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ABSTRACT

BACKGROUND: The apolipoprotein E €4 gene variant (APOEe4) confers considerable risk for dementia and affects neuroinflammation,
brain metabolism, and synaptic function. The kynurenine pathway (KP) gives rise to neuroactive metabolites, which have inflammatory,
redox, and excitotoxic effects in the brain.

AIM: To assess whether the presence of at least one APOEe4 allele modifies the association between kynurenines and the cognitive
prognosis.

METHODS: A total of 152 patients with sera for metabolite measurements and APOE genotype were included from the Dementia Study of
Western Norway. The participants had mild Alzheimer disease and Lewy body dementia. Apolipoprotein E ¢4 gene variant allele status was
classified as one or more €4 versus any other. Mini-Mental State Examination (MMSE) was measured at baseline and for 5 consecutive years.
Mann-Whitney U tests and linear mixed-effects models were used for statistical analysis.

RESULTS: There were no significant differences in serum concentrations of tryptophan and kynurenine according to the presence or
absence of APOEe4. High serum concentrations of kynurenic acid, quinolinic acid, and picolinic acid, and a higher kynurenine-to-trypto-
phan ratio, were all associated with more cognitive decline in patients without APOE&4 compared to those with the APOEe4 allele (P-value
of the interactions <.05).

CONCLUSIONS: Kynurenic acid, quinolinic acid, picolinic acid, and the kynurenine-to-tryptophan ratio were associated with a significant
increase in cognitive decline when the APOEe4 variant was absent, whereas there was a relatively less decline when the APOEe4 variant
was present.
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Introduction

Determinants of disease progression in patients with dementia
are few. The apolipoprotein E &4 allele variant (APOEe4) of
the APOE gene confers considerable risk for dementia, includ-
ing Alzheimer disease (AD), vascular dementia (VaD), and
Lewy body dementia (LBD).!3 Being a carrier of the APOEe4
allele is linked to increased amyloid-B (AP) aggregation,
reduced AB-clearance, mitochondrial dysfunction, neurofibril-
lary tangle formation, neuroinflammation, synaptic pathology,
and excitotoxicity.3 Yet, its impact on cognitive prognosis in
patients with dementia is moderate* or even beneficial.’

Apolipoprotein E is mostly expressed in the liver and the
brain, but there is also significant APOE expression in mono-
cytes.® This expression is regulated by retinoid X receptor
(RXR) and liver X receptor (LXR), which induce transcription
of the APOE gene, co-regulated by the peroxisome prolifera-
tor-activated receptor y (PPAR-y).” In monocytes, pro-
inflammatory cytokines suppress APOE expression®® and are
linked to activation of the kynurenine pathway (KP).°

The KP (Figure 1) gives rise to neuroactive metabolites,
which are related to inflammation, immunomodulation, oxi-
dative stress, and excitotoxicity.'® The enzymes tryptophan
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Figure 1. Summary of the kynurenine pathway. Most tryptophan (TRP) is
metabolized via the kynurenine pathway (KP). Tryptophan
2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase (IDO) covert
TRP to kynurenine (KYN). TRP activates TDO, and interferon gamma
(IFN-y) activates IDO. Next, the pyridoxal 5'-phosphate (PLP)-dependent
enzymes, kynurenine aminotransferases (KATs) and kynureninase
(KYNU), generate kynurenic acid (KA) and anthranilic acid (AA),
respectively, from KYN. Then, kynurenine 3-monooxygenase (KMO)
converts KYN to 3-hydroxykynurenine (HK), which then converts KYNU
to 3-hydroxyanthranilic acid (HAA). Also, KATs generate xanthurenic acid
(XA) from HK. Furthermore, 3-hydroxyanthranilate dioxygenase (3-HAO)
converts HAA to 2-amino-3-carboxymuconatesemialdehyde (ACMSA).
Furthermore, aminocarboxymuconic semialdehyde decarboxylase
(ACMSD) generates picolinic acid (PA) from ACMSA. There is also a
spontaneous conversion to quinolinic acid (QA) from ACMSA. Finally,
quinolinic acid phosphoribosyltransferase (QPRT) is involved in the
production of NAD+ (nicotinamide adenine dinucleotide+).

2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase
(IDO) convert the essential amino acid tryptophan (TRP) to
formylkynurenine, which is quickly converted to kynurenine
(KYN). Interferon-y (IFN-v) and other pro-inflammatory
cytokines induce IDO, which is mostly expressed in mono-
cytes. Kynurenine is converted to kynurenic acid (KA),
3-hydroxykynurenine (HK), or anthranilic acid (AA), where
HK is a precursor of picolinic acid (PIC) and, via intermedi-
ates, to quinolinic acid (QA)."! Kynurenine pathway metabo-
lites and IDO inhibit T cell function and activate regulatory T
cells, thereby participating in immune regulation.!?
Tryptophan, KYN, and HK are able to pass the blood-brain
barrier (BBB) and most kynurenines in the brain are derived from
circulating kynurenines.'®3 Kynurenic acid is a competitive
antagonist of glutamate receptors, including the N-methyl-p-
aspartate receptor (NMDAR), and of the a7 nicotinic acetylcho-
line receptor (a7nAChR). Quinolinic acid is an agonist of
NMDAR. Picolinic acid is able to block the neurotoxic actions
of QA, although the mechanisms is unclear.'* Reduced levels of
TRP, KA, and other metabolites downstream of KYN have been
reported in AD.” In contrast, KA increases regionally in the
brain parenchyma in AD.' Effect modification of the APOEe4-

associated risk for dementia has been shown for gender

and obesity,!”? which have been linked to alterations in KP
metabolites.?! Apolipoprotein E—deficient mice display signa-
tures of increased oxidative damage to the brain and significant
alterations in peripheral and brain metabolism.??-24 Furthermore,
APOEg4led to downregulation of NMDAR in a mouse model,®
and there is considerable cross-talk between APOE, kynurenines,
and the immune system.'? As such, kynurenines and APOE
are linked to IFN-y, NMDAR, and oxidative stress.

We aimed to explore whether the association between circu-
lating concentrations of kynurenines and cognitive prognosis
in patients with mild dementia was modified by the presence of
at least one APOEe4 allele.

Material and Methods
Subjects

A total of 152 patients with available sera for metabolite meas-
urements and available ApoE gene sequencing were included
from the Dementia Study of Western Norway. Dementia was
diagnosed at study inclusion according to the Diagnostic and
Statistical Manual of Mental Disorders (Fourth Edition; DSM-1V')
criteria based on structured interviews, clinical examination, a
standardized neuropsychological test battery, and a neuropsychi-
atric assessment. Routine blood work, including assessment of
thyroid function and Vitamin B,, status, was performed and
structural neuroimaging was performed to rule out other causes
of dementia such as tumors. The study procedures have been
described in detail elsewhere.?” The study included patients with
mild dementia, excluding patients in a moderate-to-severe stage
at the time of inclusion. Mild dementia was defined as a score of
at least 20 on the Mini-Mental State Examination (MMSE) or
not more than 1 on the Clinical Dementia Rating Scale (CDR).
Patients with mild dementia were included from 2005 to 2012
and followed with annual testing of the MMSE. All those ful-
filling the inclusion criteria from 2005 to 2007 were asked to
join. From 2007 onwards, patients with LBD were selectively
recruited, thus LBD is overrepresented in this study. This study
considers only patients with either AD (N=91) or LBD (N=61).
Lewy body dementia included both patients with dementia with
Lewy bodies (DLB) and Parkinson disease with dementia
(PDD) as both have similar a-synucleinopathy.?® Patients with
acute delirium, previous bipolar or psychotic disorder, terminal
illness, or recently diagnosed major somatic illness were excluded
from the study. The APOE gene was sequenced as previously
described.?? Self-reported smoking status was registered and for
the purposes of this study classified as current smokers and cur-
rent non-smokers.

Measurement of tryptophan and kynurenines in
serum

At baseline, non-fasting blood samples were collected and pro-
cessed, with aliquots of serum stored at -80°C until analysis.
Tryptophan and 8 kynurenines [KYN, KA, AA, HK,
3-hydroxyanthranilic acid (HAA), xanthurenic acid (XA), PIC,
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and QA] and creatinine were measured using liquid chroma-
tography-tandem mass spectrometry. Limits of detection
ranged from 0.2 to 7nmol/L, while within- and between-day
coefficients of variance (CVs) were 1.8 to 9.5 and 4.6 to 16.9,
respectively.®® The KYN-to-TRP ratio (KTR) was calculated
as [KYN (nmol/L)/TRP (pmol/L)] X 100. The glomerular fil-
tration rate (GFR) was estimated using the Modification of
Diet in Renal Disease (MDRD) study equation.?® All bio-
chemical analyses were performed at the laboratory Bevital
(http://bevital.no) and laboratory staff was blinded to all par-
ticipant data.

Potential confounders

A large community-based cohort found that men have 6% to
19% higher concentrations of TRP and most kynurenines,
compared to women of the same age. Older (70-72years)
adults have higher concentrations (20%-30%) of kynurenines
and higher KTR compared to younger adults (45-46years).
The lowest quartile of age-specific GFR was associated with
a 18% to 26% increase in KTR and most kynurenines. Heavy
smokers have a 4% to 14% lower concentration of Trp and
most kynurenines. In this study, age and renal function were
the strongest determinants.?! Furthermore, circulating pyri-
doxal 5'-phosphate (PLP), a co-factor in the KP, is positively
associated with most kynurenines but negatively associated
with HK.3? Based on these 2 studies on circulating kynure-
nines on more than 7000 individuals, we determined a priori
that age, gender, GFR, smoking, and PLP were potential

confounders.

Longitudinal assessment of cognition and clinical
deterioration

The MMSE has satisfactory reliability, construct validity, and
criterion validity for detecting cognitive impairment.33 At the
study’s baseline, patients also completed an extensive neuropsy-
chological test battery as part of the study protocol.?” The
annual rate of MMSE decline among patients with AD has
been reported as 3.3 points per year.3* A change of 2 to 4 points
is considered a reliable change, and thus, our study was consid-
ered capable of measuring reliable change over 5years.®
Furthermore, several studies have found that patients who per-
form poorly antemortem on the MMSE have both increased
amyloid plaque burden and neurofibrillary tangle burden.’
Thus, we consider MMSE measures over 5years as a suitable
tool to measure disease progression. The CDR is an instrument
used to assess the severity of dementia based on informant and
patient interview and measures impairment in 6 cognitive
domains. The sum of boxes (CDR-SB) is considered a valid
outcome measuring both cognitive and functional impair-
ment.%” Although the primary outcome in this study was cog-
nitive impairment, we aimed to assess whether interactions
could be consistently identified using 2 different methods of
assessing disease progression.

Statistics

Differences in serum concentrations of TRP and kynurenines
according to the presence of at least one APOEe4 allele (hetero-
and homozygosity) were tested using the Mann-Whitney U
test. Prior to multivariate assessment, all kynurenines and KTR,
except TRP, were log transformed. All continuous independent
variables were standardized. Linear mixed-effects models with
random intercepts and slopes were used to assess associations
with cognitive prognosis, using MMSE and CDR-SB as out-
comes. Age at baseline, gender, LBD vs AD, PLP, GFR, current
smoking, and an interaction between age at baseline and time
were included as covariates and potential confounders. The fol-
lowing terms were introduced to assess a 3-way interaction
between the individual kynurenines, APOEe4, and follow-up-
time: metabolite X APOEeg4, metabolite X time, APOEg4 X
time, and metabolite X APOEeg4 X time. As differences over the
trajectory were of interest, rather than at baseline, time was cen-
tered to estimate the intercept at 2.5years in the study.
Kynurenines were estimated in separate models to avoid collin-
earity and limit model complexity. A dose-response relationship
was estimated for interpretative purposes using a linear mixed
model with subsequent estimation of average marginal effects
in APOEe4 non-carriers, heterozygotes, and homozygotes over
time. Due to the small group of homozygotes and thus lack of
statistical power and inability to adjust for confounders, we
illustrated the effects sizes for interpretative purposes without
formal hypothesis testing. The study was considered explora-
tory and the results were not adjusted for multiple comparisons.
Statistical analyses were conducted using Stata 15 (https://
www.stata.com).

Results
Subject demographics

The mean age of the participants (N=152) at baseline was
75.1years and 57% were female. The diagnoses were 58.9%
with AD and 41.1% with LBD. Ninety of the participants had
at least one APOEeg4 variant, whereas 62 did not. The mean
MMSE score at baseline was 23.7. Furthermore, 20% of the
participants were current smokers, and the mean GFR was

79.1 (Table 1).

Kynurenines according to APOEe4

The allele frequency of heterozygotes carrying APOEe4 was
47.7% with 11.9% homozygotes. We identified no significant
differences in serum levels of TRP or kynurenines according to
the presence or absence of APOEe4 (Table 2).

MMSE decline and serum kynurenines, according
to APOEe4

Serum levels of KA, PIC, QA, and KTR (P<.05) were more
significantly associated with cognitive decline in patients
without APOEe4 compared to patients with APOEe4
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Table 1. Patients with mild dementia (N=152) and kynurenine levels
at baseline.

Demographics at baseline

Ageab 75.1[7.3]
Female, % 57
Current smokers, % 20
Mini-Mental State Examination scoreb 23.7 [2.8]
Diagnosis

Alzheimer disease, % 58.9
Lewy body dementia, % 4141
Apolipoprotein E &4 allele frequency

Heterozygotes (¢4£3 or s4£2), % 477
Homozygotes (c4&4), % 1.9
Hetero- and homozygotes, % 59.6
Potential confounders

Glomerular filtration ratePc 79.1 [20.7]
Pyridoxal 5'-phosphatede 31.7 [34.0]
Tryptophan and kynurenines

Tryptophanef 66.5 [22.0]
Kynurenineef 1.73 [0.64]
3-hydroxykynurenined.e 50.0 [33.7]
Kynurenic acidde 51.1[28.9]
Xanthurenic acidde 12.4[9.3]
Anthranilic acidde 21.4[10.8]
3-hydroxyanthranilic acidde 36.1[16.7]
Picolinic acidde 36.1 [21.8]
Quinolinic acidde 470 [313]
Kynurenine-to-tryptophan ratio® 2.58 [1.07]

The kynurenine-to-tryptophan ratio is multiplied by 100. Glomerular filtration
rate (GFR) was calculated by the Modification of Diet in Renal Disease (MDRD)
formula.3!

aln years.

PMean and [standard deviation].

°mL/min/1.73m2.

dnmol/L.

¢Median and [interquartile range].

fumol/L.

(Table 3). Figure 2 illustrates the simple slopes of the pre-
dicted fixed effects of MMSE according to tertiles of PIC
and APOEe4. A crude correlation coefficient between
MMSE and CDR-SB over all measurement periods was
—0.77. The results of the same interactions were consistent
using CDR-SB as the outcome, except that QA was insig-
nificant, bearing in mind that increasing CDR-SB indicates
more severe disease compared to decreasing MIMSE. Please

see Supplemental Table 1 and Supplemental Figure 1.
Further analyses aimed to illustrate if there were signs of a
dose-response relationship on MMSE with stronger interac-
tions in homozygotes compared to heterozygote APOEe4
carriers. Inspecting the results graphically did not suggest
the presence of a dose-response relationship (Supplemental
Figure 2).

Discussion

In this exploratory study on cognitive prognosis and kynure-
nines in dementia according to APOEe4, the associations
between PIC, KA, QA, and KTR with MMSE decline were
significantly different in patients with and without APOEe4.
Specifically, higher concentrations of PIC, KA, and QA and
higher KTR were all associated with a significant increase in
cognitive decline when APOEg4 was absent, whereas there
was relatively less association with cognitive decline when
APOEe4 was present.

We have previously observed a relationship between KTR,
neopterin, and poor cognitive performance in healthy older
adults®® and a non-linear association between KYN and
MMSE performance in this study, but not with MMSE
decline rates.® Tryptophan deficiency has been widely
reported in AD, whereas kynurenine concentrations have
shown conflicting findings, where one study on neuropatho-
logically confirmed cases found equivalent or decreased
kynurenines.*0 Most circulating kynurenines are moderately
to strongly correlated with their respective cerebrospinal fluid
concentrations in AD, but are unchanged in the cerebrospinal
fluid except for a marked reduction in KA.#42  The
Apolipoprotein E &4 gene variant induces several metabolic
changes outside the brain such as an atherogenic cholesterol
and lipid profile in peripheral blood but is associated with
lower C-reactive protein levels.24*3 Such processes might
relate to kynurenine levels in serum, but no differences in
kynurenine levels were observed between APOEg4 carriers
versus non-carriers in our study. Experimental studies indi-
cate that APOEe&4 mice on a high-fat diet may develop more
substantial cognitive deficits accompanied by significant
changes in brain metabolism compared to APOE&3 mice.*4
Apolipoprotein E affects AB-clearance, neuroinflammation,
and brain glucose metabolism* and leads to synaptic pathol-
ogy.* Being a carrier of the APOEg4 allele is also associated
with increased oxidative stress in the brain,?>*’ neuronal
hyperactivity,* and down-regulation of the NMDAR.?>#

Higher concentrations of all kynurenines were beneficial for
APQOEe4 carriers and detrimental to non-carriers, leaving the
question open as to whether these associations are specific to
one metabolite, or reflect broader activities in the KP. We found
largely consistent results using CDR-SB as the outcome, dem-
onstrating that all interactions except the one involving QA
were invariant to the method of measuring disease progression.
Mini-Mental State Examination relies on patients performing
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Table 2. Kynurenine levels according to APOE&4.

Tryptophanb-e

Kynureninebe

3-hydroxykynureninecd

Kynurenic acided

Xanthurenic acided

Anthranilic acided

3-hydroxyanthranilic acided

Picolinic acided

Quinolinic acided

Kynurenine-to-tryptophan ratio®

aMann-Whitney U test.
bumol/L.

°Median and [interquartile range].

dnmol/L.

NO APOEE4 (N =62)
66.7 [21.9]
1.80[0.64]
52.1[33.3]
52.5[23.9]
12.4[10.5]
22.1[10.6]

36.3[15.1]

36.4 [21.3]
487 [384]
2.72 [1.03]

APOEE4 (N=90)
66.6 [21.5
1.72[0.69]
48.6 [34.1]
50.9 [25.2]
12.4[8.2]
211 [10.7]
36.2[17.6]
36.0 [22.7]
442 [315]
2.47 [1.13]

Table 3. Effect modification between APOE&4 and kynurenines on MMSE over 5years.2

TRP

KYN

HK

KA

XA

AA

HAA

PIC

QA

KTR

Abbreviations: AA, anthranilic acid; APOEe4, the apolipoprotein E epsilon 4 gene variant (1 or 2); Est., estimate; HAA, 3-hydroxyanthranilic acid; HK,

PREDICTORS

TRP
TRP* APOE¢4

APOEe4¢
KYN

KYN* APOE&4
HK

HK* APOE&4
KA

KA* APOE&4
XA

XA* APOE&4
AA

AA* APOEe4
HAA

HAA* APOE&4
PIC

PIC* APOEe4
QA

QA* APOE¢4
KTR

KTR* APOEs4

CENTERED INTERCEPT®

EST.

0.16
0.06

-0.50

-1.08
1.89

0.87
0.16

-2.04
2.40

-0.65
0.36

-0.02
1.53

-0.87
115

-2.18
3.17

-1.48
212

-1.67
217

SE

0.91
1.1

1.07

0.98
1.18

0.84
1.04

0.88
1.07

0.73
1.03

0.74
0.99

0.73
0.96

0.95
1.13

1.09
1.22

1.00
112

SLOPE®

.857 -0.01
.958 0.02
.637 -0.05
.272 -0.46
A1 0.74
.297 0.21
.878 -0.19
.021 -0.57
.025* 0.90
.372 -0.13
.725 0.08
.976 -0.25
a21 0.72
.233 -0.21
.231 0.33
.023* -0.80
.005* 117
176 -0.65
.083 0.94
.095 -0.58
.052 0.83

0.40
0.46

0.38

0.32
0.39

0.27
0.37

0.27
0.35

0.27
0.36

0.31
0.38

0.25
0.32

0.35
0.41

0.34
0.39

0.35
0.40

pa
.564
483
475
178
.697
.272
.934
.688
.204
.256

.990
.964

.890

152
.059

446
.960

.035~
.009"

.626
.818

432
.054

.398
.302

.022*
.004*

.053
.017*

.095
.039”

3-hydroxykynurenine; KA, kynurenic acid; KTR, kynurenine-to-tryptophan ratio; KYN, kynurenine; MMSE, Mini-Mental State Examination; PIC, picolinic acid; QA,
quinolinic acid; SE, standard error; TRP, tryptophan; XA, xanthurenic acid.
alLinear mixed effects model with random intercept and slope with centered time. Age, age X time, Lewy body dementia vs Alzheimer disease, glomerular filtration rate,
and pyridoxal 5’-phosphate as covariates. All continuous covariates were standardized, as was log(kynurenines). Trp was on its original scale.
®When time is centered, the intercepts (or mean differences) are estimated at the middle of the trajectory, as opposed to baseline, when the time is not centered.
cAll predictors listed under Slope include interactions with time (centered).

9The effect size of APOEe4 on the intercept was from —0.53 to —0.49 and on the slopes from —0.09 to 0.02. None were significant (only shown for TRP).
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No APOEe4 APOEe4

Predicted MMSE (fixed effects)

Years in study

Tertiles of picolinic acid
----------- Low ——— Middle

High

Figure 2. MMSE declines according to tertiles of picolinic acid and
APOEe4. When picolinic acid is high, there is an increasing decline in
MMSE test scores over time in patients without the ¢4 allele variant,
whereas this decline is slightly lower with high picolinic acid in patients
with the ¢4 allele. Predictions are based on the fixed effects from the
model in Table 3. APOEe4 indicates the ¢4 allelic variant of the
apolipoprotein E gene; MMSE, Mini-Mental State Examination.

a psychometric test, whereas CDR-SB summarizes both cog-
nitive and functional impairment based on interviews of both
informants and patients.3” Although this observational study
cannot shed light on mechanisms, there are findings which
may be of relevance. Carriers of APOEe4 could in theory ben-
efit relatively more from the scavenging of free radicals per-
formed by KA and PIC.°® NAD biosynthetic pathways are
downregulated in AD’' and with APOEe4%2 and inversely
related to PIC.53 Kynurenic acid is considered neuroprotective
due to its endogenous activity as an NMDAR antagonist.1°
Whether the observed protective association between both KA
and PIC, and cognitive decline in APOEe4 carriers and detri-
mental associations in non-carriers relate to these observations
remains to be investigated.

Indoleamine 2,3-dioxygenase is induced by pro-inflamma-
tory cytokines, which also suppress APOE expression in
monocytes.>? Circulating levels of KTR and QA are increased
in human monocytes exposed to INF-gamma ex vivo.? In our
study, KTR and QA were also associated with less cognitive
decline in APOEeg4 carriers and more cognitive decline in
non-carriers. One can speculate whether the observed associa-
tions could be explained by an inflammation-induced down-
regulation of APOE which could benefit patients with
APOEe4 but where the underlying inflammation would do
more harm in others.

Several clinical trials have been undertaken in dementia
where the treatment target is metabolic dysfunction in the
brain, examples being pioglitazone,’* targeting PPAR-y, and
intranasal insulin, targeting central insulin resistance.” This
highlights the importance of studying APOE-metabolic inter-
actions on cognitive prognosis in dementia, as this could be
translated to personalize therapeutic interventions in the future.

There are limitations to our study. The study has a small
sample size considering its aim to investigate gene-biomarker
interactions with 90 APOEeg4 carriers and 62 non-carriers.
Considering both the explorative nature of the study, sample
size and the correlation between kynurenines, the results were
not adjusted for multiple comparisons. Thus, the topic of dif-
ferential associations of metabolites on cognitive prognosis in
dementia according to APOEe4 carrier status should be fol-
lowed up in independent studies. A clear dose-response rela-
tionship was not identified in our study but could not be
appropriately identified due to lack of statistical power. Similarly,
we did not have the power to assess whether the interactions
differed according to clinical diagnosis, and thus we cannot
determine whether these findings are specific to AD or LBD.
Brain kynurenines are mostly formed from peripheral KYN and
HK. As such, cerebrospinal fluid measurements would have
been highly informative.! Repeated measurements of metabo-
lites at each annual follow-up would have been useful to more
accurately characterize the associations over time, as would
similar studies on cognition in healthy persons. Interactions, or
effect modification, do not assess causal directions. Underlying
immunological activity could be a residual confounder, due to
extensive cross-talk between both APOE and kynurenines, and
the immune system.1226

In conclusion, the associations between MMSE decline and
several kynurenines (KA, QA, PIC, and KTR) are modified by
the presence of APOEe4. Still, APOEe4 has no relationship
with kynurenine levels, suggesting that one needs to investigate
whether the biological processes underpinning our findings relate
to APOE expression or APOEe4 effects in the brain. In our data,
KA, QA, PIC, and KTR predict a negative prognosis in patients
without APOEe4 but are protective in patients with APOEe4.
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