929, 1.078)
PIC 0.036 0.898 (0.812, 0.993) 0.019 0.887 (0.803, 0.981) 0.097 0.942 (0.878, 1.011)
QA 0.717 1.024 (0.902, 1.161) 0.312 1.064 (0.944, 1.199) 0.290 1.048 (0.961, 1.143)
KTR 0.102 1.109 (0.980, 1.255) 0.033 1.139 (1.010, 1.283) 0.111 1.074 (0.984, 1.173)
KA/QA 0.005 0.874 (0.796, 0.959) 0.006 0.880 (0.803, 0.964) 0.010 0.914 (0.853, 0.979)
KA/KYN 0.000355 0.836 (0.757, 0.922) 0.003 0.864 (0.785, 0.952) 0.017 0.920 (0.859, 0.985)
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Table S2. (Continue)

p-value

IRR (95% CI)

p-value

IRR (95% CI)

p-value

IRR (95% CI)

Sensitivity analysis (SA)

Model 2 with SA conditions

Model 2 with model 3 conditions

KA/HK
XA/QA

0.035
0.001

0.895 (0.808, 0.992)
0.849 (0.772, 0.935)

0.045
0.001

0.908 (0.826, 0.998)
0.849 (0.771, 0.933)

0.154
0.001

0.951 (0.887, 1.019)
0.882 (0.821, 0.948)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative binominal regression was used to analyze the association. P-value less than
0.05 (in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age,
gender, educational level, and eGFR; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Model 3: adjusted for model 2 and lifestyle (BMI,
smoking status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and PLP, RIBO, MMSE, cardiovascular disease, cerebrovascular disease, and
hypertension; Model 2 with SA condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle.
Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment; eGFR, estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK,
3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR,

kynurenine/tryptophan ratio; BMI, body mass index; PLP, pyridoxal 5’-phosphate; RIBO, riboflavin; GDS15, 15-item geriatric depression scale.

Table S3. GDS15 cut-off (4/5) scale

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
TRP 0.383 0.925 (0.777, 1.102) 0.356 0.921 (0.773, 1.097) 0.101 0.842 (0.686, 1.034)
KYN 0.831 0.978 (0.793, 1.204) 0.797 0.973 (0.789, 1.200) 0.651 0.942 (0.726, 1.222)
3-HK 0.964 1.005 (0.815, 1.238) 0.963 1.005 (0.815, 1.240) 0.620 0.936 (0.719, 1.217)
KA 0.313 0.893 (0.717,1.113) 0.278 0.884 (0.708, 1.104) 0.058 0.764 (0.578, 1.009)
XA 0.107 0.854 (0.705, 1.035) 0.089 0.845 (0.697, 1.026) 0.009 0.722 (0.566, 0.921)
AA 0.111 1.169 (0.964, 1.418) 0.110 1.170 (0.965, 1.419) 0.469 1.090 (0.863, 1.378)
3-HAA 0.600 0.952 (0.791, 1.145) 0.571 0.948 (0.787, 1.141) 0.306 0.885 (0.701, 1.118)
PIC 0.206 0.888 (0.739, 1.067) 0.209 0.889 (0.740, 1.068) 0.258 0.880 (0.705, 1.098)
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QA 0.236 1.139(0.919, 1.413) 0.254 1.134 (0.914, 1.408) 0.852 1.027 (0.780, 1.352)
KTR 0.537 1.070 (0.863, 1.328) 0.534 1.071 (0.863, 1.329) 0.227 1.179 (0.903, 1.539)
KA/QA 0.054 0.841 (0.704, 1.003) 0.053 0.839 (0.703, 1.002) 0.096 0.835 (0.675, 1.033)
KA/KYN 0.376 0.922 (0.769, 1.104) 0.374 0.921 (0.769, 1.104) 0.121 0.838 (0.670, 1.048)
KA/HK 0.382 0.924 (0.774, 1.103) 0.347 0.918 (0.768, 1.097) 0.315 0.898 (0.727, 1.108)
XA/QA 0.029 0.814 (0.676, 0.980) 0.027 0.810 (0.673,0.976) 0.019 0.762 (0.606, 0.957)
Sensitivity analysis (SA) Model 2 with SA conditions Model 2 with model 3 conditions
TRP 0.066 0.734 (0.528, 1.020) 0.073 0.754 (0.554, 1.026) 0.093 0.839 (0.685, 1.029)
KYN 0.806 1.052 (0.703, 1.575) 0.533 1.131 (0.767, 1.668) 0.938 1.010 (0.787, 1.296)
3-HK 0.861 0.966 (0.658, 1.420) 0.729 1.064 (0.750, 1.509) 0.806 1.031 (0.806, 1.320)
KA 0.013 0.571 (0.367, 0.888) 0.065 0.688 (0.462, 1.024) 0.132 0.817 (0.628, 1.063)
XA 0.003 0.571(0.397, 0.821) 0.008 0.636 (0.455, 0.889) 0.011 0.735 (0.581, 0.932)
AA 0.674 1.080 (0.755, 1.545) 0.519 1.119 (0.795, 1.576) 0.313 1.125(0.895, 1.413)
3-HAA 0.173 0.784 (0.552, 1.113) 0.345 0.858 (0.623, 1.180) 0.688 0.955 (0.764, 1.195)
PIC 0.132 0.767 (0.544, 1.083) 0.093 0.755 (0.545, 1.048) 0.181 0.861 (0.691, 1.072)
QA 0.507 1.145 (0.767, 1.709) 0.321 1.204 (0.835, 1.736) 0.358 1.128 (0.873, 1.458)
KTR 0.043 1.532(1.013,2.318) 0.023 1.553 (1.061,2.272) 0.092 1.248 (0.965, 1.614)
KA/QA 0.017 0.691 (0.511, 0.936) 0.022 0.712 (0.532, 0.953) 0.039 0.802 (0.650, 0.989)
KA/KYN 0.010 0.636 (0.452, 0.896) 0.022 0.685 (0.495, 0.947) 0.843 0.680 (1.044, 0.843)
KA/HK 0.083 0.747 (0.538, 1.039) 0.087 0.771 (0.572, 1.038) 0.153 0.862 (0.702, 1.057)
XA/QA 0.003 0.612 (0.441, 0.849) 0.004 0.632 (0.463, 0.864) 0.006 0.728 (0.582,0.912)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-value less than 0.05
(in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age, gender,
educational level, and eGFR; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Model 3: adjusted for model 2 and lifestyle (BMI, smoking
status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and PLP, RIBO, MMSE, cardiovascular disease, cerebrovascular disease, and hypertension;
Model 2 with SA condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations:
SCD, subjective cognitive decline; MCI, mild cognitive impairment; eGFR, estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-
hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR,
kynurenine/tryptophan ratio; BMI, body mass index; PLP, pyridoxal 5’-phosphate; RIBO, riboflavin; GDS15, 15-item geriatric depression scale.
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Table S4. NPID

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3

TRP 0.269 1.087 (0.938, 1.260) 0.212 1.099 (0.947, 1.276) 0.175 1.130 (0.947, 1.350)
KYN 0.378 0.923 (0.772, 1.103) 0.483 0.938 (0.784, 1.122) 0.780 1.032 (0.828, 1.285)
3-HK 0.335 0.918 (0.772, 1.092) 0.354 0.921 (0.775, 1.096) 0.439 0.919 (0.742, 1.138)
KA 0.176 0.879 (0.729, 1.060) 0.296 0.904 (0.749, 1.092) 0.132 0.833 (0.656, 1.057)
XA 0.780 1.023 (0.873, 1.199) 0.571 1.048 (0.892, 1.230) 0.982 1.002 (0.817, 1.230)
AA 0.466 1.064 (0.901, 1.255) 0.438 1.068 (0.904, 1.262) 0.211 1.138 (0.929, 1.394)
3-HAA 0.336 1.079 (0.924, 1.261) 0.253 1.096 (0.937, 1.281) 0.079 1.194 (0.980, 1.454)
PIC 0.769 1.023 (0.878, 1.193) 0.777 1.023 (0.876, 1.193) 0.778 1.028 (0.849, 1.244)
QA 0.749 0.970 (0.802, 1.172) 0.909 0.989 (0.818, 1.196) 0.822 1.027 (0.812, 1.300)
KTR 0.060 0.837 (0.695, 1.008) 0.066 0.839 (0.697, 1.011) 0.277 0.879 (0.697, 1.109)
KA/QA 0.401 0.937 (0.804, 1.091) 0.446 0.942 (0.809, 1.098) 0.167 0.879 (0.732, 1.056)
KA/KYN 0.624 0.962 (0.825, 1.122) 0.636 0.964 (0.826, 1.124) 0.103 0.854 (0.707, 1.032)
KA/HK 0.835 0.984 (0.846, 1.145) 0.991 1.001 (0.860, 1.165) 0.710 0.966 (0.806, 1.158)
XA/QA 0.650 1.037 (0.886, 1.214) 0.568 1.047 (0.894, 1.227) 0.901 0.988 (0.812, 1.201)

Sensitivity analysis (SA) Model 2 with SA conditions
TRP 0.115 1.250 (0.947, 1.650) 0.239 1.168 (0.902, 1.514)
KYN 0.370 0.852 (0.600, 1.210) 0.409 0.872 (0.629, 1.208)
3-HK 0.143 0.774 (0.550, 1.090) 0.300 0.854 (0.633,1.152)
KA 0.004 0.562 (0.381, 0.831) 0.013 0.647 (0.458, 0.912)
XA 0.576 0.918 (0.679, 1.240) 0.882 0.979 (0.742, 1.292)
AA 0.225 1.212 (0.889, 1.652) 0.345 1.149 (0.861, 1.532)
3-HAA 0.632 1.073 (0.803, 1.435) 0.648 1.063 (0.818, 1.382)
PIC 0.707 0.945 (0.706, 1.266) 0.578 0.925 (0.703, 1.217)
QA 0.956 0.990 (0.698, 1.405) 0.810 1.039 (0.760, 1.420)
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KTR
KA/QA
KA/KYN
KA/HK
XA/QA

0.018
0.035
0.020
0.389
0.666

0.639 (0.442, 0.925)
0.749 (0.573, 0.980)
0.704 (0.524, 0.947)
0.878 (0.653, 1.181)
0.940 (0.711, 1.244)

0.060
0.035
0.043
0.356
0.779

0.726 (0.519, 1.014)
0.765 (0.596, 0.982)
0.755 (0.575, 0.992)
0.885 (0.683, 1.147)
0.963 (0.741, 1.252)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-
value less than 0.05 (in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni
correction. Model I: adjusted for age, gender, educational level, and eGFR; Model 2: adjusted for model 1 and diagnosis status (SCD, MCI, and dementia);
Model 3: adjusted for model 2 and lifestyle (BMI, smoking status, and alcohol consumption); Sensitivity analysis (S4): adjusted for model 3 and PLP,

RIBO, MMSE, cardiovascular disease, cerebrovascular disease, and hypertension; Model 2 with SA condition: only included patients with all factors;
Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations: SCD, subjective cognitive decline; MCI, mild
cognitive impairment; eGFR, estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA, kynurenic acid;
XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR, kynurenine/tryptophan

ratio; BMI, body mass index; PLP, pyridoxal 5’-phosphate; RIBO, riboflavin; NPID, neuropsychiatric inventory depression.

Table S5. NPID-DS

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
TRP 0.310 1.069 (0.940, 1.215) 0.297 1.072 (0.941, 1.220) 0.341 1.080 (0.922, 1.265)
KYN 0.451 0.938 (0.794, 1.108) 0.466 0.940 (0.795, 1.110) 0.511 0.935 (0.765, 1.143)
3-HK 0.317 0.919 (0.778, 1.085) 0.324 0.920 (0.779, 1.086) 0.248 0.880 (0.708, 1.093)
KA 0.080 0.858 (0.722, 1.019) 0.092 0.862 (0.725, 1.025) 0.109 0.835 (0.670, 1.041)
XA 0.933 0.994 (0.861, 1.147) 0.992 0.999 (0.864, 1.155) 0.799 1.024 (0.854, 1.227)
AA 0.993 0.999 (0.869, 1.149) 0.965 0.997 (0.866, 1.147) 0.736 1.029 (0.872, 1.214)
3-HAA 0.505 1.049 (0.912, 1.207) 0.484 1.051 (0.914, 1.210) 0.125 1.152 (0.961, 1.380)
PIC 0.724 0.976 (0.855, 1.115) 0.733 0.977 (0.855, 1.116) 0.609 0.959 (0.817, 1.126)
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Table S5. (Continue)

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
QA 0.309 0.914 (0.770, 1.087) 0.328 0.917 (0.771, 1.091) 0.468 0.923 (0.744, 1.146)
KTR 0.077 0.856 (0.720, 1.017) 0.077 0.855(0.719, 1.017) 0.091 0.827 (0.664, 1.031)
KA/QA 0.597 0.963 (0.837, 1.108) 0.615 0.965 (0.839, 1.110) 0.549 0.950 (0.804, 1.123)
KA/KYN 0.267 0.925 (0.807, 1.061) 0.271 0.926 (0.808, 1.062) 0.303 0.916 (0.776, 1.082)
KA/HK 0.542 0.955 (0.822, 1.108) 0.580 0.959 (0.825, 1.113) 0.791 0.976 (0.813, 1.170)
XA/QA 0.575 1.041 (0.904, 1.200) 0.548 1.045 (0.906, 1.204) 0.512 1.059 (0.892, 1.257)
Sensitivity analysis (SA) Model 2 with SA conditions
TRP 0.690 1.058 (0.802, 1.395) 0.478 1.096 (0.851, 1.411)
KYN 0.090 0.740 (0.523, 1.048) 0.315 0.848 (0.615, 1.170)
3-HK 0.162 0.790 (0.567, 1.099) 0.445 0.893 (0.667, 1.195)
KA 0.196 0.797 (0.565, 1.124) 0.228 0.826 (0.605, 1.127)
XA 0.996 1.001 (0.759, 1.320) 0.999 1.000 (0.774, 1.292)
AA 0.682 1.062 (0.798, 1.413) 0.940 1.010 (0.776, 1.315)
3-HAA 0.649 1.064 (0.814, 1.392) 0.617 1.063 (0.837, 1.348)
PIC 0.284 0.868 (0.670, 1.125) 0.204 0.859 (0.680, 1.086)
QA 0.818 0.960 (0.675, 1.364) 0.947 1.011(0.737, 1.386)
KTR 0.055 0.720 (0.516, 1.007) 0.110 0.777 (0.570, 1.059)
KA/QA 0.445 0.906 (0.704, 1.167) 0.316 0.882 (0.691, 1.127)
KA/KYN 0.807 0.967 (0.737, 1.268) 0.527 0.921 (0.713, 1.190)
KA/HK 0.858 1.027 (0.767, 1.376) 0.770 0.962 (0.742, 1.247)
XA/QA 0.891 1.019 (0.783, 1.326) 0.968 0.995 (0.774, 1.278)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative binomial regression was used to analyze the association. P-value less than
0.05 (in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age,
gender, educational level, and eGFR; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Model 3: adjusted for model 2 and lifestyle (BMI,
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smoking status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and PLP, RIBO, MMSE, cardiovascular disease, cerebrovascular disease, and
hypertension; Model 2 with SA condition: only included patients with all factors. Abbreviations: SCD, subjective cognitive decline; MCIL, mild cognitive impairment; eGFR,
estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-
HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR, kynurenine/tryptophan ratio; BMI, body mass index; PLP, pyridoxal 5’-phosphate; RIBO,
riboflavin; NPID-DS, neuropsychiatric inventory depression-domain score.

Table S6. NPIA
p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
TRP 0.964 1.004 (0.854, 1.180) 0.930 1.007 (0.856, 1.185) 0.760 0.970 (0.799, 1.178)
KYN 0.161 0.869 (0.714, 1.057) 0.212 0.882 (0.724, 1.074) 0.227 0.860 (0.674, 1.098)
3-HK 0.063 0.827 (0.678, 1.010) 0.063 0.827 (0.678, 1.010) 0.045 0.768 (0.594, 0.994)
KA 0.024 0.788 (0.641, 0.969) 0.048 0.809 (0.657, 0.998) 0.060 0.773 (0.591, 1.010)
XA 0.293 0.911 (0.766, 1.083) 0.385 0.925(0.777, 1.102) 0.286 0.884 (0.704, 1.109)
AA 0.144 0.871 (0.723, 1.048) 0.141 0.869 (0.721, 1.048) 0.264 0.877 (0.696, 1.104)
3-HAA 0.232 0.901 (0.759, 1.069) 0.302 0.913 (0.769, 1.085) 0.312 0.893 (0.718, 1.112)
PIC 0.629 0.959 (0.811, 1.135) 0.576 0.953 (0.805, 1.128) 0.804 0.974 (0.790, 1.200)
QA 0.210 0.873 (0.706, 1.080) 0.276 0.888 (0.718, 1.099) 0.174 0.827 (0.628, 1.088)
KTR 0.173 0.867 (0.707, 1.064) 0.207 0.876 (0.713, 1.076) 0.392 0.893 (0.688, 1.158)
KA/QA 0.457 0.939 (0.795, 1.109) 0.519 0.946 (0.801, 1.119) 0.784 0.972 (0.794, 1.190)
KA/KYN 0.270 0.909 (0.768, 1.077) 0.266 0.908 (0.767, 1.076) 0.311 0.897 (0.728, 1.106)
KA/HK 0.917 0.991 (0.840, 1.169) 0.906 1.010 (0.855, 1.193) 0.664 1.046 (0.853, 1.282)
XA/QA 0.899 0.989 (0.832, 1.175) 0.947 0.994 (0.836, 1.182) 0.972 0.996 (0.801, 1.238)
Sensitivity analysis (SA) Model 2 with SA conditions Model 2 with model 3 conditions
TRP 0.611 1.079 (0.806, 1.444) 0.726 1.052 (0.793, 1.395) 0.684 0.961 (0.792, 1.166)
KYN 0.470 0.873 (0.604, 1.262) 0.444 0.870 (0.608, 1.244) 0.245 0.868 (0.684, 1.102)
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Table S6. (Continue)

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Sensitivity analysis (SA) Model 2 with SA conditions Model 2 with model 3 conditions
3-HK 0.019 0.618 (0.413, 0.924) 0.033 0.672 (0.467, 0.968) 0.065 0.793 (0.620, 1.015)
KA 0.006 0.559 (0.369, 0.849) 0.028 0.655 (0.450, 0.954) 0.179 0.840 (0.652, 1.083)
XA 0.157 0.791 (0.573, 1.094) 0.270 0.843 (0.622, 1.142) 0.441 0.916 (0.734, 1.144)
AA 0.256 0.823 (0.588, 1.152) 0.278 0.837 (0.606, 1.155) 0.314 0.891 (0.711, 1.115)
3-HAA 0.468 0.890 (0.650, 1.219) 0.615 0.928 (0.694, 1.242) 0.483 0.927 (0.751, 1.145)
PIC 0.336 0.853 (0.616, 1.180) 0.380 0.873 (0.645, 1.182) 0.785 0.972 (0.791, 1.194)
QA 0.259 0.803 (0.549, 1.176) 0.372 0.851(0.597, 1.213) 0.314 0.877 (0.678, 1.133)
KTR 0.238 0.791 (0.537, 1.167) 0.304 0.826 (0.574, 1.189) 0.471 0.911 (0.707, 1.174)
KA/QA 0.307 0.866 (0.656, 1.142) 0.380 0.887 (0.680, 1.159) 0.866 0.983 (0.805, 1.200)
KA/KYN 0.032 0.711 (0.520, 0.971) 0.092 0.775 (0.577, 1.042) 0.595 0.947 (0.774, 1.158)
KA/HK 0.922 1.015 (0.746, 1.382) 0.723 1.052 (0.794, 1.395) 0.511 1.070 (0.875, 1.307)
XA/QA 0.643 0.932 (0.694, 1.254) 0.722 0.949 (0.713, 1.264) 0.995 1.001 (0.808, 1.240)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-value less than 0.05

(in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age, gender,
educational level, and eGFR; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Mode! 3: adjusted for model 2 and lifestyle (BMI, smoking
status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and PLP, RIBO, MMSE, cardiovascular disease, cerebrovascular disease, and hypertension;

Model 2 with SA condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations:
SCD, subjective cognitive decline; MCI, mild cognitive impairment; eGFR, estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-
hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR,
kynurenine/tryptophan ratio; BMI, body mass index; PLP, pyridoxal 5’-phosphate; RIBO, riboflavin; NPIA, neuropsychiatric inventory anxiety.
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Table S7. NPIA-DS

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3

TRP 0.608 1.051 (0.869, 1.272) 0.615 1.051 (0.866, 1.275) 0.784 0.964 (0.744, 1.249)
KYN 0.109 0.810 (0.625, 1.048) 0.144 0.826 (0.639, 1.067) 0.228 0.817(0.589, 1.134)
3-HK 0.288 0.893 (0.726, 1.100) 0.400 0.915 (0.743, 1.126) 0.267 0.853 (0.644, 1.130)
KA 0.107 0.825 (0.652, 1.042) 0.134 0.836 (0.661, 1.057) 0.146 0.784 (0.565, 1.088)
XA 0.655 0.955 (0.779, 1.170) 0.712 0.962 (0.785, 1.180) 0.477 0.898 (0.668, 1.208)
AA 0.325 0.888 (0.700, 1.125) 0.361 0.896 (0.709, 1.133) 0.383 0.873 (0.643, 1.185)
3-HAA 0.395 0.912 (0.736, 1.128) 0.515 0.931 (0.751, 1.154) 0.328 0.866 (0.649, 1.155)
PIC 0.594 0.947 (0.777, 1.156) 0.591 0.947 (0.776, 1.155) 0.179 0.846 (0.663, 1.080)
QA 0.181 0.846 (0.663, 1.081) 0.224 0.858 (0.671, 1.098) 0.374 0.865 (0.628, 1.191)
KTR 0.063 0.801 (0.634, 1.013) 0.086 0.815 (0.645, 1.029) 0.392 0.869 (0.629, 1.200)
KA/QA 0.833 0.979 (0.805, 1.191) 0.830 0.979 (0.804, 1.191) 0.715 0.954 (0.742, 1.227)
KA/KYN 0.644 0.956 (0.791, 1.156) 0.602 0.951 (0.786, 1.150) 0.616 0.940 (0.739, 1.196)
KA/HK 0.698 0.961 (0.784, 1.177) 0.633 0.952 (0.779, 1.164) 0.893 0.983 (0.769, 1.258)
XA/QA 0.674 1.045 (0.852, 1.281) 0.677 1.044 (0.852, 1.279) 0.972 0.995 (0.750, 1.319)

Sensitivity analysis (SA) Model 2 with SA conditions
TRP 0.874 0.965 (0.622, 1.497) 0.736 1.070 (0.722, 1.586)
KYN 0.320 0.781 (0.479, 1.272) 0.451 0.833 (0.517, 1.341)
3-HK 0.041 0.621 (0.394, 0.980) N/A N/A
KA 0.075 0.582(0.320, 1.057) 0.220 0.736 (0.451, 1.201)
XA 0.285 0.772 (0.480, 1.241) 0.576 0.895 (0.605, 1.322)
AA 0.523 0.901 (0.654, 1.241) 0.389 0.826 (0.534,1.277)
3-HAA 0.362 0.869 (0.643, 1.175) 0.672 0.926 (0.649, 1.322)
PIC 0.278 0.805 (0.543,1.191) 0.243 0.815(0.579, 1.149)
QA 0.637 0.896 (0.568, 1.414) 0.721 0.917 (0.570, 1.475)
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Table S7. (Continue)

p-value IRR (95% CI)

p-value

IRR (95% CI)

p-value

IRR (95% CI)

Sensitivity analysis (SA)

Model 2 with SA conditions

KTR 0.377 0.859 (0.614, 1.203) 0.340 0.807 (0.520, 1.253)
KA/QA 0.596 0.889 (0.576, 1.373) 0.530 0.884 (0.602, 1.299)
KA/KYN 0.836 0.973 (0.755, 1.256) 0.522 0.884 (0.606, 1.289)
KA/HK 0.775 1.040 (0.793, 1.364) 0.847 1.041 (0.691, 1.568)
XA/QA 0.703 0.919 (0.597, 1.416) 0.785 0.949 (0.651, 1.383)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative binomial regression was used to analyze the association. P-value less than
0.05 (in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. * No cardiovascular; # No
hypertension; N/A: not available due to error. Model I: adjusted for age, gender, educational level, and eGFR; Model 2: adjusted for model 1 and diagnosis status (SCD,
MCI, and dementia); Model 3: adjusted for model 2 and lifestyle (BMI, smoking status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and PLP,
RIBO, MMSE, cardiovascular disease, cerebrovascular disease, and hypertension; Model 2 with SA condition: only included patients with all factors. Abbreviations: SCD,
subjective cognitive decline; MCI, mild cognitive impairment; eGFR, estimated glomerular filtration rate; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine;
KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR, kynurenine/tryptophan
ratio; BMI, body mass index; PLP, pyridoxal 5’-phosphate; RIBO, riboflavin; NPIA-DS, neuropsychiatric inventory anxiety-domain score.

Table S8. BBACL characteristics in sensitivity analysis

SCD (n=104) MCI (n=118) Dementia (n = 73)
Demographics
Age (year) 66.62 +10.40 7212 +7.54 75.60 +£7.18
Gender (male/female) 64/40 82/36 37/36
Education (low/middle/high) 43/40/21 37/48/33 34/30/9
BMI (kg/m?) 27.68 £ 4.66 27.37+4.79 25.98 +4.03
e¢GFR 78.73 £14.22 75.42 +14.44 7121 £14.14
Tobacco usage (never/ex/current) 43/43/18 40/59/19 31/33/9
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Alcohol consumption (never/low/high)
Neuropsychiatric
NPID (absent/present)

NPID-DS
NPIA (absent/present)

NPIA-DS

GDS15 score

GDS15 4/5 cutoff (no depression/depression)
Neurocognition

MMSE

TRP and KP metabolites

TRP (uM)

KYN (M)

HK (nM)

KA (nM)

XA (nM)

AA (nM)

HAA (nM)

PIC (nM)
QA (nM)

32/62/10

51/51
2.57+3.33
(n=102)
78/24

1.23 £2.58
(n=102)
4.03+3.19
(n=102)
69/32

28.42 +1.34

59.98 +10.58
1.84 +0.42
52.59 + 16.69
(n=101)
5972 +19.66
17.47 £7.05
16.35 +5.52
(n=101)
46.81 + 14.78
(n=101)
51.68 +20.60
510.01 +242.05

27/72/19

72/46
1.80 £ 2.94
(n=118)
84/34

131 +2.41
(n=118)
3.04+2.59
(n=118)
94/24

26.82 £2.36

55.35+11.41
1.81 +£0.44
57.57 £40.32
(=117
58.73 £23.79
15.98 £8.03
17.04 £5.46
(n=117)
4471 £16.79
(n=117)
51.25+17.50
536.68 +333.06

21/42/10

45/27
1.39+2.19
(n=72)
54/18
1.13+£2.22
(n=72)
2.52+1.92
(n=173)
61/12

2426 +2.27

55.58 £11.18
1.79 £0.45
67.79 +£58.32
(n=71)
52.07 £20.00
1426 £ 6.43
1691 £5.65
(n=71)
43.15+19.45
(n=71)
55.80 £21.82
523.32 +£244.63




Table S8. (Continue)

SCD (n=104) MCI (n=118) Dementia (n =73)

KP metabolite ratios
KTR 31.34 £8.96 33.66 +£9.88 32.89 +8.81
KA/QA 0.13 £0.05 0.12+0.04 0.11 +£0.04
KA/KYN 0.03 £0.01 0.03 £0.01 0.03 £0.01
KA/HK 1.18+£0.36 1.13£0.38 0.92 +0.33

(n=101) (n=117) (n=171)
XA/QA 0.04 £0.02 0.03 £0.02 0.03 +£0.02
Vitamin B
PLP (nM) 65.56 £ 67.90 45.96 £36.51 49.88 £49.55
Riboflavin (nM) 20.12 +£28.08 18.93 £21.26 23.47 £40.30

Data are presented as n or mean + standard deviation (SD). The sample size of each measurements are equal to the group sample size, unless otherwise stated in Table 1-3.
Abbreviations: SCD, subjective cognitive impairment; MCI, mild cognitive impairment; BMI, body mass index; eGFR, estimated glomerular filtration rate; MMSE, mini-
mental state exam; NPID, neuropsychiatric inventory depression; NPID-DS, NPID-domain score; NPIA, NPI anxiety; NPIA-DS, NPIA-domain score; GDS15, 15-item
geriatric depression scale; TRP, tryptophan; KYN, kynurenine; 3-HK, 3-hydroxykynurenine; KA, kynurenic acid; XA, xanthurenic acid; AA, anthranilic acid; 3-HAA, 3-
hydroxyanthranilic acid; PIC, picolinic acid; QA: quinolinic acid; KTR, kynurenine/tryptophan ratio; PLP, pyridoxal 5’-phophate; RIBO, riboflavin.
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Abstract

Inflammatory and endothelial dysfunctions are well documented in patients with
affective disorders such as depressive- and anxiety-like symptoms, as well as in
patients with or at risk of developing dementia. Strikingly, affective symptoms
are commonly observed in the latter. Despite the two relationships, markers of
systemic inflammation have, as of yet, only been separately assessed in either
cognitive or affective disorders. Therefore, the aim of the present study was to
investigate associations of inflammatory and endothelial markers with affective
symptoms in patients with and without cognitive impairment recruited from the
memory clinic setting. Plasma inflammatory (interferon gamma [IFNy], tumor
necrosis factor alpha [TNFa], interleukin 1 beta [IL1p], IL2, IL6, IL8, IL10, C-
reactive protein [CRP], serum amyloid A [SAA]) and endothelial (soluble
intercellular molecule-1 [SICAM-1], soluble vascular cell adhesion molecule-1
[sVCAM-1], soluble E-selectin [sE-selectin]) markers were quantified in
patients with subjective cognitive decline (SCD; n = 293), mild cognitive
impairment (MCI; n = 304), and dementia (n = 162). Depressive- and anxiety-
like symptoms were assessed using the informant-based neuropsychiatric
inventory (NPI-) depression (NPID) and anxiety (NPIA), and the self-reported
15-item geriatric depression scale (GDS15). Cross-section associations of
systemic inflammation markers with affective symptoms were investigated using
binary logistic and negative binomial regression analyses adjusting for
covariates. Levels of TNFa, IL6, IL8, CRP, SAA, sVCAM-1, and sICAM-1
were positively associated with a higher GDS15 incidence rate ratio (IRR).
Additionally, IL10 and sE-selectin showed an interaction effect with diagnosis.
Subgroup analyses showed that IL.10 in the dementia group and sE-selectin in
the SCD and MCI groups were positively related to the GDS15 IRR. Lastly,
subgroup analysis showed that levels of CRP and SAA in the MCI group, and
elevated sE-selectin in the dementia group, were negatively related to NPIA IRR.
In conclusion, several systemic inflammation markers were associated with
NPIA and GDSI15 in patients with or at risk for dementia. As systemic
inflammation (in)directly influences many other biological, further research is
needed to understand the full context of its role in cognitive and affective
symptoms.

Keywords: Dementia, cognitive impairment, affective symptomatology,
cytokine, systemic inflammation

241



Introduction

Dementia is a general term to characterize a person whose functioning in daily
life is severely disrupted due to loss of memory, social abilities, and problem-
solving performances [1]. Preceding the clinical diagnosis of dementia, several
stages of cognitive deterioration can be determined such as mild cognitive
impairment (MCI) and subjective cognitive decline (SCD). MCI patients have
similar characteristics as dementia, although symptoms are milder and day-to-
day functioning is reasonably intact, while SCD patients report a subjective
decline in memory or cognitive function, yet no deficits can clinically be
confirmed. Both MCI and SCD are considered prodromal stages of dementia [2,
3], although not all patients with either MCI or SCD will develop dementia.
Annual conversion rates from SCD to MCI have been reported to reach 6.67%
[4], from SCD to dementia 2.33% [4], and from MCI to dementia 18.4% [5].
Furthermore, studies have shown that affective symptomatology such as
depressive- and anxiety-like symptoms were commonly observed in patients
with dementia [6, 7]. For example, meta-analyses studies have reported the
prevalence rates of depression and anxiety across dementia stages were 38% for
mild, 41% for moderate, and 37% for severe for both symptoms [6] and the
overall pooled prevalence of depression in MCI patient was 32% [7].

The pathophysiological mechanisms behind depression and dementia are still
elusive. Interestingly, a role for inflammatory processes has been ascribed to
both disorders. Multiple studies have investigated levels of circulating
inflammatory mediators as well as markers of endothelial activation in both
depression and dementia. For example, in multiple meta-analyses, both disorders
have shown elevated levels of interleukin 6 (IL6) and C-reactive protein (CRP)
[8-13], while tumor necrosis factor alpha (TNFa) is elevated in depression [8,
11], but lesser extent in dementia [14]. However, until now the relationship
between cytokines and cognitive or affective symptoms have been addressed
independently from each other. As such it remains unclear whether systemic
inflammation marker associations are shared in either symptoms or specific for
one symptom. Therefore, this cross-sectional study aimed to investigate
associations between expression of affective symptoms and plasma levels of
inflammatory and endothelial markers in a clinical population diagnosed with
either dementia or its prodromal stages.
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Materials & methods

Study participants

Cross-sectional data was used from individuals who participated in the Biobank
Alzheimer Center Limburg (BBACL) study and for whom plasma was available.
The BBACL study is an ongoing, prospective clinical cohort of patients referred
to the Memory Clinic of the Maastricht University Medical Center+ (MUMCH,
Maastricht, the Netherlands), for the evaluation of their cognitive complaints.
Patients were diagnosed either with SCD (n = 296), MCI (n = 308), or dementia
(n = 164). Inclusion criteria were a clinical dementia rating scale (CDR; Morris
1993) score from 0 to 1, and a Mini-Mental State Examination (MMSE; Folstein
1975) score > 20, thereby including patients across the clinical spectrum of SCD,
MCI and mild dementia. Exclusion criteria at baseline were non-degenerative
neurological diseases, such as Normal Pressure Hydrocephalus, Morbus
Huntington, brain tumor, epilepsy, encephalitis, recent transient ischemic attack
(TIA )or cerebrovascular accident (CVA) (< 2 years), or TIA/CVA with
concurrent (within three months) cognitive decline; a history of psychiatric
disorders, current major depressive disorder (within 12 months) (DSM 1V), or
alcohol abuse. All patients underwent a physical, cognitive and neuropsychiatric
evaluation. Additionally, a structural magnetic resonance imaging (MRI)
cerebrum was made, and biomaterials were collected. Past or present history of
cardiovascular disease, hypertension, and cerebrovascular disease were self-
reported. The BBACL study protocol was approved by the local ethics
committee (METC 15-4-100) at the MUMC+ (Maastricht, the Netherlands). All
participants gave their written informed consent.

Neuropsychiatric assessment

The 15-item based geriatric depression scale (GDS15), a shorter version of the
GDS30, is a self-reported measure to screen for depression and if present,
determine its severity [15]. In general, the patient answers 15 questions (yes or
no) in front of a clinician and depending on age, education, and complaints,
scores from 0-4 are considered normal, 5-8 are mild depression, 9-11 are
moderate, and 12-15 are severe. The test can be completed in a short period of
time (approximately 5 to 7 minutes), which makes it an ideal test for patients
who cannot concentrate for extensive periods of time or easily fatigued.
Alternatively, a binary version of the GDSI15 using a cut-off scale is widely
employed. Here, the cut-off was set at 4/5 (0-4: not depressed; 5-15: depressed),
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which has been reported to have the highest accuracy, sensitivity, and specificity
[16-18].

The NPI-, an informant-based questionnaire, is a validated clinical instrument
for evaluating neuropsychiatric symptoms [19]. Briefly, the informant indicates
the presence or absence of 12 NPI symptoms: delusions, hallucinations,
agitation/aggression, depression/dysphoria, anxiety, elation/euphoria, apathy/
indifference, disinhibition, irritability/lability, aberrant motor behavior, night-
time restlessness, and eating disorder. For this study, only symptoms of
depression (NPID) and anxiety (NPIA) were included. If an informant indicated
the presence of symptoms of depression or anxiety, the frequency (1 = rarely,
less than once per week; 2 = sometimes, about once per week; 3 = often, several
times per week; and 4 = very often, once or more per day) and severity (1 = mild;
2 = moderate; 3 = severe) were rated. If an informant indicated absence of
symptoms, they were rated 0 for frequency and severity. A symptom domain
score (0 to 12 points) (NPID-DS, depression; NPIA-DS, anxiety) was calculated
by multiplying its frequency and severity.

Cytokine analysis

Venous non-fasted EDTA anticoagulated blood samples were collected at
baseline, spun down at 2000g for 10 minutes at 4°C, aliquoted into 0.5ml
polypropylene vials, and stored at -80°C until later use. Before cytokine analysis,
samples were thawed and aliquoted into adequate volumes for the three different
assays; human pro-inflammatory panel (interferon gamma [IFNy], TNFa, IL1j,
IL2, IL6, IL8, and IL10), human vascular injury panel (CRP, serum amyloid A
[SAA], soluble intercellular adhesion molecule-1 [sICAM-1], and soluble
vascular cell adhesion molecule-1 [sVCAM-1]) and human soluble E-selectin
panel (sE-selectin) and stored at -80°C until assays were performed.

Multiplex assays from Meso Scale Discovery (Rockville, MD, USA) were used
to measure pro-inflammation (V-Plex Pro-inflammatory Panel 1 human Kkit,
K15049D, kit lot #K0081327) and vascular injury (V-Plex Vascular Injury Panel
2 human kit, K15198D, kit lot #K0081278) markers in plasma. In addition, levels
of sE-selectin were assessed using the Human CD62E / ELAM-1 ELISA set
(batch #EL-062E-12T) from Diaclone SAS (Besancon Cedex, France). All
assays were performed according to manufacturer’s protocols with minor
adjustments, and the samples were processed in duplicates. Minor adjustments
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are as follows: in the pro-inflammatory panel, the highest standard concentration
was replaced by an additional lowest standard concentration. For the sE-selectin
assay, based on in-house optimization, shorter/longer incubation times and
fewer/additional washing steps. As internal plate control, two independent
pooled serum samples were used for both the pro-inflammatory and vascular
injury panels in duplicate, and three independent pooled plasma samples for sE-
selectin in duplicate. The plate control samples were non-fasted healthy pooled
serum and EDTA plasma samples (n = 7) from volunteered staff members in the
Department of Internal Medicine, Maastricht University (Maastricht, the
Netherlands). The participants’ age ranged from 25 to 50 years. Samples were
aliquoted and stored at -80°C until later use. Plasma samples were diluted 2-fold
for the pro-inflammatory panel, 1000-fold for the vascular injury panel and 11-
fold for sE-selectin. In addition, for the pro-inflammatory panel, all samples had
two freeze-thaw cycles, while samples for the vascular injury and sE-selectin
panels had either two (vascular: n = 649; sE-selectin: n = 559) or three (vascular:
n=111; sE-selectin: n =201) freeze-thaw cycles. Although multiple freeze-thaw
cycles may cause variation in concentration, multiple studies have shown that
the vascular injury and sE-selectin markers were stable even after multiple
freeze-thaw cycles [20, 21].

For the pro-inflammatory and vascular injury panels, plate reading was done
using MESO QuickPlex SQ 120 instrument equipped with DISCOVERY
WORKBENCH® data analysis software. Sample duplicates between 40% to
60% coefficient of variation (CV) were excluded. If one of the two duplicate
concentration was “below detection limit”, it received the lower limit of
detection (LLOD) value and sample with “below fit curve” were given % of
LLOD value [22]. A 4-parameter logistic model was used to calculate the
concentrations. For sE-selectin, plate reading was done using CLARIOstar® Plus
(software version 5.70R2) microplate reader equipped with CLARIOstar MARS
data analysis software (version 3.42R4). Plates were measured at 450nm as the
primary wavelength and 650nm as the reference wavelength. Concentrations
higher than the highest standard (n = 3) were calculated based on the formula
written in the software (maximum standard concentration * 1.5). A 4-parameter
logistic model was used to calculate the concentrations.

The inter-assay percent CV for IFNy, TNFa, IL6, ILS, IL10, CRP, sICAM-1,
sVCAM-1, and sE-selectin were <10%, except for SAA which was 18%. IL1
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and IL2 calculations were invalid because 90% of IL1f and 55% of IL2 control
samples were either below detection limit or below fit curve. The average intra-

assay percent CV based on duplicates for each marker was <7%, except for IL1[3
(16%), IL2 (15%), and IL10 (10%) (Supplementary Table S1).

Potential covariates

Several factors have shown to influence cognitive performance and/or affect
regulation, and or used as covariates in our statistical models (see below). Body
mass index (BMI), smoking status (never, former [more than 6 months ago], and
current smoker), and alcohol consumption (none, low [< 7 glasses per week for
women, <14 glasses per week for men], high [> 7 for women, >14 for men]) are
known to influence cognitive and affective symptoms [23-25]. In addition,
cognitive function, measured by mini mental state examination (MMSE), is
associated with affective symptoms [26, 27]. Lastly, cardiovascular disease,
cerebrovascular disease, and hypertension have been associated with cognitive
and affective symptomatology [28-33].

Statistical analysis

All statistical analyses were performed using SPSS (version 27). Based on the
Shapiro-Wilk normality test, patient characteristics were statistically analyzed
using Kruskal-Wallis with Bonferroni multiple testing correction or Pearson chi-
square test. Furthermore, all inflammatory and endothelial markers were log
transformed prior to any statistical association analysis. To investigate
associations of plasma inflammatory and endothelial markers with affective
symptomatology, binary logistic- and negative binomial- regression analyses
were performed while controlling for covariates. All assumptions were tested
and met for all statistical models and results are reported as incidence rate ratio
(IRR) and 95% confidence interval (95% CI). Before running any statistical
model (see below), we performed an interaction analysis between age and
baseline diagnosis for group comparisons because age is the main risk factor for
developing dementia. Additionally, cognitive impairment influences
inflammatory markers and therefore interaction analyses between baseline
diagnosis and inflammatory concentration was performed. All factors and
covariates were analyzed as main effects, unless otherwise stated. If an
interaction effect was shown, then association studies were conducted in
subgroups.
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Various models were performed to adjust for the effect of covariates on the
association between aforementioned markers with affective symptomatology
tests. The models were adjusted as follows:
- Model I: age, gender, and educational level (low, middle, high);
- Model 2 (main model): model 1 + baseline diagnosis (SCD, MCI,
dementia);
- Model 3: model 2 + lifestyle (BMI, smoking status, and alcohol
consumption);
- Sensitivity analysis (S4): model 3 + MMSE, cardiovascular disease,
cerebrovascular disease, and hypertension.

Model 2 with SA conditions and Model 2 with model 3 conditions analyses were
only performed if a cytokine was significantly associated with affective
symptomatology in model 2, but lost its significance in model 3 or in S4 to
examine if change in sample size was the issue. P-values less than 0.05 were
considered as nominal significant, while g-values (obtained after bonferroni
multiple testing correction) of less than 0.05 were considered as statistically
significant. For association analyses, a p-value lower than 0.004 (0.05/12
variables) was considered statistically significant after Bonferroni correction.

Results

Characteristics of study population

In this study population, there was a significant age difference between the
groups, with dementia patients being older than SCD and MCI patients, and
patients with MCI were older than patients with SCD (Table 1). Additionally,
significant differences between the groups were shown for BMI, MMSE, and
cardiovascular disease. However, no significant differences were shown for
gender, educational level, tobacco usage, alcohol consumption, hypertension,
and cerebrovascular diagnosis (Table 1). In regard to affective symptoms, there
was a significant difference between the groups in NPIA, NPIA-DS, GDS15, and
GDS15 cut-off scale (Table 2). In the NPID group comparisons, once adjusted
for age, gender, educational level, and multiple testing correction, informants of
patients with dementia showed higher IRR of reporting presence of depressive-
like symptom (NPID) than patients with SCD (Table 3). For NPIA, informants
of patients with dementia showed higher IRR of reporting presence of anxiety-
like symptom than patients with SCD and MCI (Table 3). No significant group

247



differences were shown for NPID-DS (p = 0.83), NPIA-DS (p = 0.17), GDS15
(p = 0.37), and GDS15 cut-off scale (p = 0.79) (Data not shown). Lastly, in the
inflammatory and endothelial marker comparisons, significant differences were
shown in plasma levels of TNFa, IL6, ILS, IL10, SAA, sICAM-1, and sVCAM-
1 (Table 4) between the SCD, MCI and dementia group.

Table 1. Demographics

SCD MCI Dementia
(n=293) (n =304) (n=162) p-value

Demographics
Age (year) 61.8+10.9 | 71.2+£9.6° | 755+ 7.7 <** 1 0.000
Gender

Male/Female 183/110 171/133 84/78 0.072
Educational level

Low/Mid/High 92/122/79 108/121/75 74/55/33 0.052

27.0+£5.2 26.7+4.5 25.8 + 4.0 0.028

BMI (kg/mr’) n=227) | (n=236) (n=129)
Tobacco usage

Never/Former/Current 132/104/47 | 123/120/45 79/59/18 0.384
Alcohol consumption

None/Low/High 69/171/35 76/163/40 36/91/18 0.887
Cardiovascular disease

Absent/Present 151/139 128/171 61/96 0.013
Hypertension

Absent/Present 57/84 71/101 39/58 0.981
Cerebrovascular disease

Absent/Present 267/26 252/40 135/22 0.139
Cognition
MMSE 287+ 1.4 | 269+2.4" | 24224 | 0,000

Data are presented as n or mean + standard deviation (SD). The sample size of each measurements are equal
to the group sample size, unless otherwise stated. Kruskal-Wallis with Bonferroni correction or Pearson chi-
square tests were used to analyze the difference between subjective cognitive decline (SCD), mild cognitive
impairment (MCI), and dementia. Significance after Bonferroni correction: *SCD vs MCI; ®SCD vs dementia;
°MCI vs dementia; “q < 0.05; q < 0.01; **q < 0.001; **q < 0.0001. Abbreviations: BMI, body mass index;
MMSE, mini-mental state exam.

Table 2. Scores on neuropsychiatric tests

SCD MCI Dementia
m=293) | (n=304) (n=162) p-value
Affective
NPID
Absent/Present 156/133 169/133 82/77 0.662
20429 | 1.8+29 18426
NPID-DS (1=289) | (n=304) | (n=158) 0.709

248



Table 2. (Continue)

SCD MCI Dementia
n=293) | (n=304) (n=162) p-value
Affective
NPIA
Absent/Present 213/76 226/76 101/58 0.026
NPIALDS 1224 | 1.1+22 1.6 +£2.7¢ 0.024

(n=29) (n=301) (n=159)

4.0=+3.1 3.2+£2.72 2.8 £2.30"

GDSIS n=283) |(@=290) | (n=156) 0.000
GDSI15 cut-off scale (4/5)

No depression/Depression 197/86 226/64 126/30 0.014

Data are presented as n or mean + standard deviation (SD). The sample size of each measurements are equal
to the group sample size, unless otherwise stated. Kruskal-Wallis with Bonferroni correction or Pearson chi-
square tests were used to analyze the difference between subjective cognitive decline (SCD), mild cognitive
impairment (MCI), and dementia. Significance after Bonferroni correction: *SCD vs MCI; ®SCD vs dementia;
°MCI vs dementia; “q < 0.05; *"q < 0.01; *"q < 0.001; *""q < 0.0001. Abbreviations: NPID, neuropsychiatric
inventory depression; NPID-DS, NPID-domain score; NPIA, NPI anxiety; NPIA-DS, NPIA-domain score;
GDS15, 15-item geriatric depression scale.

wkk

Table 3. Presence of depression and anxiety across the groups

NPID NPIA
IRR (95% CI) g-value | IRR (95% CI) g-value
SCD? vs MCI 1.312 (0911, 1.890) 0.427 1.114 (0.742, 1.672) 1.00

SCD? vs Dementia 1.801 (1.145,2.831) 0.030 2.067 (1.271,3.361) 0.012
MCT? vs Dementia 1.372 (0.922,2.042) 0.352 1.856 (1.211,2.843) 0.017

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic
regression with Bonferroni correction (q-value) and adjusted for age, gender, and educational level was used
to analyze the association between the groups. “Reference group. NPID (n = 750) and NPIA (n = 750).
Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment; NPID, neuropsychiatric
inventory depression; NPIA, NPI anxiety.

Table 4. Plasma levels of inflammatory and endothelial markers

SCD MCI Dementia p-
(n=293) (n=304) (n=162) value
Inflammatory marker
7.0+8.0 83+16.8 8.2+10.2
TFNy (pg/ml) (n=292) (n=304) (n=161) 0.404
23+0.8 2.7 +£2.6"" 2.6+ 1.0°"
TNFa (pg/ml) (n = 293) (n = 304) (n = 160) 0.000
0.1 +0.1 0.1+0.1 0.1+0.2
IL1B (pg/ml) (n =290) (n=298) (n=158) 0.184
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Table 4. (Continue)

SCD MCI Dementia p-
(n=293) (n=304) (n=162) value
Inflammatory marker
1.0£1.6 1.1+ 1.0 1.3 +1.20
IL6 (pg/ml) (n=293) (n=1304) (n=161) 0.000
47+59 5.7 49,82 5.3 £2.907
IL8 (pg/ml) (n=293) (n=1304) (n=161) 0.000
03+04 0.5+3.8 03+03
IL10 (pg/ml) (5= 299) (5 = 300) = 157) 0.034
02402 03+14 02402
IL2 (pg/ml) (n = 288) (n=302) (n = 159) 0.648
CRP (ug/ml) 3.68 +7.96 4.04 +7.04 3.83+9.11 0.693
7.14+2021 12.02 +30.12%* | 12.26 + 34.36
SAA (ug/ml) (n=293) (n=1303) (n=162) 0.001
Endothelial marker
SICAM-1 (ng/ml) ‘Sg'gg * 463.15 + 132.09% | 454.22 + 142.18 0.041
470.69 + 517.63 + 528.96 +
sVCAM-1 (ng/ml) 107.91 182,90 140,725 0.000
sE-selectin (ng/ml)  115.92 +55.09 | 118.26 + 69.39 108.25 + 58.53 0.244

Data are presented as mean =+ standard deviation (SD). The sample size of each measurements are equal to the
group sample size, unless otherwise stated. Kruskal-Wallis with Bonferroni correction or Pearson chi-square
tests were used to analyze the difference between subjective cognitive decline (SCD), mild cognitive
impairment (MCI), and dementia. Significance after Bonferroni correction: *SCD vs MCI; ®°SCD vs dementia;
°MCI vs dementia; "q < 0.05; “q < 0.01; ""q < 0.001; """q < 0.0001. Abbreviations: IFN, interferon; TNF,
tumor necrosis factor; IL, interleukin; CRP, C-reactive protein; SAA, serum amyloid A; SICAM-1, soluble
intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble
E-selectin.

Associations between inflammatory and endothelial markers and self-
reported depressive symptoms

In model 2, higher plasma levels of TNFa, IL6, IL8, CRP, SAA, sICAM-1, and
sVCAM-1 were associated with higher IRR in GDS15. Furthermore, TNFa, IL6,
and CRP were still significant after multiple testing correction (Table 5).
However, when adjusting for lifestyle (model 3), only TNFa remained
significant and no markers were significant in the SA (Supplementary Table S2).
Additionally, IL10 (p = 0.038) and sE-selectin (p = 0.027) showed a significant
interaction with diagnosis status. Therefore, in the subgroup analysis, higher
levels of IL10 and sE-selectin were associated with higher IRR in GDS15 score
for dementia subgroup and SCD and MCI subgroups, respectively (Table 6;
Supplementary Table S3).
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Table 5. Association between inflammatory and endothelial markers with

GDS15
GDS15 GDSI15 cut-off
Inflammatory marker
IFNy
Model 1 1.179 (1.001, 1.389)" 1.578 (0.959, 2.598)
Model 2 1.174 (0.997, 1.384) 1.565 (0.949, 2.579)
TNFa
Model 1 2.437 (1.661, 3.576)* 7.521 (2.340, 24.172)*
Model 2 2.443 (1.665, 3.584)* 7.584 (2.360, 24.377)*
IL1p
Model 1 1.117 (0.895, 1.393) 1.586 (0.816, 3.085)
Model 2 1.117 (0.896, 1.394) 1.590 (0.817, 3.094)
IL6
Model 1 1.393 (1.143, 1.696)* 2.094 (1.156, 3.793)"
Model 2 1.391 (1.143, 1.694)* 2.088 (1.152, 3.783)"
IL8
Model 1 1.394 (1.022, 1.902)" 1.759 (0.712, 4.346)
Model 2 1.410(1.033, 1.926)" 1.796 (0.726, 4.441)
1L10
Model 1 1.246 (1.000, 1.554) 1.982 (1.041, 3.772)"
Model 2 IE IE
IL2
Model 1 1.171 (0.949, 1.445) 1.391 (0.746, 2.593)
Model 2 1.166 (0.945, 1.439) 1.381 (0.739, 2.581)
CRP
Model 1 1.224 (1.100, 1.361)* 1.537 (1.107, 2.134)"
Model 2 1.218 (1.095, 1.355)* 1.532(1.102,2.131)"
SAA
Model 1 1.182 (1.044, 1.337)" 1.628 (1.129, 2.348)™
Model 2 1.182 (1.045, 1.339)* 1.640 (1.136, 2.369)"
Endothelial marker
sICAM-1
Model 1 2.078 (1.244, 3.471)" 4.562 (0.954, 21.825)
Model 2 2.100 (1.257, 3.509)" 4.638 (0.966, 22.270)
sVCAM-1
Model 1 1.790 (1.027, 3.118)" 3.918 (0.740, 20.744)
Model 2 1.820 (1.045, 3.169)" 3.990 (0.751, 21.185)
sE-selectin
Model 1 1.554 (1.190, 2.029)*" 2.822(1.239, 6.426)"
Model 2 IE 2.865 (1.254, 6.544)"

IRR (95% CI) as outcome of respective negative binomial regression and binary logistic regression. Further
covariate adjusted models can be found in the Supplementary Table S2 and S4. IE, interaction effect; “p < 0.05;
"p <0.01. *Significance after Bonferroni correction (q < 0.004). Abbreviations: IRR, incidence rate ratio; 95%
CI, 95% confidence interval, SCD, subjective cognitive decline; MCI, mild cognitive impairment; IFN,
interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein; SAA, serum amyloid A;
sICAM-1, soluble intercellular adhesion molecule-1; sSVCAM-1, soluble vascular cell adhesion molecule-1;
sE-selectin; soluble E-selectin; GDS15, 15-item geriatric depression scale.
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Table 6. Association between IL10 and sE-selectin with GDS15 in subgroup

population
SCD MCI Dementia
IL10
Model 2 0.949 (0.664, 1.356) 1.262 (0.908, 1.754) 2.093 (1.259, 3.480)™
sE-selectin
Model 2 1.872 (1.224, 2.864)"" 1.726 (1.153, 2.584)™ 0.729 (0.381, 1.394)

IRR (95% CI) as outcome of negative binomial regression. Model I: adjusted for age, gender, and educational
level; Model 2: adjusted for model 1 and diagnosis status. Further covariate adjusted models can be found in
the Supplementary Table S3. “p < 0.05; “"p < 0.01. Abbreviations: IRR, incidence rate ratio; 95% CI, 95%
confidence interval; SCD, subjective cognitive decline; MCI, mild cognitive impairment; IL, interleukin; sE-
selectin; soluble E-selectin; GDS15, 15-item geriatric depression scale.

In the GDS15 cut-off scale analysis, similar to GDS15, higher plasma levels of
TNFa, IL6, CRP, SAA, and sE-selectin were associated with increased IRR in
model 2 and only TNFa survived multiple testing correction (Table 5). However,
no markers were significant after adjusting for lifestyle and SA (Supplementary
Table S4). Furthermore, IL10 showed interaction with diagnosis status (p =
0.048), thus subgroup analysis showed higher levels of IL.10 was associated with
increased IRR in patients with dementia (Table 7; Supplementary Table S5).

Table 7. Association between IL10 with GDS15 cut-off in subgroup
population

SCD MCI Dementia

IL10
Model 2 0.938 (0.329, 2.671) 2.258 (0.844, 6.042) 10.903 (1.986, 59.857)""

IRR (95% CI) as outcome of binary logistic regression. Model I: adjusted for age, gender, and educational
level; Model 2: adjusted for model 1 and diagnosis status. Further covariate adjusted models can be found in
the Supplementary Table S5. "p < 0.05; “p < 0.01. Abbreviations: IRR, incidence rate ratio; 95% CI, 95%
confidence interval; SCD, subjective cognitive decline; MCI, mild cognitive impairment; IL, interleukin;
GDS15, 15-item geriatric depression scale.

Association between inflammatory and endothelial markers and informant
reported depressive- and anxiety-like symptoms

In the NPID analysis, neither NPID nor NPID-DS showed significant association
with inflammatory and endothelial markers in all models (Table §;
Supplementary Tables S6 and S7). In a similar manner, there was no association
between NPIA and any of the inflammatory nor endothelial markers (Table 9).
However, CRP (p=0.035), SAA (p=0.018), and sE-selectin (p =0.013) showed
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an interaction effect with diagnosis status, and, hence, subgroup analyses were
conducted. The presence of anxiety-like symptoms was associated with lower
levels of CRP and SAA in patients with MCI and with lower sE-selectin levels
in patients with dementia (Table 10). However, these associations were no longer

significant after adjusting for other factors (Supplementary Tables S8 and S9).

Lastly, no associations were present in the NPIA-DS analysis (Table 9;

Supplementary Table S10).

Table 8. Association between inflammatory and endothelial markers with NPI

depression
NPID NPID-DS

Inflammatory marker
IFNy

Model 1 0.857 (0.556, 1.320) 0.928 (0.624, 1.379)

Model 2 0.885(0.573, 1.364) 0.933 (0.627, 1.388)
TNFa

Model 1 0.889 (0.317, 2.492) 1.056 (0.390, 2.855)

Model 2 0.917 (0.327,2.574) 1.067 (0.394, 2.891)
IL1p

Model 1 0.582 (0.325, 1.042) 1.007 (0.594, 1.707)

Model 2 0.581 (0.324, 1.042) 1.002 (0.591, 1.699)
IL6

Model 1 1.035 (0.614, 1.744) 1.143 (0.715, 1.827)

Model 2 1.042 (0.617, 1.760) 1.144 (0.715, 1.829)
ILS8

Model 1 1.374 (0.619, 3.048) 1.305 (0.582,2.923)

Model 2 1.347 (0.605, 2.998) 1.304 (0.579, 2.938)
IL10

Model 1 0.843 (0.484, 1.467) 0.989 (0.576, 1.700)

Model 2 0.839 (0.481, 1.462) 0.985 (0.573, 1.694)
IL2

Model 1 0.923 (0.538, 1.584) 0.887 (0.548, 1.437)

Model 2 0.942 (0.548, 1.617) 0.889 (0.549, 1.441)
CRP

Model 1 0.900 (0.679, 1.193) 0.929 (0.722, 1.196)

Model 2 0.925 (0.697, 1.227) 0.936 (0.726, 1.207)
SAA

Model 1 0.951 (0.688, 1.316) 0.985 (0.728, 1.332)

Model 2 0.956 (0.690, 1.325) 0.992 (0.732, 1.343)
Endothelial marker
sICAM-1

Model 1 1.382 (0.357, 5.343) 1.170 (0.347, 3.952)

Model 2 1.451 (0.372, 5.654) 1.167 (0.344, 3.957)
sVCAM-1

Model 1 1.374 (0.324, 5.836) 0.951 (0.246, 3.680)

Model 2 1.324 (0.310, 5.650) 0.967 (0.250, 3.750)
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Table 8. (Continue)

NPID

NPID-DS

Endothelial marker
sE-selectin

Model 1

Model 2

1.584 (0.792, 3.167)
1.625 (0.811, 3.257)

1.087 (0.580, 2.037)
1.089 (0.581, 2.042)

IRR (95% CI) as outcome of respective negative binomial regression and binary logistic regression. Model 1:
adjusted for age, gender, and educational level; Model 2: adjusted for model 1 and diagnosis status. Further
covariate adjusted models can be found in the Supplementary Tables S6 and S7. p < 0.05; “p < 0.01.
Abbreviations: IRR, incidence rate ratio; 95% CI, 95% confidence interval; SCD, subjective cognitive decline;
MCI, mild cognitive impairment; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive
protein; SAA, serum amyloid A; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble
vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; NPID, neuropsychiatric inventory

depression; NPID-DS, NPID-domain score.

Table 9. Association between inflammatory and endothelial markers with NPI

anxiety

NPIA

NPIA-DS

Inflammatory marker

IFNy
Model 1
Model 2

TNFa
Model 1
Model 2

IL1B
Model 1
Model 2

IL6
Model 1
Model 2

IL8
Model 1
Model 2

IL10
Model 1
Model 2

IL2
Model 1
Model 2

CRP
Model 1
Model 2

SAA
Model 1
Model 2

1.055 (0.659, 1.689)
1.099 (0.685, 1.762)

0.972 (0311, 3.041)
1.041 (0.331, 3.276)

1.120 (0.599, 2.092)
1.150 (0.614, 2.155)

0.556 (0.305, 1.012)
0.550 (0.300, 1.007)

1.101 (0.458, 2.647)
1.109 (0.455, 2.705)

0.709 (0.374, 1.344)
0.715 (0.375, 1.364)

0.695 (0.379, 1.275)
0.718 (0.390, 1.323)

0.767 (0.561, 1.049)
IE

0.865 (0.600, 1.245)
IE

0.847 (0.479, 1.497)
0.837 (0.473, 1.481)

0.931 (0.250, 3.470)
1.021 (0.274, 3.804)

1.103 (0.542, 2.248)
1.076 (0.533, 2.175)

0.629 (0.304, 1.302)
0.601 (0.290, 1.245)

1.396 (0.415, 4.698)
1.420 (0.431, 4.676)

0.769 (0.347, 1.702)
0.791 (0.359, 1.742)

0.627 (0.333, 1.179)
0.659 (0.352, 1.236)

0.877 (0.598, 1.286)
0.878 (0.596, 1.293)

1.023 (0.647, 1.619)
1.037 (0.656, 1.638)
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Table 9. (Continue)

NPIA NPIA-DS

Endothelial marker
sICAM-1

Model 1 0.255 (0.055, 1.190) 0.526 (0.085, 3.254)

Model 2 0.283 (0.060, 1.328) 0.592 (0.096, 3.640)
sVCAM-1

Model 1 0.508 (0.100, 2.581) 0.735 (0.098, 5.482)

Model 2 0.488 (0.095, 2.513) 0.878 (0.117, 6.572)
sE-selectin

Model 1 1.103 (0.517, 2.357) 1.116 (0.499, 2.723)

Model 2 1IE 1.334 (0.571,3.112)

IRR (95% CI) as outcome of respective negative binomial regression and binary logistic regression. Model 1:
adjusted for age, gender, and educational level; Model 2: adjusted for model 1 and diagnosis status. Further
covariate adjusted models can be found in the Supplementary Tables S8 and S10. IE, interaction effect; "p <
0.05; “p < 0.01. Abbreviations: IRR, incidence rate ratio; 95% CI, 95% confidence interval; SCD, subjective
cognitive decline; MCI, mild cognitive impairment; IFN, interferon; TNF, tumor necrosis factor; IL,
interleukin; CRP, C-reactive protein; SAA, serum amyloid A; sICAM-1, soluble intercellular adhesion
molecule-1; sSVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; NPIA,
neuropsychiatric inventory anxiety; NPIA-DS, NPIA-domain score.

Table 10. Association between CRP, SAA, and sE-selectin with NPIA in
subgroup population

SCD MCI Dementia

CRP

Model 2 1.356 (0.798, 2.302) 0.489 (0.291, 0.823)* 0.720 (0.362, 1.431)
SAA

Model 2 1.453 (0.778, 2.713) 0.436 (0.227, 0.835)"
sE-selectin

Model 2 2.000 (0.544, 7.350) 2.093 (0.622, 7.039)

1.160 (0.575, 2.340)

0.070 (0.011, 0.463)*"

IRR (95% CI) as outcome of negative binomial regression. Model I: adjusted for age, gender, and educational
level; Model 2: adjusted for model 1 and diagnosis status. Further covariate adjusted models can be found in
the Supplementary Table S9. “p < 0.05; “p < 0.01. Abbreviations: IRR, incidence rate ratio; 95% CI, 95%
confidence interval; SCD, subjective cognitive decline; MCI, mild cognitive impairment; NPIA,
neuropsychiatric inventory anxiety; CRP, C-reactive protein; SAA, serum amyloid A; sE-selectin, soluble E-
selectin.

Discussion

This large cross-sectional study investigated associations between plasma
inflammatory and endothelial markers with affective symptoms in patients with
cognitive complaints, cognitive impairment, and dementia. Overall, higher levels
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of several inflammatory (TNFa, IL6, IL8, IL10, CRP, and SAA) and endothelial
markers (SICAM-1, sVCAM-1, and sE-selectin) were associated with higher
IRR of self-reported depressive symptoms (GDS15) and lower levels of CRP,
SAA, and sE-selectin were associated with higher IRR of informants reporting
anxiety-like symptoms (NPIA).

Although both NPID and GDS15 are designed to screen depressive symptoms,
after adjusting for covariates, only NPID screened for depressive status between
groups while GDS15 could not, but vice versa for association studies. This could
be due to the nature of the study design. One study has shown that the content,
validity, reliability and consistency of the NPI were valid and reliable, but due
to their scoring design, parametric analysis was deemed not applicable [34].
Therefore, our NPIA data is too limited to make a conclusion, thus further
research in anxiety symptom using clinical anxiety assessment tools is necessary.
On the other hand, the GDS15 is deemed to be an effective, reliable, and accurate
screening tool for depression, but lost its validity in a large population of patients
with dementia of the Alzheimer’s type [35]. However, more recent study
concluded that GDS15 was able to assess depressive symptoms among very old
people with an MMSE score of 10 or more, but not for older people with MMSE
scores lower than 10 [36]. Our dementia patients had an average MMSE score
of 24 and our models 1 and 2 analyses showed that patient diagnosis had little-
to-no influence in the association outcome. Since affective symptomatology are
heterogencous symptoms that vary between individuals, despite being clinically
validated screening tool, each screening tool has its strengths and weaknesses.
Therefore, it is important to assess the symptoms with multiple clinical tests as
demonstrated in this study.

Pro-inflammatory cytokines and depressive symptoms

Although there are no studies similar to this study, there are studies investigating
the association between systemic inflammation and GDS15 in different study
population. For example, a prospective study investigated in older individuals
and showed that, in cross-sectional analysis, CRP, IL6 and TNFa were
significantly associated with depression at baseline. Additionally, longitudinal
analysis controlling for covariates showed that IL6 and TNFa were associated
with increased risk of depression at follow-ups [37]. Another prospective study
of non-demented community-dwelling elderly participants reported positive
association between IL6 and GDS15, whereas IL8 was positively associated with
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depressive symptoms at baseline and at 2 years follow-ups, even after adjusting
for various factors [38]. Lastly, one study looked into post-myocardial infarction
patients and revealed that higher levels of CRP were associated with more
depressive and apathy symptoms, and less dispositional optimism [39].

The relationship between depression and levels of circulating markers of
inflammation is evidenced by four independent meta-analyses, reporting higher
levels of TNFa [8, 11], IL6 [8-11], and CRP [9, 10] and no difference in IL1J
[8, 10, 11] and IL2 [8, 11]. While we examined associations with depressive
symptoms rather than clinical depression, our findings are grossly in agreement
with these reports. Thus, we found depressive symptoms to be associated with
higher concentrations of TNFa, IL6 and CRP. Depressive symptoms were also
related to increased IL10 levels which was also reported by the meta-analysis of
Kohler et al. [11].

The increase of pro-inflammatory cytokines in patients with depression may
relate to ‘the macrophage theory of depression’, proposed by Ronald Smith in
1991 [40]. According to this theory, circulating monocytes migrate to the site of
inflammation and differentiate into inflammatory dendritic cells and
macrophages [41]. Macrophages can further differentiate, known as macrophage
polarization, into M1 (acute defense against pathogens; secrete pro-
inflammatory cytokines) or M2 (clearing damaged tissues and repairing
activities; secrete anti-inflammatory cytokines) [42, 43]. Studies in both
depression and AD have reported an increase in pro-inflammatory cytokines
release (IL6 and TNFa) from microglia, suggesting a disturbance in the M1/M2
balance [44, 45]. At the same time, an increase in systemic inflammation can
influence the neurotransmitters such as serotonin via the tryptophan-kynurenine
pathway. Activation of pro-inflammatory cytokines, such as IFNy and TNFa can
induce the enzyme indoleamine 2,3-dioxygenase (IDO), which converts the
serotonin precursor, tryptophan, to kynurenine and over-activation of IDO
causes serotonin depletion [46]. Moreover, studies have shown that certain
kynurenine pathway associated metabolites contribute to depression severity
[47, 48]. Lastly, circulating pro-inflammatory cytokines stimulate the liver to
release the acute phase reactants CRP and SAA. Multiple studies have reported
elevated levels of CRP in patients with depression [9, 10]. Bryleva et al. (2017)
reported plasma SAA concentration to be associated with depressive symptoms
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and with a higher score on the Hamilton depression rating scale 17 (HAMD-17)
[49].

Endothelial markers in depression

In regards to endothelial function in depression, fewer studies have investigated
the role of sSICAM-1, sVCAM-1 and sE-selectin. sSICAM-1, an immunoglobulin
(Ig)-like transmembrane glycoprotein, plays a role in leukocyte migration and
activation, found in peripheral fluids [50-52]. Multiple studies have shown
elevated levels of blood sSICAM-1 in patients with depression [53-56]. sVCAM-
1 is a transmembrane protein expressed by various cell types such as endothelial
cells, neurons, smooth muscle cells, fibroblasts, and macrophages, and which
expression is induced by IL1p, IL4, TNFa, and IFNy [57, 58]. One study reported
that serum sVCAM-1 was a partial mediator of depressive symptom associated
with dementia [59]. Additionally, sVCAM-1 showed positive association with
depressive symptom (Revised Center for Epidemiological Studies Depression
Scale [CESD-R]) in community-dwelling participants [60] and patients with
depression demonstrated elevated sVCAM-1 levels compared to controls [53].
Lastly, sE-selectin is a glycoprotein only expressed on endothelial cells and
activated by IL1, TNFa, or bacterial lipopolysaccharide (LPS) and mediates
leukocyte rolling on endothelium allowing neutrophil, monocyte, and T-cell
recruitment to the inflammatory foci [61, 62]. Our data showed sE-selectin to
have an interaction effect with diagnosis in the GDS15, but not in the GDS15
cut-off scale. Although no study investigated sE-selectin in SCD, MCI, and
dementia patients with depressive symptoms, studies in patients with depression
did report higher sE-selectin levels compared to non-depressed patients [56]. In
another study, sE-selectin was positively associated with depressive symptoms
and the presence of a depressive disorder [55]. Therefore, a large body of
evidence demonstrates that endothelial damage is present in patients with
depression.

Differences in inflammatory and endothelial levels across cognitive
spectrum

Although this study investigated affective symptomatology, our study
populations are patients with or at risk for dementia. As mentioned before,
systemic inflammation is widely observed in patients with dementia, especially
in Alzheimer’s disease (AD) patients. Multiple studies, have shown that
inflammatory makers were elevated in patients with AD when compared to
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health controls. For example, studies reported higher levels of IL6 [13, 63, 64],
and TNFa [63-65] in patients with AD compared to controls. Additionally, MCI
patients had higher levels of IL6 and IL8 compared to controls [13].
Furthermore, IL6 was associated with 32-40% increased risk of all-cause
dementia [12, 66, 67], TNFa had a 2-fold increase in rate of cognitive decline
over a 6-month period [68], and CRP was associated with increased risk of
dementia [12, 66, 67] have been reported as well. Lastly, studies have shown that
peripheral immune response are associated with AD pathology. For example,
IL6 induces phosphorylation of tau protein [69] and early-stage amyloid plaque
formation in AD [70]. Besides inflammatory markers, endothelial markers such
as sVCAM-1 were shown to be elevated in AD [63, 71-73], to reflect the severity
of dementia [73], and are negatively associated with cognitive performance as
measured by different tests for short- and long-term memory [71, 73]. Finally,
post-mortem brain tissue of patients with AD have shown [CAM-1 accumulation
in senile plaques [74]. Current evidence indicates that several inflammatory and
endothelial markers are associated with cognitive and affective symptomatology.

Strengths and limitations

The major strength of this study is that, to our knowledge, this is the first large
cross-sectional study to demonstrate associations between systemic
inflammation and affective symptoms in patients with cognitive complaints,
cognitive impairment, and dementia. Furthermore, the study used various
clinically validated affective symptom tests while adjusting for several
covariates. The main limitations of our study were not having a neurologically
healthy control group and significant age difference between the groups. In order
to compensate for age difference, it was adjusted in our model. Lastly, despite
the uncertainty whether the systemic inflammation markers act independent from
each other, we still corrected for multiple testing, which may be associated with
and increased chance for type II errors. As such, it is also important to interpret
our data based on the pattern of associations (e.g., strength, consistency, or
directional expectation).

Conclusion

Overall, results from this large cross-sectional study confirmed previous findings
such as IL6, IL8, CRP, and sVCAM-1, but also reported new findings such as
TNFa, sICAM-1, sE-selectin, and interaction effects between IL10 and sE-
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selectin with diagnosis in the association between plasma inflammatory and
endothelial markers with depressive symptoms in patients with cognitive
complaints, cognitive impairment, and dementia.

260



References

1. Wallin K, Bostrom G, Kivipelto M, Gustafson Y. Risk factors for incident dementia in the very old.
Int Psychogeriatr. 2013;25(7):1135-43.

2. Petersen RC. Mild cognitive impairment as a diagnostic entity. J Intern Med. 2004;256(3):183-94.
3. Jessen F, Amariglio RE, Van Boxtel M, Breteler M, Ceccaldi M, Chételat G, et al. A conceptual

framework for research on subjective cognitive decline in preclinical Alzheimer's disease. Alzheimer's &
dementia. 2014;10(6):844-52.

4. Mitchell A, Beaumont H, Ferguson D, Yadegarfar M, Stubbs B. Risk of dementia and mild
cognitive impairment in older people with subjective memory complaints: meta-analysis. Acta Psychiatrica
Scandinavica. 2014;130(6):439-51.

S. Thaipisuttikul P, Jaikla K, Satthong S, Wisajun P. Rate of conversion from mild cognitive
impairment to dementia in a Thai hospital-based population: A retrospective cohort. Alzheimer's & Dementia:
Translational Research & Clinical Interventions. 2022;8(1):e12272.

6. Leung DKY, Chan WC, Spector A, Wong GHY. Prevalence of depression, anxiety, and apathy
symptoms across dementia stages: A systematic review and meta-analysis. Int J Geriatr Psychiatry.
2021;36(9):1330-44.

7. Ismail Z, Elbayoumi H, Fischer CE, Hogan DB, Millikin CP, Schweizer T, et al. Prevalence of
depression in patients with mild cognitive impairment: a systematic review and meta-analysis. JAMA
psychiatry. 2017;74(1):58-67.

8. Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, et al. A Meta-Analysis of
Cytokines in Major Depression. Biological Psychiatry. 2010;67(5):446-57.

9. Howren MB, Lamkin DM, Suls J. Associations of depression with C-reactive protein, IL-1, and IL-
6: a meta-analysis. Psychosom Med. 2009;71(2):171-86.

10. Haapakoski R, Mathieu J, Ebmeier KP, Alenius H, Kiviméki M. Cumulative meta-analysis of
interleukins 6 and 1B, tumour necrosis factor a and C-reactive protein in patients with major depressive
disorder. Brain Behav Immun. 2015;49:206-15.

11. Kohler CA, Freitas TH, Maes M, de Andrade NQ, Liu CS, Fernandes BS, et al. Peripheral cytokine
and chemokine alterations in depression: a meta-analysis of 82 studies. Acta Psychiatrica Scandinavica.
2017;135(5):373-87.

12. Koyama A, O'Brien J, Weuve J, Blacker D, Metti AL, Yaffe K. The role of peripheral inflammatory
markers in dementia and Alzheimer's disease: a meta-analysis. J Gerontol A Biol Sci Med Sci. 2013;68(4):433-
40.

13. Shen X-N, Niu L-D, Wang Y-J, Cao X-P, Liu Q, Tan L, et al. Inflammatory markers in Alzheimer’s
disease and mild cognitive impairment: a meta-analysis and systematic review of 170 studies. Journal of
Neurology, Neurosurgery &amp; Psychiatry. 2019;90(5):590-8.

14. Ng A, Tam WW, Zhang MW, Ho CS, Husain SF, McIntyre RS, et al. IL-1p, IL-6, TNF- o and CRP
in Elderly Patients with Depression or Alzheimer’s disease: Systematic Review and Meta-Analysis. Scientific
Reports. 2018;8(1):12050.

15. Yesavage JA, Sheikh JI. 9/Geriatric Depression Scale (GDS). Clinical Gerontologist. 1986;5(1-
2):165-73.
16. Dias F, Teixeira AL, Guimardes HC, Barbosa MT, Resende EPF, Beato RG, et al. Accuracy of the

15-item Geriatric Depression Scale (GDS-15) in a community-dwelling oldest-old sample: the Pieta Study.
Trends Psychiatry Psychother. 2017;39(4):276-9.

17. Marc LG, Raue PJ, Bruce ML. Screening performance of the 15-item geriatric depression scale in
a diverse elderly home care population. Am J Geriatr Psychiatry. 2008;16(11):914-21.
18. Weintraub D, Oehlberg KA, Katz IR, Stern MB. Test characteristics of the 15-item geriatric

depression scale and Hamilton depression rating scale in Parkinson disease. The American journal of geriatric
psychiatry : official journal of the American Association for Geriatric Psychiatry. 2006;14(2):169-75.

261



19. Cummings JL, Mega M, Gray K, Rosenberg-Thompson S, Carusi DA, Gornbein J. The
Neuropsychiatric Inventory: comprehensive assessment of psychopathology in dementia. Neurology.
1994;44(12):2308-14.

20. Hartweg J, Gunter M, Perera R, Farmer A, Cull C, Schalkwijk C, et al. Stability of soluble adhesion
molecules, selectins, and C-reactive protein at various temperatures: implications for epidemiological and
large-scale clinical studies. Clin Chem. 2007;53(10):1858-60.

21. Gislefoss RE, Lauritzen M, Langseth H, Merkrid L. Effect of multiple freeze-thaw cycles on
selected biochemical serum components. Clinical Chemistry and Laboratory Medicine (CCLM).
2017;55(7):967-73.

22. Hornung RW, Reed LD. Estimation of Average Concentration in the Presence of Nondetectable
Values. Applied Occupational and Environmental Hygiene. 1990;5(1):46-51.

23. Fluharty M, Taylor AE, Grabski M, Munafd MR. The Association of Cigarette Smoking With
Depression and Anxiety: A Systematic Review. Nicotine Tob Res. 2017;19(1):3-13.

24, Luppino FS, de Wit LM, Bouvy PF, Stijnen T, Cuijpers P, Penninx BW, et al. Overweight, obesity,
and depression: a systematic review and meta-analysis of longitudinal studies. Arch Gen Psychiatry.
2010;67(3):220-9.

25. Cournot M, Marquié JC, Ansiau D, Martinaud C, Fonds H, Ferriéres J, et al. Relation between body
mass index and cognitive function in healthy middle-aged men and women. Neurology. 2006;67(7):1208-14.
26. Gotlib IH, Joormann J. Cognition and depression: current status and future directions. Annu Rev
Clin Psychol. 2010;6:285-312.

27. Ma L. Depression, Anxiety, and Apathy in Mild Cognitive Impairment: Current Perspectives.
Frontiers in Aging Neuroscience. 2020;12(9).

28. Alfaddagh A, Martin SS, Leucker TM, Michos ED, Blaha MJ, Lowenstein CJ, et al. Inflammation

and cardiovascular disease: From mechanisms to therapeutics. American Journal of Preventive Cardiology.
2020;4:100130.

29. Hare DL, Toukhsati SR, Johansson P, Jaarsma T. Depression and cardiovascular disease: a clinical
review. Eur Heart J. 2014;35(21):1365-72.

30. Patrick DM, Van Beusecum JP, Kirabo A. The role of inflammation in hypertension: novel
concepts. Current Opinion in Physiology. 2021;19:92-8.

31. Seidel GA, Giovannetti T, Libon DJ. Cerebrovascular disease and cognition in older adults. Curr
Top Behav Neurosci. 2012;10:213-41.

32. Stuart MJ, Baune BT. Depression and type 2 diabetes: inflammatory mechanisms of a
psychoneuroendocrine co-morbidity. Neurosci Biobehav Rev. 2012;36(1):658-76.

33. Wang K, Li F, Cui Y, Cui C, Cao Z, Xu K, et al. The Association between Depression and Type 1

Diabetes Mellitus: Inflammatory Cytokines as Ferrymen in between? Mediators of Inflammation.
2019;2019:2987901.

34. Lai CKY. The merits and problems of Neuropsychiatric Inventory as an assessment tool in people
with dementia and other neurological disorders. Clin Interv Aging. 2014;9:1051-61.

3s. Burke WJ, Houston MJ, Boust SJ, Roccaforte WH. Use of the Geriatric Depression Scale in
dementia of the Alzheimer type. J] Am Geriatr Soc. 1989;37(9):856-60.

36. Conradsson M, Rosendahl E, Littbrand H, Gustafson Y, Olofsson B, Lévheim H. Usefulness of the
Geriatric Depression Scale 15-item version among very old people with and without cognitive impairment.
Aging Ment Health. 2013;17(5):638-45.

37. Shi R, Gwee X, Chua DQL, Tan CTY, Yap KB, Larbi A, et al. Inflammatory markers and incident
depression: Evidence in a population-based prospective study. Psychoneuroendocrinology. 2022;142:105806.
38. Baune BT, Smith E, Reppermund S, Air T, Samaras K, Lux O, et al. Inflammatory biomarkers
predict depressive, but not anxiety symptoms during aging: the prospective Sydney Memory and Aging Study.
Psychoneuroendocrinology. 2012;37(9):1521-30.

39. Heeres RHM, Hoogeveen EK, Geleijnse JM, de Goede J, Kromhout D, Giltay EJ. Kidney
dysfunction, systemic inflammation and mental well-being in elderly post-myocardial infarction patients. BMC
Psychology. 2017;5(1):1.

262



40. Smith RS. The macrophage theory of depression. Med Hypotheses. 1991;35(4):298-306.

41. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development of monocytes,
macrophages, and dendritic cells. Science. 2010;327(5966):656-61.

42. Murray PJ. Macrophage Polarization. Annual Review of Physiology. 2017;79(1):541-66.

43. Miller AH, Raison CL. The role of inflammation in depression: from evolutionary imperative to
modern treatment target. Nature Reviews Immunology. 2016;16(1):22-34.

44. Dey A, Hankey Giblin PA. Insights into Macrophage Heterogeneity and Cytokine-Induced
Neuroinflammation in Major Depressive Disorder. Pharmaceuticals (Basel). 2018;11(3).

45. Wang WY, Tan MS, Yu JT, Tan L. Role of pro-inflammatory cytokines released from microglia in
Alzheimer's disease. Ann Transl Med. 2015;3(10):136.

46. Tanaka M, Bohar Z, Vécsei L. Are Kynurenines Accomplices or Principal Villains in Dementia?

Maintenance of Kynurenine Metabolism. Molecules. 2020;25(3).

47. Ogyu K, Kubo K, Noda Y, Iwata Y, Tsugawa S, Omura Y, et al. Kynurenine pathway in depression:
A systematic review and meta-analysis. Neuroscience & Biobehavioral Reviews. 2018;90:16-25.

48. Marx W, McGuinness AJ, Rocks T, Ruusunen A, Cleminson J, Walker AJ, et al. The kynurenine
pathway in major depressive disorder, bipolar disorder, and schizophrenia: a meta-analysis of 101 studies.
Molecular Psychiatry. 2021;26(8):4158-78.

49, Bryleva EY, Keaton SA, Grit J, Madaj Z, Sauro-Nagendra A, Smart L, et al. The acute-phase
mediator serum amyloid A is associated with symptoms of depression and fatigue. Acta Psychiatr Scand.
2017;135(5):409-18.

50. Hogg N, Henderson R, Leitinger B, McDowall A, Porter J, Stanley P. Mechanisms contributing to
the activity of integrins on leukocytes. Immunol Rev. 2002;186:164-71.

51. Camacho SA, Heath WR, Carbone FR, Sarvetnick N, LeBon A, Karlsson L, et al. A key role for
ICAM-1 in generating effector cells mediating inflammatory responses. Nat Immunol. 2001;2(6):523-9.

52. Miiller N. The Role of Intercellular Adhesion Molecule-1 in the Pathogenesis of Psychiatric
Disorders. Front Pharmacol. 2019;10:1251-.

53. Dimopoulos N, Piperi C, Salonicioti A, Mitsonis C, Liappas I, Lea RW, et al. Elevation of plasma
concentration of adhesion molecules in late-life depression. Int J Geriatr Psychiatry. 2006;21(10):965-71.

54. Thomas AJ, Morris C, Davis S, Jackson E, Harrison R, O'Brien JT. Soluble cell adhesion molecules
in late-life depression. Int Psychogeriatr. 2007;19(5):914-20.

55. van Dooren FE, Schram MT, Schalkwijk CG, Stehouwer CD, Henry RM, Dagnelie PC, et al.
Associations of low grade inflammation and endothelial dysfunction with depression - The Maastricht Study.
Brain Behav Immun. 2016;56:390-6.

56. Rajagopalan S, Brook R, Rubenfire M, Pitt E, Young E, Pitt B. Abnormal brachial artery flow-
mediated vasodilation in young adults with major depression. The American Journal of Cardiology.
2001;88(2):196-8.

57. Muller WA. Mechanisms of leukocyte transendothelial migration. Annu Rev Pathol. 2011;6:323-
44.

58. Cybulsky MI, Gimbrone MA, Jr. Endothelial expression of a mononuclear leukocyte adhesion
molecule during atherogenesis. Science. 1991;251(4995):788-91.

59. Royall DR, Al-Rubaye S, Bishnoi R, Palmer RF. Serum proteins mediate depression's association
with dementia. PLoS One. 2017;12(6):¢0175790.

60. Tchalla AE, Wellenius GA, Sorond FA, Travison TG, Dantoine T, Lipsitz LA. Elevated circulating

vascular cell Adhesion Molecule-1 (sVCAM-1) is associated with concurrent depressive symptoms and
cerebral white matter Hyperintensities in older adults. BMC Geriatr. 2015;15:62.

61. Mantovani A, Dejana E. Endothelium. In: Delves PJ, editor. Encyclopedia of Immunology (Second
Edition). Oxford: Elsevier; 1998. p. 802-6.
62. Miyasaka M. Selectins (CD62-E/L/P). In: Delves PJ, editor. Encyclopedia of Immunology (Second

Edition). Oxford: Elsevier; 1998. p. 2158-61.

263



63. Lai KSP, Liu CS, Rau A, Lanctot KL, Kohler CA, Pakosh M, et al. Peripheral inflammatory markers
in Alzheimer’s disease: a systematic review and meta-analysis of 175 studies. Journal of Neurology,
Neurosurgery &amp; Psychiatry. 2017;88(10):876-82.

64. Swardfager W, Lanctot K, Rothenburg L, Wong A, Cappell J, Herrmann N. A meta-analysis of
cytokines in Alzheimer's disease. Biol Psychiatry. 2010;68(10):930-41.

65. Fillit H, Ding WH, Buee L, Kalman J, Altstiel L, Lawlor B, et al. Elevated circulating tumor necrosis
factor levels in Alzheimer's disease. Neurosci Lett. 1991;129(2):318-20.

66. Darweesh SKL, Wolters FJ, lkram MA, de Wolf F, Bos D, Hofman A. Inflammatory markers and
the risk of dementia and Alzheimer's disease: A meta-analysis. Alzheimer's & Dementia. 2018;14(11):1450-9.
67. Engelhart MJ, Geerlings M1, Meijer J, Kiliaan A, Ruitenberg A, van Swieten JC, et al. Inflammatory
proteins in plasma and the risk of dementia: the rotterdam study. Arch Neurol. 2004;61(5):668-72.

68. Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, et al. Systemic inflammation
and disease progression in Alzheimer disease. Neurology. 2009;73(10):768-74.

69. Quintanilla RA, Orellana DI, Gonzalez-Billault C, Maccioni RB. Interleukin-6 induces Alzheimer-
type phosphorylation of tau protein by deregulating the cdk5/p35 pathway. Exp Cell Res. 2004;295(1):245-57.
70. Huell M, Strauss S, Volk B, Berger M, Bauer J. Interleukin-6 is present in early stages of plaque
formation and is restricted to the brains of Alzheimer's disease patients. Acta Neuropathol. 1995;89(6):544-51.
71. Tchalla AE, Wellenius GA, Sorond FA, Gagnon M, lloputaife I, Travison TG, et al. Elevated
Soluble Vascular Cell Adhesion Molecule-1 Is Associated With Cerebrovascular Resistance and Cognitive
Function. The Journals of Gerontology: Series A. 2016;72(4):560-6.

72. Zuliani G, Cavalieri M, Galvani M, Passaro A, Munari MR, Bosi C, et al. Markers of endothelial
dysfunction in older subjects with late onset Alzheimer's disease or vascular dementia. J Neurol Sci.
2008;272(1-2):164-70.

73. Huang CW, Tsai MH, Chen NC, Chen WH, Lu YT, Lui CC, et al. Clinical significance of
circulating vascular cell adhesion molecule-1 to white matter disintegrity in Alzheimer's dementia. Thromb
Haemost. 2015;114(6):1230-40.

74. Verbeek MM, Otte-Holler I, Westphal JR, Wesseling P, Ruiter DJ, De Waal R. Accumulation of
intercellular adhesion molecule-1 in senile plaques in brain tissue of patients with Alzheimer's disease. The
American journal of pathology. 1994;144(1):104.

264



Supplementary Material

Table S1. Inter- and Intra-assay coefficient of variation

Inter-assay (%CV) Intra-assay (%CYV)
IFNy 7.26 6.49
TNFa 6.21 4.39
IL1p N/A 16.22
IL2 N/A 15.02
1L6 9.95 5.64
IL8 5.79 3.31
IL10 7.91 10.31
CRP 6.36 443
SAA 18.43 5.35
sICAM-1 7.15 5.54
sVCAM-1 6.15 4.64
sE-selectin 4.57 2.31

Inter-assay <15% and intra-assay <10% are considered acceptable in the overall reliability of the immunoassay
results. Abbreviations: CV, coefficient of variation; N/A, not available; IFN, interferon; TNF, tumor necrosis
factor; IL, interleukin; CRP, C-reactive protein; SAA, serum amyloid A; sICAM-1, soluble intercellular
adhesion molecule-1; sSVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin.
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Table S2. GDS15

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
IFNy 0.049 1.179 (1.001, 1.389) 0.055 1.174 (0.997, 1.384) 0.375 1.093 (0.898, 1.330)
TNFa 0.000005 2.437 (1.661, 3.576) 0.000005 2.443 (1.665, 3.584) 0.027 1.791 (1.070, 2.997)
IL1B 0.327 1.117 (0.895, 1.393) 0.326 1.117 (0.896, 1.394) 0.292 1.149 (0.888, 1.487)
1IL6 0.001 1.393 (1.143, 1.696) 0.001 1.391 (1.143, 1.694) 0.054 1.272 (0.995, 1.625)
1L8 0.036 1.394 (1.022, 1.902) 0.030 1.410 (1.033, 1.926) 0.149 1.333(0.902, 1.968)
I1L10 0.050 1.246 (1.000, 1.554) IE IE 0.354 1.136 (0.867, 1.489)
1L2 0.142 1.171 (0.949, 1.445) 0.151 1.166 (0.945, 1.439) 0.245 1.171 (0.898, 1.527)
CRP 0.000203 1.224 (1.100, 1.361) 0.000287 1.218 (1.095, 1.355) 0.070 1.139 (0.989, 1.312)
SAA 0.008 1.182 (1.044, 1.337) 0.008 1.182 (1.045, 1.339) 0.108 1.136 (0.972, 1.327)
sICAM-1 0.005 2.078 (1.244, 3.471) 0.005 2.100 (1.257, 3.509) 0.087 1.759 (0.922, 3.355)
sVCAM-1 0.040 1.790 (1.027, 3.118) 0.034 1.820 (1.045, 3.169) 0.400 1.331(0.683, 2.595)
sE-selectin 0.001 1.554 (1.190, 2.029) IE 1E 0.604 1.095 (0.777, 1.544)

Sensitivity analysis (SA)

Model 2 with SA conditions

Model 2 with model 3 conditions

IFNy 0.271 1.159 (0.891, 1.508) 0.129 1.225(0.943,1.592) 0.136 1.161 (0.954, 1.412)
TNFa 0.080 1.738 (0.936, 3.226) 0.015 2.140 (1.161, 3.942) 0.000342 2.502 (1.514, 4.132)
IL1B 0.893 0.977 (0.700, 1.364) 0.854 0.969 (0.696, 1.351) 0.394 1.121 (0.862, 1.459)
IL6 0.153 1.251(0.920, 1.701) 0.027 1.408 (1.040, 1.906) 0.001 1.489 (1.175, 1.888)
IL8 0.465 1.190 (0.746, 1.900) 0.321 1.270 (0.792, 2.036) 0.069 1.446 (0.971, 2.152)
IL10 0.471 1.130 (0.810, 1.576) 0.244 1.222 (0.872,1.711) 0.157 1.220 (0.926, 1.607)
IL2 0.080 1.389 (0.962, 2.006) 0.084 1.386 (0.957,2.007) 0.176 1.204 (0.920, 1.576)
CRP 0.240 1.117 (0.929, 1.342) 0.045 1.201 (1.004, 1.436) 0.001 1.254 (1.097, 1.434)
SAA 0.021 1.270 (1.037, 1.556) 0.002 1.370 (1.118, 1.679) 0.021 1.203 (1.028, 1.407)
sICAM-1 0.199 1.777 (0.740, 4.267) 0.041 2.401 (1.038, 5.556) 0.002 2.671 (1.434,4.973)
sVCAM-1 0.734 1.161 (0.490, 2.750) 0.442 1.408 (0.589, 3.364) 0.090 1.785 (0.913, 3.489)
sE-selectin 0.713 0.918 (0.580, 1.451) 0.533 1.146 (0.746, 1.760) 0.024 1.452 (1.051,2.007)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative binominal regression was used to analyze the association. P-value less than
0.05 (in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age,
gender, and educational level; Model 2: adjusted for model I and diagnosis status (SCD, MCL, and dementia); Model 3: adjusted for model 2 and lifestyle (BMI, smoking
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status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension; Model 2
with SA condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations: SCD,
subjective cognitive decline; MCI, mild cognitive impairment; IE, interaction effect; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein;
SAA, serum amyloid A; sSICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; GDS15,
15-item geriatric depression scale.

Table S3. GDS15 subgroup

SCD MCI Dementia

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 2
IL10 0.774 0.949 (0.664, 1.356) 0.166 1.262 (0.908, 1.754) 0.004 2.093 (1.259, 3.480)
sE-selectin 0.004 1.872 (1.224, 2.864) 0.008 1.726 (1.153, 2.584) 0.339 0.729 (0.381, 1.394)
Model 2 with sensitivity analysis (SA) conditions
IL10 0.605 0.851 (0.461, 1.570) 0.461 1.200 (0.739, 1.949) 0.060 1.805 (0.975, 3.341)
sE-selectin 0.960 1.020 (0.462, 2.254) 0.580 1.200 (0.630, 2.286) 0.483 0.744 (0.326, 1.699)
Model 2 with model 3 conditions
IL10 0.737 0.927 (0.595, 1.444) 0.297 1.248 (0.823, 1.892) 0.035 1.987 (1.050, 3.761)
sE-selectin 0.055 1.648 (0.990, 2.743) 0.065 1.586 (0.971, 2.590) 0.666 0.840 (0.380, 1.857)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative binominal regression was used to analyze the association. P-value less than
0.05 (in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age,
gender, and educational level; Model 2: adjusted for model I and diagnosis status (SCD, MCL, and dementia); Model! 3: adjusted for model 2 and lifestyle (BMI, smoking
status, and alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension; Model 2
with SA condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations: SCD,
subjective cognitive decline; MCI, mild cognitive impairment; IE, interaction effect; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein;
SAA, serum amyloid A; sSICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; GDS15,
15-item geriatric depression scale.
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Table S4. GDS15 cut-off (4/5) scale

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
IFNy 0.073 1.578 (0.959, 2.598) 0.079 1.565 (0.949, 2.579) 0.267 1.401 (0.773, 2.540)
TNFa 0.001 7.521 (2.340, 24.172) 0.001 7.584 (2.360, 24.377) 0.083 3.740 (0.842, 16.609)
IL1B 0.174 1.586 (0.816, 3.085) 0.172 1.590 (0.817, 3.094) 0.167 1.748 (0.792, 3.857)
IL6 0.015 2.094 (1.156, 3.793) 0.015 2.088 (1.152,3.783) 0.246 1.563 (0.735, 3.324)
L8 0.221 1.759 (0.712, 4.346) 0.205 1.796 (0.726, 4.441) 0.598 1.361 (0.433, 4.280)
IL10 0.037 1.982 (1.041, 3.772) IE IE 0.247 1.592 (0.725, 3.495)
L2 0.300 1.391 (0.746, 2.593) 0.312 1.381 (0.739, 2.581) 0.608 1.234 (0.553,2.754)
CRP 0.010 1.537(1.107,2.134) 0.011 1.532(1.102,2.131) 0.213 1.323 (0.852, 2.054)
SAA 0.009 1.628 (1.129, 2.348) 0.008 1.640 (1.136, 2.369) 0.068 1.548 (0.968, 2.475)
sICAM-1 0.057 4.562 (0.954, 21.825) 0.055 4.638 (0.966, 22.270) 0.155 4.236 (0.580, 30.938)
sVCAM-1 0.108 3.918 (0.740, 20.744) 0.104 3.990 (0.751, 21.185) 0.416 2.288(0.311, 16.848)
sE-selectin 0.013 2.822 (1.239, 6.426) 0.013 2.865 (1.254, 6.544) 0.406 1.562 (0.546, 4.474)
Sensitivity analysis (SA) Model 2 with SA conditions Model 2 with model 3 conditions

IFNy 0.204 1.754 (0.738, 4.172) 0.157 1.822(0.793, 4.184) 0.127 1.575 (0.879, 2.820)
TNFa 0.111 4.593 (0.703, 29.990) 0.055 5.834 (0.961, 35.412) 0.011 6.486 (1.536,27.394)
IL1B 0.384 1.688 (0.519, 5.491) 0.560 1.374 (0.472, 4.006) 0.182 1.691 (0.781, 3.663)
IL6 0.500 1.407 (0.521, 3.799) 0.317 1.605 (0.636, 4.055) 0.028 2.184 (1.087,4.391)
IL8 0.603 1.477 (0.340, 6.414) 0.662 1.377 (0.328, 5.784) 0.366 1.680 (0.545, 5.174)
IL10 0.266 1.807 (0.637, 5.122) IE IE IE IE

L2 0.070 3.105 (0.910, 10.600) 0.082 2.777(0.877, 8.793) 0.506 1.304 (0.597, 2.851)
CRP 0.813 1.077 (0.585, 1.983) 0.540 1.198 (0.672,2.136) 0.019 1.631 (1.085, 2.453)
SAA 0.103 1.710 (0.897, 3.257) 0.039 1.939 (1.034, 3.633) 0.022 1.704 (1.081, 2.684)
sICAM-1 0.233 5.930(0.318, 110.645) 0.122 8.396 (0.567, 124.277) 0.028 8.376 (1.261, 55.651)
sVCAM-1 0.608 2.045(0.133,31.423) 0.427 2.898 (0.210, 39.982) 0.177 3.798 (0.547,26.373)
sE-selectin 0.795 1.227(0.264, 5.711) 0.330 2.002 (0.496, 8.084) 0.043 2.734 (1.032, 7.242)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-value less than 0.05

(in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age, gender,
and educational level; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Mode! 3: adjusted for model 2 and lifestyle (BMI, smoking status, and
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alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension; Model 2 with SA
condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations: SCD, subjective
cognitive decline; MCI, mild cognitive impairment; IE, interaction effect; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein; SAA, serum
amyloid A; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; GDS15, 15-item
geriatric depression scale.

Table S5. GDS15 cut-off (4/5) scale subgroup

SCD MCI Dementia

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 2
IL10 0.904 0.938 (0.329, 2.671) | 0.105 2.258 (0.844, 6.042) | 0.006 10.903 (1.986, 59.857)
Model 2 with sensitivity analysis (SA) conditions
IL10 0.413 0.442 (0.063,3.117) | 0.251 2.430 (0.534, 11.054) | 0.031 18.841 (1.315, 269.984)
Model 2 with model 3 conditions
1IL10 0.555 0.675 (0.184, 2.481) | 0.140 2.447 (0.745, 8.036) | 0.021 11.669 (1.445, 94.231)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-value less than 0.05
(in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age, gender,
and educational level; Model 2: adjusted for model 1 and diagnosis status (SCD, MCI, and dementia); Mode! 3: adjusted for model 2 and lifestyle (BMI, smoking status, and
alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension; Model 2 with SA
condition: only included patients with all factors; Model 2 with model 3 conditions: only included patients with all factors up to lifestyle. Abbreviations: SCD, subjective
cognitive decline; MCI, mild cognitive impairment; IE, interaction effect; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein; SAA, serum
amyloid A; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; GDS15, 15-item
geriatric depression scale.
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Table S6. NPID

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
IFNy 0.484 0.857 (0.556, 1.320) 0.579 0.885 (0.573, 1.364) 0.534 0.848 (0.504, 1.426)
TNFa 0.824 0.889 (0.317, 2.492) 0.869 0.917 (0.327 ,2.574) 0.934 1.056 (0.287, 3.883)
IL1B 0.068 0.582 (0.325, 1.042) 0.068 0.581 (0.324, 1.042) 0.078 0.539 (0.272, 1.070)
IL6 0.897 1.035 (0.614, 1.744) 0.877 1.042 (0.617, 1.760) 0.862 1.059 (0.556, 2.017)
IL8 0.435 1.374 (0.619, 3.048) 0.466 1.347 (0.605, 2.998) 0.577 1.330 (0.488, 3.626)
IL10 0.545 0.843 (0.484, 1.467) 0.536 0.839 (0.481, 1.462) 0.440 0.756 (0.372, 1.536)
L2 0.771 0.923 (0.538, 1.584) 0.828 0.942 (0.548,1.617) 0.487 0.779 (0.386, 1.575)
CRP 0.464 0.900 (0.679, 1.193) 0.587 0.925 (0.697, 1.227) 0.706 0.931 (0.642, 1.350)
SAA 0.763 0.951 (0.688, 1.316) 0.788 0.956 (0.690, 1.325) 0.874 0.967 (0.641, 1.459)
sICAM-1 0.639 1.382 (0.357, 5.343) 0.591 1.451 (0.372, 5.654) 0.100 4.255 (0.758, 23.880)
sVCAM-1 0.666 1.374 (0.324, 5.836) 0.705 1.324 (0.310, 5.650) 0.753 1.321 (0.233, 7.478)
sE-selectin 0.193 1.584 (0.792, 3.167) 0.171 1.625 (0.811, 3.257) 0.331 1.551 (0.640, 3.759)
Sensitivity analysis (SA)

IFNy 0.627 0.828 (0.387, 1.771)
TNFo 0.528 1.743 (0.311, 9.782) Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary
IL1B 0.194 0.526 (0.200, 1.385) logis'tic regressipn was ysed to analyze the association. P-value 1es§ than O.QS (in b.old.) was
L6 0.160 0.521 (0.210, 1.292) considered nommal s1gn'1ﬁcant and p—val}le less than 0.004 was cons1deredv statically significant
L8 0.800 1.185 (0.320, 4.388) aftgr Bonferroni correcnop. Moafel 1: adjusted for age, gender, qnd educational .level; Model 2:

’ ) e adjusted for model I and diagnosis status (SCD, MCI, and dementia); Model 3: adjusted for model
IL10 0.727 0.839(0.312,2.252) 2 and lifestyle (BMI, smoking status, and alcohol consumption); Sensitivity analysis (SA): adjusted
L2 0.325 0.578 (0.194, 1.722) for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension.
CRP 0.259 0.731 (0.425, 1.260) Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive impairment; IFN,
SAA 0911 1.034 (0.576, 1.855) interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein; SAA, serum
sICAM-1 0.131 6.841 (0.566, 82.740) amyloid A; sSICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell
SVCAM-1 0.147 5.955 (0.534, 66.360) adhesiqn molecule-1; sE-selectin; soluble E-selectin; NPID, neuropsychiatric inventory
sE-selectin 0.792 0.840 (0.231, 3.055) depression.
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Table S7. NPID-DS

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
IFNy 0.710 0.928 (0.624, 1.379) 0.732 0.933 (0.627, 1.388) 0.532 0.858 (0.530, 1.388)
TNFa 0.915 1.056 (0.390, 2.855) 0.898 1.067 (0.394, 2.891) 0.590 0.707 (0.200, 2.501)
IL1B 0.978 1.007 (0.594, 1.707) 0.994 1.002 (0.591, 1.699) 0.602 1.175 (0.641, 2.152)
IL6 0.578 1.143 (0.715, 1.827) 0.575 1.144 (0.715, 1.829) 0.798 1.076 (0.616, 1.880)
IL8 0.518 1.305 (0.582, 2.923) 0.522 1.304 (0.579, 2.938) 0.734 1.195 (0.427, 3.350)
IL10 0.969 0.989 (0.576, 1.700) 0.957 0.985 (0.573, 1.694) 0.851 0.937 (0.479, 1.836)
L2 0.627 0.887 (0.548, 1.437) 0.634 0.889 (0.549, 1.441) 0.807 0.917 (0.460, 1.831)
CRP 0.570 0.929 (0.722, 1.196) 0.611 0.936 (0.726, 1.207) 0.392 0.865 (0.621, 1.205)
SAA 0.921 0.985 (0.728, 1.332) 0.957 0.992 (0.732, 1.343) 0.724 0.935 (0.643, 1.358)
sICAM-1 0.800 1.170 (0.347, 3.952) 0.804 1.167 (0.344, 3.957) 0.967 0.969 (0.209, 4.482)
sVCAM-1 0.942 0.951 (0.246, 3.680) 0.962 0.967 (0.250, 3.750) 0.465 0.539 (0.102, 2.836)
sE-selectin 0.795 1.087 (0.580, 2.037) 0.790 1.089 (0.581, 2.042) 0.653 0.826 (0.359, 1.901)
Sensitivity analysis (SA)
IFNy 0.632 0.835(0.399, 1.748)
TNFo. 0.554 1.718 (0.286, 10.305) Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative
IL1B 0.392 1.465 (0.611, 3.510) binominal regression was used to analyze the association. P-value less than 0.05 (in bold) was
L6 0.686 0.839 (0.358, 1.965) considered nominal significant and p-value less than 0.004 was considered statically significant
L8 0.740 1.278 (0.301, 5.423) aftf:r Bonferroni correctloTl. Moa.'el 1: adjusted for age, gender, a.nd educational .level; Model 2:
adjusted for model I and diagnosis status (SCD, MCI, and dementia); Model 3: adjusted for model

IL10 0.974 1.017 (0377, 2.740) 2 and lifestyle (BMI, smoking status, and alcohol consumption); Sensitivity analysis (SA):
IL2 0.954 0.968 (0.318, 2.946) adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and
CRP 0.066 0.616 (0.368, 1.032) hypertension. Abbreviations: SCD, subjective cognitive decline; MCIL, mild cognitive
SAA 0.520 0.819 (0.447, 1.503) impairment; IE, interaction effect; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin;
sICAM-1 0.413 2.663 (0.255, 27.798) CRP, C-reactive protein; SAA, serum amyloid A; sICAM-1, soluble intercellular adhesion
sVCAM-1 0.232 4.611 (0.376, 56.511) molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-
sE-selectin 0.332 0.549 (0.163, 1.847) selectin; NPID-DS, neuropsychiatric inventory depression-domain score.
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Table S8. NPIA

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
IFNy 0.823 1.055 (0.659, 1.689) 0.696 1.099 (0.685, 1.762) 0.703 1.117 (0.632, 1.974)
TNFa 0.961 0.972 (0.311, 3.041) 0.946 1.041 (0.331, 3.276) 0.812 1.191 (0.283, 5.016)
IL1B 0.723 1.120 (0.599, 2.092) 0.662 1.150 (0.614, 2.155) 0.385 1.387 (0.663, 2.904)
IL6 0.055 0.556 (0.305, 1.012) 0.053 0.550 (0.300, 1.007) 0.186 0.602 (0.284, 1.277)
IL8 0.829 1.101 (0.458, 2.647) 0.820 1.109 (0.455, 2.705) 0.666 1.274 (0.423, 3.838)
IL10 0.292 0.709 (0.374, 1.344) 0.309 0.715 (0.375, 1.364) 0.074 0.462 (0.198, 1.077)
L2 0.239 0.695 (0.379, 1.275) 0.288 0.718 (0.390, 1.323) 0.163 0.568 (0.257, 1.257)
CRP 0.097 0.767 (0.561, 1.049) IE IE 0.310 0.804 (0.528, 1.225)
SAA 0.435 0.865 (0.600, 1.245) IE IE 0.731 1.083 (0.687, 1.706)
sICAM-1 0.082 0.255 (0.055, 1.190) 0.110 0.283 (0.060, 1.328) 0.721 0.709 (0.107, 4.692)
sVCAM-1 0.414 0.508 (0.100, 2.581) 0.391 0.488 (0.095, 2.513) 0.727 1.409 (0.205, 9.682)
sE-selectin 0.800 1.103 (0.517, 2.357) IE IE 0.997 0.998 (0.375, 2.658)

Sensitivity analysis (SA)

Model 2 with SA conditions

Model 2 with model 3 conditions

IFNy 0.838 0.919 (0.411, 2.056) 0.894 0.949 (0.436, 2.066) 0.663 1.132(0.648, 1.979)
TNFa 0.656 1.511 (0.245,9.302) 0.838 1.200 (0.209, 6.887) 0.840 1.152(0.292, 4.555)
IL1B 0.172 0.465 (0.154, 1.397) 0.237 0.529 (0.185, 1.519) 0.342 1.427 (0.686 ,2.969)
IL6 0.096 0.425 (0.155, 1.163) 0.162 0.509 (0.198, 1.312) 0.295 0.687 (0.341, 1.386)
IL8 0.876 1.120 (0.270, 4.651) 0.878 1.116 (0.275, 4.521) 0.633 1.305 (0.438, 3.894)
IL10 0.118 0.397 (0.125, 1.262) 0.137 0.422 (0.135,1.317) 0.093 0.489 (0.212, 1.128)
1L2 0.704 1.251 (0.395, 3.961) 0.774 1.178 (0.385, 3.604) 0.166 0.574 (0.262, 1.259)
CRP 0.323 0.745 (0.415, 1.336) IE IE IE IE

SAA 0.922 1.032 (0.549, 1.940) IE IE IE IE

SICAM-1 0.945 0.909 (0.061, 13.475) 0.925 1.129 (0.090, 14.135) 0.774 0.767 (0.125, 4.719)
sVCAM-1 0.669 1.759 (0.132, 23.452) 0.763 1.480 (0.116, 18.893) 0.697 1.456 (0.220,9.621)
sE-selectin 0.957 1.039 (0.257, 4.201) IE IE IE IE

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-value less than 0.05
(in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age, gender,
and educational level; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Mode! 3: adjusted for model 2 and lifestyle (BMI, smoking status, and
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alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension. Abbreviations: SCD,
subjective cognitive decline; MCI, mild cognitive impairment; IE, interaction effect; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein;
SAA, serum amyloid A; sSICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; NPIA,
neuropsychiatric inventory anxiety.

Table S9. NPIA subgroup
SCD MCI Dementia
p-value  IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 2
CRP 0.260 1.356 (0.798, 2.302) 0.007 0.489 (0.291, 0.823) 0.348 0.720 (0.362, 1.431)
SAA 0.241 1.453(0.778, 2.713) 0.012 0.436 (0.227, 0.835) 0.678 1.160 (0.575, 2.340)
sE-selectin 0.297 2.000 (0.544, 7.350) 0.233 2.093 (0.622, 7.039) 0.006 0.070 (0.011, 0.463)
Model 2 with sensitivity analysis (SA) conditions
CRP 0.164 2.157(0.731, 6.358) 0.254 0.620 (0.273, 1.410) 0.066 0.309 (0.088, 1.080)
SAA 0.038 3.410(1.070, 10.863) 0.100 0.397 (0.132, 1.193) 0.992 1.006 (0.322, 3.146)
sE-selectin 0.461 2.679 (0.195, 36.780) 0.586 1.728 (0.241, 12.383) 0.044 0.043 (0.002, 0.916)
Model 2 with model 3 conditions
CRP 0.010 2.539(1.248,5.169) 0.024 0.484 (0.258, 0.908) 0.496 0.726 (0.289, 1.826)
SAA 0.006 3.157 (1.386, 7.191) 0.088 0.512(0.238, 1.105) 0.489 1.391 (0.546, 3.545)
sE-selectin 0.143 3.290 (0.667, 16.226) 0.329 2.079 (0.479, 9.025) 0.009 0.040 (0.004, 0.446)

Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Binary logistic regression was used to analyze the association. P-value less than 0.05
(in bold) was considered nominal significant and p-value less than 0.004 was considered statically significant after Bonferroni correction. Model I: adjusted for age, gender,
and educational level; Model 2: adjusted for model I and diagnosis status (SCD, MCI, and dementia); Mode! 3: adjusted for model 2 and lifestyle (BMI, smoking status, and
alcohol consumption); Sensitivity analysis (SA): adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and hypertension. Abbreviations: SCD,
subjective cognitive decline; MCI, mild cognitive impairment; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive protein; SAA, serum amyloid
A; sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-selectin; NPIA, neuropsychiatric
inventory anxiety.
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Table S10. NPIA-DS

p-value IRR (95% CI) p-value IRR (95% CI) p-value IRR (95% CI)
Model 1 Model 2 Model 3
IFNy 0.568 0.847 (0.479, 1.497) 0.541 0.837 (0.473, 1.481) 0.928 0.967 (0.474, 1.975)
TNFa 0.915 0.931 (0.250, 3.470) 0.976 1.021 (0.274, 3.804) 0.864 1.199 (0.150, 9.584)
IL1B 0.786 1.103 (0.542, 2.248) 0.838 1.076 (0.533, 2.175) 0.487 1.373 (0.562, 3.356)
IL6 0.212 0.629 (0.304, 1.302) 0.171 0.601 (0.290, 1.245) 0.247 0.576 (0.226, 1.466)
IL8 0.590 1.396 (0.415, 4.698) 0.564 1.420 (0.431, 4.676) 0.554 1.611 (0.333, 7.800)
IL10 0.517 0.769 (0.347, 1.702) 0.561 0.791 (0.359, 1.742) 0.317 0.580 (0.199, 1.688)
L2 0.148 0.627 (0.333, 1.179) 0.194 0.659 (0.352, 1.236) 0.249 0.548 (0.197, 1.523)
CRP 0.502 0.877 (0.598, 1.286) 0.510 0.878 (0.596, 1.293) 0.645 0.881 (0.515, 1.508)
SAA 0.922 1.023 (0.647, 1.619) 0.878 1.037 (0.656, 1.638) 0.575 1.194 (0.642,2.221)
sICAM-1 0.490 0.526 (0.085, 3.254) 0.571 0.592 (0.096, 3.640) 0.777 1.428 (0.121, 16.897)
sVCAM-1 0.764 0.735 (0.098, 5.482) 0.899 0.878 (0.117, 6.572) 0.508 2.349 (0.187, 29.454)
sE-selectin 0.723 1.166 (0.499, 2.723) 0.506 1.334 (0.571, 3.112) 0.982 1.014 (0.315, 3.263)
Sensitivity analysis (SA)
IFNy 0.633 0.761 (0.249, 2.329)
TNFao 0.674 1.932 (0.090, 41.454) Data are presented as incidence rate ratio (IRR) and 95% confidence interval (95% CI). Negative
IL1B 0.749 0.803 (0.210, 3.070) binominal regression was used to analyze the association. P-value less than 0.05 (in bold) was
L6 0.593 0.670 (0.154, 2.908) considered nominal significant and p-value less than 0.004 was considered statically significant
L8 0.876 1.200 (0.121, 11.868) aft.er Bonferroni correctloTl. Moa.’el 1: adjusted for age, gender, a.nd educational vlevel; Model 2:
adjusted for model I and diagnosis status (SCD, MCIL, and dementia); Model 3: adjusted for model
IL10 N/A N/A . . . o .
2 and lifestyle (BMI, smoking status, and alcohol consumption); Sensitivity analysis (SA):
IL2 0.834 1.187 (0.239, 5.906) adjusted for model 3 and MMSE, cardiovascular disease, cerebrovascular disease, and
CRP 0.811 0.911 (0426, 1.950) hypertension. Abbreviations: SCD, subjective cognitive decline; MCI, mild cognitive
SAA 0.392 1.577(0.555, 4.479) impairment; N/A, not available; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin;
sICAM-1 0.823 1.493 (0.045, 49.550) CRP, C-reactive protein; SAA, serum amyloid A; sICAM-1, soluble intercellular adhesion
sVCAM-1 0.330 6.407 (0.153, 268.390) molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; sE-selectin; soluble E-
sE-selectin 0.881 1.140 (0.205, 6.329) selectin; NPIA-DS, neuropsychiatric inventory anxiety-domain score.
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CHAPTER 6

General Discussion
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The primary aim of this academic thesis was to investigate the role of the
kynurenine pathway (KP) and systemic inflammation in view of affective
symptomatology in subjects with or at risk of developing dementia. As
mentioned throughout the thesis, dementia is a syndrome mainly characterized
by severe cognitive impairment impacting daily live functioning. Individuals
with subjective cognitive decline (SCD) and mild cognitive impairment (MCI)
are at risk of developing dementia [1-3]. Affective symptomatology such as
depressive- and anxiety-like symptoms are commonly observed in these patients
and both the KP and systemic inflammation have been shown to be implicated
in both affect-related disorders and dementia [4-9].

The kynurenine pathway, aging, and dementia

Increasing numbers of clinical KP studies in both cognitive and psychiatric
disorders are being published. Currently, there are few systematic reviews and
meta-analyses comparing KP metabolites, also known as kynurenines, in
patients with depression [6, 7], but none in dementia. Chapter 2 is the first
systematic review and meta-analysis that investigated 1) the differences in
kynurenines between healthy controls and patients with cognitive impairment
and dementia, and 2) the evidence of the relationship between kynurenines and
cognition in normal aging, since age is the main risk factor for developing
dementia. Based on the overall (cerebrospinal fluid [CSF] and blood combined)
meta-analysis, AD dementia patients had lower levels of tryptophan (TRP),
kynurenic acid (KA), xanthurenic acid (XA), anthranilic acid (AA), and
quinolinic acid (QA) when compared to controls. The same results were
observed in blood (plasma and serum combined and separate), except for QA,
which showed a tendency towards lower levels in AD dementia. Additionally,
no differences were found for kynurenine (K'YN), 3-hydroxykynurenine (3-HK),
and the KYN/TRP ratio (KTR). Furthermore, the systematic review addressing
the relationship between kynurenines and cognition in normal aging suggested
that, in general, TRP was negatively associated with age, whereas KYN, KTR,
KA, and QA were positively associated with age. The association between KP
and cognitive performance was inconclusive and generally non-significant.

The neuroprotective properties of KA are well-documented. Thus, lower KA
levels in AD dementia were expected, but a large amount of studies reported no
difference while one study even reported increased KA level in serum.
Additionally, most studies included in the systematic review reported an increase
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of KA levels in AD dementia in CSF and in post-mortem brain tissue, although
this increase was not supported by all studies. The reason for the latter could be
the small sample sizes, age differences, or not controlling for important
covariates, thus requiring further research. A plausible explanation for an
increase in central KA levels could be the activation of counteractive
mechanisms to balance the neurotoxicity. For instance, KA is an agonist of the
aryl hydrocarbon receptor (AhR), which regulates the immune response by
preventing over-activation of pro-inflammatory cytokines in response to
inflammatory stimuli, amongst others [10]. Additionally, KA in the brain is
mainly synthesized in astrocytes [11], and some evidence suggests that dementia
is associated with astrocyte activation and astrogliosis. For example post-mortem
brain imaging of AD patients showed increased activity of monoamine oxidase
B (MAO-B), an enzyme primarily found in astrocytes and increased during
reactive astrocytosis [12]. Clearly, further research is necessary to understand
the exact role of KA in dementia.

Interestingly, several lines of evidence suggests that QA has neurotoxic
properties, which could be related to the pathophysiology of AD. As such, an
increase in QA levels was expected in patients with AD. Yet again, our meta-
analysis showed otherwise. Post-mortem brain studies found no differences in
QA levels between AD dementia and controls in several brain areas [13, 14] and
studies reported no significant association between QA and cognitive function.
In contrast to what is generally accepted, our systematic review and meta-
analysis dismisses a negative association of QA with AD dementia. While this
does not refute that the presumed neurotoxic effects of QA may contribute to the
pathophysiology of AD, it does indicate that is likely not a suitable diagnostic
biomarker for AD.

Lastly, in the systematic review, TRP was the most reported variable studied in
the context of dementia and most studies reported either lower levels of TRP in
AD dementia or no difference between AD dementia and controls. On top of its
known role as a biochemical precursor for the kynurenine and serotonin
pathways, studies have shown that TRP has antioxidant properties such as
scavenging free radicals, as well as reactive oxygen and chlorine species, and
has the highest antiradical activity compared to other amino acids [15-17]. As
such, lower peripheral levels of TRP, as demonstrated in our meta-analysis,
potentially indicates less antioxidant capacity in AD patients. As mammals
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cannot synthesize TRP, food intake and intestinal wall absorption of amino acids
is expected to impact its levels in AD. For instance, studies report that
approximately 24% to 81% of AD patients have eating disturbances [18-20].
Additionally, serum TRP was inversely correlated with fecal calprotectin, a
protein present in inflamed intestinal tissues, which suggests a disturbance in the
intestinal barrier function (leaky gut), leading to inflammation [21].

A key player in the pathogenesis of AD is neuroinflammation [22]. As an
example, studies reported a negative association between KTR, a marker for
inflammation, and cognitive scores in healthy volunteers, patients with AD
dementia [23, 24] and ischemic stroke [25]. However, our KP meta-analysis
showed no difference for KTR between groups. The reason behind these
contrasting results are not yet obvious and require further research, but
discrepancies may be due to not controlling for important covariates. Therefore,
we performed meta-regression analyses, which showed considerable
heterogeneity in the included studies, especially for levels of TRP, KYN, 3-HK,
KA, and KTR. We found that inter-study differences in KP metabolite levels
between groups could be explained by several factors, including the ‘analytical
technique’, ‘year of publication’, ‘type of biomaterial’, and ‘gender’. The main
strength of this study was that it systematically summarized all studies
investigating the difference in TRP and kynurenines levels and the association
between kynurenines with age and cognition. Additionally, the meta-analysis
provided an overall effect of individual KP associated metabolites in AD
dementia and control comparisons of various biological fluids. Furthermore, the
systematic review and meta-analysis highlighted the neuroprotective properties
of less widely studied downstream metabolites such as XA and AA. However,
the limitation of this review is the relatively small sample size included in the
meta-analysis, mainly because kynurenines reported in median and interquartile
range were excluded in the analysis. Nevertheless, the current review
demonstrated that some KP metabolites were dysregulated in patients with
dementia and cognitive impairment when compared with neurologically healthy
controls. In addition some metabolites showed an association with age and
cognitive function.

The kynurenine pathway and the role of DNA (hydroxy)methylation
The TRP catabolic pathway is a very complex pathway that feeds into various
precursor pathways involving kynurenine, serotonin, tryptamine, and protein
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synthesis. While most studies address protein and/or metabolite levels only,
investigating related transcriptional and epigenetic signatures is of great interest
as well. Therefore, Chapter 3 switched gears and demonstrated the use of both
transcriptomic- and DNA (hydroxy)methylomic- profiling, as well as that of
gene regulatory network (GRN) and associated network perturbation analyses,
and pyrosequencing validation on the TRP catabolic pathway - more specifically
the TRP metabolic pathway and the nicotinic adenine dinucleotide (NAD)
pathway - in patients with AD using post-mortem middle temporal gyrus (MTG)
and in blood samples of two independent longitudinal AD cohorts, i.e., the
Ageing, Cognition and Dementia in Primary Care Patients (AgeCoDe) cohort
and the Biobank Alzheimer Center Limburg (BBACL) cohort. The MTG
analysis revealed several TRP catabolic pathway-associated genes to be
differentially expressed in AD with numerous loci displaying differential DNA
(hydroxy)methylation, the levels of which correlated to the corresponding gene
expressions on several occasions. As the GRN and network perturbation analyses
hinted at the same genes playing a prominent role in AD IDO2, SLC7A45, and
PARPI14 were selected as candidate genes to be further assessed in the AgeCoDe
cohort. One CpG site, cgl1251498 (IDO2; displaying differential levels of
unmodified cytosine in the MTG), showed a difference in methylation levels
between converters to AD dementia and non-converters at baseline as well as a
tendency towards higher methylation in AD dementia after 4.5 years follow-up
in the AgeCoDe cohort. Although the same CpG site did not show differences
between groups in the BBACL study, it did show a significant negative
association with age. Amongst the genes altered at both the transcriptional and
epigenetic level, the gene encoding for the solute carrier family 7 member 5
(SLC7AS5) protein, also known as the large amino acid transporter 1 (LAT1).
LAT1 allows large neutral amino acids (LNAAs), but also KYN and 3-HK, to
pass through the blood-brain-barrier (BBB) [26]. Although further research is
necessary, DNA (hydroxy)methylation seems to play a role in its transcriptional
regulation and could influence the abnormal degree of TRP and/or the delivery
of other LNAAs to the CNS.

The nicotinamide adenine dinucleotide (NAD) pathway

Downstream of the KP is the NAD pathway, involving the de novo synthesis
pathway for the production of NAD, which is key metabolite involved in a large
array of cellular metabolic pathways and known to be decreased in various age-
related diseases [27]. Quinolinate Phosphoribosyltransferase (QPRT) is the
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initial enzyme to start the de novo synthesis pathway. Interestingly, QPRT levels
decrease during aging or e.g., after lipopolysaccharide (LPS) stimulation,
leading to diminished NAD. This in turn leads to a chain reaction, involving
decreased mitochondrial electron-transport chain complex 1 activity and
increased inflammation. Furthermore, aging is associated with increased
inflammation and DNA damage, thus decreased NAD and sirtuin (SIRT)
activity, as well as increased poly(ADP-Ribose) polymerase (PARP) activity.
SIRTs and PARP are both part of the salvage pathway, a pathway to recycle
NAD, consuming NAD to repair DNA damage caused by reactive oxygen
species (ROS) [28]. In view of this pathway, our MTG analysis has shown
altered gene expression for QPRT, PARP- (1, 4, 9, 10, 14), and SIRT- (1, 2, 5).
Some isoforms additionally displayed altered DNA (hydroxy)methylation levels,
suggesting transcriptional and epigenetic dysregulation of the NAD pathway is
present in AD.

Indoleamine 2,3-dioxygenase 2 (IDO2)

As previously mentioned, neuroinflammation is a key player in the pathogenesis
of AD. It is hypothesized that pro-inflammatory cytokine-induced activation of
IDO stimulates the KP. Based on our data, on top of being significant both at the
level of DNA (hydroxy)methylation and gene expression, /DO2 was identified
as a potentially critical player in the pathophysiology of AD through GRN and
network perturbation analysis. While IDO1 has been shown to inhibit T cell
activation and induce T regulatory cell development, IDO2 is a pro-
inflammatory mediator of B and T cell activation [29, 30]. In the context of AD,
the group of Guillemin et al. has reported that upon inflammatory cytokine and
AP stimulation, expression of IDO was increased, and they confirmed increased
IDO activity in the hippocampus of AD patients [31-34]. Notably, an association
between age and cgl1251498 (IDO2) methylation was observed in the BBACL
cohort, an effect that was not seen in the MTG and AgeCoDe datasets. This
apparent discrepancy may be due to the different age ranges in the various cohort
studies (BBACL: 43 years-90 years; MTG: 70-95; AgeCoDe: 75-89). Moreover,
unlike the MTG and AgeCoDe datasets, groups within the BBACL cohort were
not age-matched, with patients suffering from SCD being about 10 years younger
than MCI and dementia patients. Clearly, these findings warrant further
investigation.

281



Despite these limitations, this work has demonstrated that numerous
transcriptional and epigenetic differences were present in TRP catabolic
pathway-associated genes when comparing patients with AD and controls, as
well as the advantages of using an in silico approach and cohort validations for
the development of novel biomarkers and treatment strategies for AD.

The KP, inflammation, and their role in affective symptoms in dementia
As mentioned throughout this thesis, cognitive and affective symptoms often go
hand in hand and studies have shown that the KP and systemic inflammation are
involved in, for example, both depression and AD. Despite the interplay between
these disorders, the KP and systemic inflammation studies have only investigated
their relationship independently. Therefore, Chapter 4 investigated the
association between the KP and affective symptomatology in patients with or at
risk of developing dementia using the BBACL cohort, while Chapter 5, in a
similar manner, investigated the role of systemic inflammation. In both chapters,
care partners in patients with dementia more commonly reported depressive-like
symptoms than care partners in patients with SCD, while care partners in
dementia patients reported more anxiety-like symptoms than care partners in
SCD, and in MCI patients. In Chapter 4, higher plasma levels of XA, picolinic
acid (PIC), as well as higher KQ/QA, KA/KYN, and XA/QA ratios were
associated with a lower incidence rate ratio (IRR) of depressive symptoms on
the self-rated 15-item geriatric depression scale (GDS15). Except for KA and
PIC, the associations were robust.

Moreover, this is a unique study because it investigated kynurenines in both
cognitive and affective symptoms and demonstrated that some kynurenines are
involved in both symptoms while some are unique to one symptom. The
association between depressive symptoms and KP metabolites has been
extensively examined by others, with similar findings as described in Chapter 4.
Additionally, our comparisons on metabolite levels and associated ratios
between the groups showed similar trends as previously reported studies and
were in line with the results from our systematic review and meta-analysis
described in Chapter 2. Interestingly, in Chapter 2, XA levels were lower in AD
dementia compared to control and were positively associated with cognitive
function, while being negatively associated with depressive symptoms in
Chapter 4. Moreover, this study also addressed the importance of investigating
the KP ratios, particularly the KA/QA ratio, as indicators of the balance between
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neuroprotective and neurotoxic metabolites. As such, in line findings of others,
we observed a lower KA/QA ratio in dementia [35, 36]. In addition, the
KA/KYN ratio showed associations with both cognitive and depressive
symptoms. Furthermore, for the first time, the XA/QA ratio was investigated,
with a similar purpose as the KA/QA ratio. In our analysis, KA/QA, KA/KYN,
and XA/QA ratios were shown to represent extremely robust measures,
suggesting that they may serve as potential diagnostic biomarkers for affective
symptomatology regardless of cognitive impairment and other factors. Although
more research is needed to validate these findings, these ratio markers can be
used to develop prediction models of depressive-like symptom in patients with
or without cognitive impairment.

The BBB is the barrier that prevents toxic substances in the blood to cross into
the extracellular fluid of the central nervous system (CNS) and filters toxic
compounds from the brain back to the bloodstream [37]. It has shown that
patients with AD exhibit BBB leakage due to severe damage in its structure [38].
A recent study on the human hippocampus indicated age-dependent deterioration
of the BBB during normal aging and an accelerated degradation in patients with
MCI compared to controls, thus suggesting that the damaged BBB structure may
contribute to cognitive impairment as early as the prodromal stage of dementia
[39]. Furthermore, a recent review by Wu et al. (2021) reported that, although
the exact mechanism is still unclear, disruption of the tight junctions in the BBB
may also play a role in the pathophysiology of depression and increase the
susceptibility to depression [40]. As described in Chapter 1, peripheral TRP,
KYN, and 3-HK can enter into the BBB by LAT1. One study measuring both
plasma and CSF kynurenines in patients with AD and control and showed a
significant positive correlation between plasma and CSF levels of KYN, 3-HK,
AA, and PIC [41]. Another study performed serum and CSF correlation analysis
in patients with AD, Parkinson’s disease, and control, which showed positive
correlation for KYN, 3-HK, KA, XA, and QA [42]. In addition, positive
correlations between plasma and CSF were reported for KYN [43, 44], AA [44],
and QA [44] in patients with major depressive disorder (MDD). Although further
research is needed, these data suggests that BBB degradation may be a
contributing factor for the positive correlation in levels that leads to cognitive
and affective symptoms.
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The hypothesized causal role for inflammation in depression was introduced in
the early 90s by Ronald Smith as ‘The macrophage theory of depression’ [45].
He hypothesized that the observed increase in pro-inflammatory cytokines in
patients with depression was due to the migration of monocytes to the site of
inflammation, their subsequent differentiation into macrophages with excessive
secretion of pro-inflammatory cytokines. In the meantime, numerous lines of
evidence have supported this theory and have shown that patients with
depression have more pro-inflammatory cytokines released from microglia,
suggesting a disturbance in the M1/M2 ratio by having more M1-polarizations
[46, 47]. Furthermore, our study revealed evidence of endothelial activation (see
Chapter 5) which may be related to BBB disruption and thus, leading to BBB
hyperpermeability [48, 49]. Because of this, peripheral inflammation may induce
or aggravate neuroinflammation [50, 51], and may also facilitate exchange of KP
metabolites from CNS to periphery or vice versa. In addition, BBB
hyperpermeability could lead to infiltration of peripheral leukocytes [52, 53] and
contribute to neuroinflammation in depression. In view of TRP metabolism, the
increase in pro-inflammatory cytokines may cause a snowballing effect, by
stimulating IDO and inducing the KP, thereby creating a neurotoxic challenge,
and by impairing endothelial function. Indeed, accelerated BBB deterioration
was shown in prodromal stages of dementia, and, in addition, chronic social
stress alters BBB integrity resulting in depressive-like behaviors by inducing
neurovascular pathology [49, 54]. Additionally, stress can induce the activation
of tryptophan 2,3-dioxygenase (TDO2) in the liver that also activates the KP
[55]. This may increase the production of downstream KP metabolites, which
can affect the immune system, as described in Chapter 1, and start another
snowball effect. On top of this, BBB leakage allows macrophage to infiltrate into
the CNS, secreting pro-inflammatory cytokines, causing neuroinflammation.
Also, macrophages are responsible for the production of neurotoxic metabolites
such as 3-HK and QA. As a result, initiate a vicious circle to accelerate the
pathophysiology of cognitive and affective disorders. Although more research is
needed to determine the exact nature of the inflammation-KP relationship in
cognitive and affective disorders, this study implemented various models to
adjust for covariates and demonstrated that several kynurenines and
inflammatory markers were associated with affective symptomatology, with
certain KP biomarkers were robust and independent from various factors.
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As described above, systemic inflammation is a key player in both cognitive and
affective symptoms. As such, Chapter 5 demonstrated that higher plasma levels
of TNFa, IL6, IL8, C-reactive protein (CRP), serum amyloid A (SAA), soluble
vascular cell adhesion molecule-1 (sVCAM-1), and soluble intercellular
molecule-1 (SICAM-1) were associated with increased IRR in the GDSI15.
However, these associations were lost once adjusted for lifestyle, except for
TNFa, indicating that lifestyle is an important factor. Although more research is
needed, the findings in this study validate that systemic inflammation is
associated with depressive-like symptoms regardless of cognitive impairment.

Overall, this thesis has systematically gathered all available KP studies
investigating in patients with cognitive disorders, and associations between
kynurenines with age and cognitive function. As such, it has demonstrated via
meta-analysis that certain metabolites were dysregulated in AD dementia
patients compared to neurologically healthy controls, identified metabolites
which were associated with age and cognition, highlighted the importance of
correcting for various factors in the KP studies (see Chapter 2). Additionally, the
work in this thesis, for the first time, identified several transcriptional and
epigenetic differences between AD and controls in the entire TRP catabolic
pathway and validated the findings in other datasets. Again, the findings in this
study pointed towards (neuro)inflammation and highlighted that transcriptional
and epigenetic dysregulation may play a role in KP metabolite levels, and the
approaches taken in this study can serve as an important tool to identify potential
biomarkers and treatment for AD (see Chapter 3). Lastly, numerous studies have
validated the dysregulation of kynurenines and systemic inflammation in
patients with cognitive and affective disorders. It is well known that affective
symptoms are commonly observed in patients with cognitive disorder. Despite
these links, studies have yet to investigate this matter until now. The work in this
thesis have shown that several kynurenines and systemic inflammation markers
were associated with depressive-like symptoms in patients with or at risk of
developing dementia. Moreover, the work collected in this thesis highlighted the
importance of adjusting for covariates in the KP studies, thus the association
analyses implemented various models to adjust for covariates such as
demographics, cognitive status, lifestyle, and comorbidities and demonstrated
that some markers were robust and independent from factors while others were
not. Additionally, the findings from this thesis showed that some of these
markers are involved in both depressive- and anxiety-like symptoms, while
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others are specific for one symptom. Taken together, although further researches
are needed, this may suggest that kynurenines and systemic inflammation
markers have the potential to be used as a (trans)diagnostic biomarker for both
cognitive and affective symptoms (see Chapters 4 and 5). Finally, it is important
to emphasize that inflammation is a key activator of the KP and that kynurenines
affect the immune system (see Chapter 1). Therefore, the associations reported
in this thesis may be independent, but may also be mediated by one another.

Limitations

The main limitation encountered in this thesis is the significant age difference
present in the BBACL cohort since TRP and KP metabolites have shown age
associations, as described in Chapter 2, and aging is the main risk factor for
dementia [56]. On the one hand, this cannot be avoided since SCD patients are
the earliest prodromal stage of cognitive impairment, thus SCD patients are, in
general, much younger than patients with either MCI or dementia. The best
option is to include age-matched neurologically healthy controls, but since
BBACL does not include healthy controls, the best option was to adjust for age
in the analysis. Additionally, BBACL participants did not fast overnight before
CSF and/or blood collection. Although it is unclear how much this will affect the
metabolite concentrations, TRP is an essential amino acid, thus unfasted samples
may influence the outcome and it is impossible to adjust in the analysis. It is also
important to be aware of the fact that the association analyses were cross-
sectional studies.

Future perspectives

The study of the KP has recently shed new light on the pathophysiology of
cognitive and affective disorders, but our current knowledge on its mechanisms
and (neuro)properties are still in its infant stage. Nevertheless, preclinical and
clinical studies have identified several factors such as analytical techniques,
fasting, demographics, lifestyle, and comorbidities that may influence the
metabolite levels, and which should thus be taken into account during the when
investigating kynurenines, especially in the context of clinical studies. This will
allow for a better between-study comparison. Additionally, more downstream
metabolites and its ratios should be explored in KP studies. Moreover, in general,
multi-omics and in silico approaches should be considered in pathophysiological
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studies, as they can identify central players in disease mechanism (as reported in
Chapter 3), transcriptomic and DNA (hydroxy)methylomic dysregulations may
contribute to protein/metabolite levels. Lastly, in order to assess the validity of
the potential (trans)diagnostic application, more longitudinal studies are
necessary. BBACL is an on-going longitudinal cohort that follows patients to the
point that dementia develops. All patients not diagnosed with dementia at
baseline were invited for follow-up assessments after 1, 2, 3, 5, and 10 years.
The cohort also has KP levels in CSF, magnetic resonance imaging (MRI), and
follow-up cognitive and affective tests.

To conclude, the studies in this thesis offer novel insights into the association
between kynurenines and markers of systemic inflammation in view of affective
symptoms in patients with or at risk of developing dementia. Based on these
findings, KP metabolites and its ratios, in combination with current biomarkers
of dementia, will provide better personalized (trans)diagnostic tools and could
lead to the development of novel therapeutic drugs to help relieve cognitive and
affective symptoms.
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CHAPTER 7

Summary
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CHAPTER 1 introduced the reader to the different types of dementia and the
prodromal stages, i.e., subjective cognitive decline (SCD) and mild cognitive
impairment (MCI). Moreover, it introduced the notion of affective
symptomatology, such as depressive- and anxiety-like symptoms, commonly
observed in patients with or at risk of developing dementia. Additionally, the
chapter described the role of the kynurenine pathway (KP) associated
metabolites, also known as kynurenines, and systemic inflammation in dementia
and affective disorders. Furthermore, the interplay between kynurenines,
inflammation, and cognitive and affective symptoms was discussed. Finally, an
overview of the general structure of the thesis was presented.

CHAPTER 2 presented the first systematic review and meta-analysis
investigating 1) the differences in tryptophan (TRP) and kynurenines levels in
patients with evident cognitive impairment and healthy controls, as well as 2) the
evidence of the relationship between levels of TRP and kynurenines in normal
aging and cognition. After a careful and extensive screening process, 103 studies
were deemed qualified for our systematic review, of which 68 studies compared
metabolite levels between patients with cognitive impairment and neurologically
healthy controls, 41 studies in metabolite associations with normal aging, 19
studies in metabolite associations with cognitive functions, and 26 studies met
the meta-analysis criteria. In the systematic review, we have identified and
summarized various cohort studies investigating TRP and kynurenines in
cerebrospinal fluid (CSF), plasma, serum, post-mortem brain tissue, saliva, fecal,
and urine samples. In all the biomaterial samples, TRP was the most measured
amino acid followed by kynurenine (KYN) and kynurenic acid (KA). In the post-
mortem brain tissue, TRP level was either higher or no difference and quinolinic
acid (QA) showed no difference in Alzheimer’s disease (AD) dementia patients
compared to controls, while in saliva TRP was inconclusive. Lastly, urine
samples showed either lower or no difference in TRP, lower KA and xanthurenic
acid (XA), and either higher or no difference in KYN/TRP ratio (KTR) between
AD and control, while no differences were reported for KYN and KA in the fecal
samples between AD and control. Additionally, with regards to the relation
between metabolite levels and age, age was associated with lower blood levels
of TRP and a higher KTR and KYN level. Finally, higher KTR levels were
associated with lower scores on several cognitive tests. Furthermore, our main
meta-analysis, which compared AD dementia patients with controls, showed that
AD dementia patients had lower overall (CSF and blood combined) levels of
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TRP, anthranilic acid (AA), KA, XA, and QA. Additionally, no differences were
observed for KYN, 3-hydroxykynurenine (3-HK), and the KTR. Our KA finding
was in line with its hypothesized neuroprotective properties. Interestingly, while
QA has been postulated to exert neurotoxic effects and thereby contributing to
the pathogenesis of AD, our meta-analysis provided evidence of lower overall
levels in AD dementia. Finally, meta-regression was performed to explain the
inter-study differences in the meta-analysis. The results indicated that ‘analytical
technique’ was the most frequently showed covariate and it explained the
heterogeneity in KA and KTR. Additionally, the ‘type of biomaterial’ (CSF,
blood, plasma, or serum), ‘year of publication’, and ‘gender’ were other
covariates that caused the heterogeneity. Therefore, this study was shown to both
validate the role of certain KP metabolites, while contradicting other current
views on KP metabolite concentrations in AD dementia. Moreover, it has shown
that KP metabolites were associated with aging and cognitive function and
identified covariates that may influence the outcome.

In CHAPTER 3, for the first time, we demonstrated the use of both
transcriptomic- and DNA (hydroxy)methylomic- profiling, as well as that of
gene regulatory network (GRN) and associated network perturbation analyses,
and pyrosequencing validation on the TRP catabolic pathway - more specifically
the TRP metabolic pathway and the nicotinic adenine dinucleotide (NAD)
pathway in patients with AD using post-mortem middle temporal gyrus (MTG)
and in blood samples of two independent longitudinal AD cohorts, i.e., the
Ageing, Cognition and Dementia in Primary Care Patients (AgeCoDe) cohort
and the Biobank Alzheimer Center Limburg (BBACL) cohort. In the MTG
analysis, we identified several TRP- and NAD-pathway-associated genes to be
dysregulated at the transcriptomic- and/or DNA (hydroxy)methylomic- levels.
In combination with GRN and associated network perturbation analysis, we
identified three AD candidate genes, i.e., /IDO2, SLC7A45, and PARPI14, for
further validation. In the AgeCoDe cohort, CpG site cgl1 1251498 of IDO2 was
identified as a candidate methylation mark predicting future conversion to AD
in healthy aged individuals. While pyrosequencing on the same CpG site in the
BBACL cohort displayed no significant difference in methylation between SCD,
MCI, and dementia patients, a significant negative age association was observed.
As such, we have identified cgl1251498 (IDO2) as a potential candida