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A B S T R A C T   

Background: The kynurenine pathway is the main metabolic pathway of tryptophan degradation and has been 
associated with stroke and impaired cognitive functioning, but studies on its role in post-stroke cognitive 
impairment (PSCI) are scarce. We aimed to investigate associations between metabolites of the kynurenine 
pathway at baseline and post-stroke cognitive functioning over time. 
Methods: Baseline plasma kynurenines were quantified in 198 stroke patients aged 65.4 ± 10.8 years, 138 
(69.7%) men, who were followed up over a period of three years after stroke. Baseline and longitudinal asso
ciations of kynurenines with PSCI and cognitive domain scores were investigated using linear mixed models, 
adjusted for several confounders. 
Results: No evidence of associations between kynurenines and odds of PSCI were found. However, considering 
individual cognitive domains, higher plasma levels of anthranilic acid (AA) were associated with better episodic 
memory at baseline (β per SD 0.16 [0.05, 0.28]). Additionally, a linear-quadratic association was found for the 
kynurenic acid/ quinolinic acid ratio (KA/QA), a neuroprotective index, with episodic memory (Wald χ2 = 8.27, 
p = .016). Higher levels of KA were associated with better processing speed in women only (pinteraction = .008; β 
per SD 0.15 [95% CI 0.02, 0.27]). These associations did not change over time. 
Conclusions: Higher levels of KA, AA and KA/QA were associated with better scores on some cognitive domains at 
baseline. These associations did not change over time. Given the exploratory nature and heterogeneity of find
ings, these results should be interpreted with caution, and verified in other prospective studies.   
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1. Introduction 

Stroke is the second largest cause of mortality and a major cause of 
disability worldwide. According to the Global Burden of Disease Study, 
stroke accounted for an estimated 13.7 million new cases and 5.5 million 
deaths in 2016 [1]. In high-income countries, mortality rates have 
decreased, likely due to improved general health care, stroke detection 
and secondary prevention strategies, increasing the number of stroke 
survivors and those with stroke-related disabilities [2,3]. Next to prob
lems with speech, loss of function, and visual deficits, a common re
sidual consequence of stroke includes cognitive impairment [4]. The 
biochemical pathways in post-stroke cognitive impairment (PSCI) are 
largely unknown. Due to its role in inflammation, (cerebro)vascular 
damage, and neurodegenerative mechanisms, the kynurenine pathway 
may be involved [5–11]. 

The kynurenine pathway (Fig. 1) is the main metabolic pathway of 
tryptophan (TRP) degradation. Formation of kynurenine (KYN) is 
catalyzed by indoleamine 2,3- dioxygenase (IDO), which is activated by 
pro-inflammatory cytokines, or by tryptophan 2,3-dioxygenase (TDO), 
activated by corticosteroids and elevated TRP [12–14]. Activated 
microglia and macrophages are producing a spectrum of kynurenines, 
including quinolinic acid (QA), which is an N-methyl-D-aspartate 
(NMDA) receptor agonist and a pro-oxidant [15]. The result is an exci
totoxicity of glutamatergic neurons and the induction of endothelial 
apoptosis and dysfunction [9]. The latter can result in blood brain bar
rier (BBB) lesions [9] and, consequently, may cause vascular damage in 
the brain [8]. Although most kynurenines cannot readily cross the BBB 
under normal circumstances, they may cross the BBB where its micro
vascular endothelium is damaged [16,17]. 

There are few studies that suggest that IDO activation, reflected by 
the KYN/TRP (KTR) ratio, and the ratio between neuroprotective and 
neurotoxic metabolites, especially kynurenic acid (KA) and QA, might 
play a role in PSCI [18–20]. However, these studies are mainly cross- 
sectional and are restricted to a limited set of peripheral circulating 
kynurenines [18–20]. Therefore, it is still largely unclear whether the 
kynurenine pathway plays a role in cognitive symptoms after stroke. The 
present study aimed to investigate metabolites of the kynurenine 
pathway as potential early markers for cognitive impairment and as 
predictors of changes in cognitive functions over time in a clinical stroke 
population up to 3 years after stroke. 

2. Materials and methods 

2.1. Study population and design 

Longitudinal data were derived from patients who participated in the 
Cognition and Affect after Stroke – a Prospective Evaluation of Risks 
(CASPER) study between 2013 and 2018. For the present study, we 
included those patients for whom baseline kynurenines in fasting plasma 
were quantified. The rationale and procedures of the study have previ
ously been described in more detail elsewhere [21]. In short, the CAS
PER study is a prospective cohort study in patients after ischemic or 
hemorrhagic stroke who were admitted to the Stroke Unit of the 
Maastricht University Medical Center+ (MUMC+), the Stroke Unit of 
Zuyderland Medical Center, Sittard-Geleen, and Heerlen, or who visited 
the Transient Ischemic Attack clinic of MUMC+, the Netherlands. In
clusion criteria at baseline were ischemic or hemorrhagic stroke, age of 
40 and older, a Mini-Mental-State Examination score of ≥15, and suf
ficient knowledge of the Dutch language. Exclusion criteria consisted of 
a subarachnoidal, traumatic or primary intraventricular hemorrhage, 
severe aphasia, evidence of pre-stroke dementia, and a preexisting 
psychiatric or neurological diagnosis known to affect cognition (such as 
schizophrenia, bipolar disorder, epilepsy, Parkinson’s disease or sub
stance abuse). 

At baseline (10 to 12 weeks after stroke, T0), all patients underwent a 
comprehensive neuropsychological evaluation of cognitive and affective 
problems, a physical examination, a magnetic resonance imaging (MRI) 
of the brain, and collection of blood samples. The neuropsychological 
evaluation was repeated 6 (T1), 12 (T2) and 36 (T3) months later. All 
patients gave written informed consent prior to testing. The Medical 
Ethics Review Committee of MUMC+ provided ethical approval for the 
CASPER study. Research was conducted in accordance with the princi
ples of the Declaration of Helsinki 59th WMA General Assembly, Seoul 
(October 2008) and the Dutch Medical Research Involving Human 
Subjects Act (WMO). 

2.2. Blood collection, biochemical analysis 

Processing and storage of plasma samples was done according to 
standard operating procedures at the Biobank Maastricht, the ISO 
(9001–2015) certificated Biobank of the MUMC+. Fasting blood sam
ples were collected at baseline in 6 ml EDTA tubes, then centrifuged at 
1000g for 15 min, followed by 10 min at 10000 g, and aliquoted into 0.5 
ml vials, and stored at − 80 ◦C in the Biobank until analysis. Liquid 

Fig. 1. The kynurenine pathway, a simplified representation.  
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chromatography-tandem mass spectrometry (LC-MS/MS; Bevital AS, 
Bergen, Norway) was used to determine plasma concentrations of TRP, 
KYN, 3-hydroxykynurenine (3-HK), KA, xanthurenic acid (XA), anthra
nilic acid (AA), 3-hydroxyanthranilic acid (3-HAA), picolinic acid (PIC) 
and QA [22,23]. For specific procedural details, see [23]. Limits of 
detection for the kynurenine metabolites were 0.4–7 nmol/l. Within-day 
and between-day coefficients of variation were 1.8–9.5% and 
4.9–16.9%, respectively [23]. Additionally, ratios of KTR (KYN/ 
TRP*1000) and KA/QA were calculated. The KTR is often used as an 
indication of IDO activity, whereas the KA/QA ratio represents a neu
roprotective index through opposite effects of KA and QA on NMDA 
receptors. 

Plasma B2 (riboflavin) and B6 (pyridoxal 5′-phosphate (PLP)) 
vitamers, neopterin and creatinine were determined in a single aliquot 
with kynurenine concentrations. Plasma creatinine was used to estimate 
glomerular filtration rate (eGFR), a measure of renal functioning, by the 
Chronic Kidney Disease Epidemiology collaboration equation (CKD-EPI; 
ml/min/1.73 m2) [24]. 

Lastly, C-reactive protein (CRP, μg/ml), serum amyloid A (SAA, μg/ 
ml), intercellular adhesion molecule-1 (ICAM-1, ng/ml), IL-6 (pg/ml), 
IL-8 (pg/ml), and tumor necrosis factor alpha (TNF-α, pg/ml) were 
determined in EDTA plasma by multiplex assays from Meso Scale Dis
covery (Rockville, MD 20860 USA). 

2.3. Neuropsychological assessment 

Neuropsychological assessment consisted of a standardized test 
battery, including a wide variety of cognitive tests (Table 1). All raw 
scores were normalized into z-scores using age, gender and education 
adjusted regression-based norm scores. Where necessary, test scores 
were inverted so that higher scores indicated better cognitive func
tioning. Domain scores were calculated by averaging the z-scores of the 
tests of that particular domain (Table 1). PSCI was defined as a score of 
>1.5 standard deviations below the general population mean in one or 
more cognitive domains, based on available norm scores for age, gender, 
and level of education for the Dutch general population [25,26]. 

2.4. General characteristics and covariates 

Structured interviews with the patient and informant obtained in
formation on educational level (low, intermediate, high), alcohol use 
(none, low, high), smoking behavior (never, former, current), history of 
diabetes type 2, history of cardiovascular disease, presence of hyper
tension, and medication use. Height and weight were measured. Pres
ence of a minor (MIND) or major depressive disorder (MDD) was 
assessed with the Mini International Neuropsychiatric Interview (MINI) 
[28]. The MINI is a semi-structured interview based on DSM-IV criteria. 

The Montgomery-Åsberg Depression Rating Scale (MADRS) [29] was 
used to investigate the severity of depressive symptoms. The MADRS is a 
clinician-rated questionnaire that consists of 10-items and a maximum 
score of 60. Post-stroke depression (PSD) was defined as MADRS ≥7 or 
minor or major depressive disorder as assessed with the MINI as was 
done previously [31]. The Barthel Index [30] is a questionnaire with a 
maximum score of 20 points and was used to evaluate impairments in 
activities of daily living. 

2.5. Data analysis 

Statistical analyses were done using STATA version 17 for MacOS. 
Differences in baseline characteristics between patients with and 
without PSCI were investigated using ANOVA (Mann-Whitney U tests 
when assumptions were violated). For categorical variables, χ2-squared 
tests were used. Next, linear mixed models, including a random inter
cept, were used to investigate associations between baseline levels of 
TRP, kynurenines, ratios, and neopterin with cognitive domain scores at 
baseline and over time. To investigate associations with PSCI, non-linear 
mixed models for binary outcomes with a logit-link function were used. 
To investigate potential non-linear associations, a quadratic term of the 
metabolites was included in the analyses. Goodness of fit was deter
mined by likelihood ratio tests. 

All analyses were adjusted for covariates. The order of these models 
was as follows: 1 = demographics (age, sex, educational level) and 
eGFR, 2 = model 1 + lifestyle factors (BMI, alcohol consumption and 
smoking behavior), 3 = model 2 + stroke type and disability (Barthel 
index). We expected that a current depression, hypertension, type 2 
diabetes, cardiovascular disease, B vitamins and inflammatory markers 
might be potential mediators along the pathway of kynurenine con
centrations and cognitive functioning, and that inclusion of these vari
ables could result in overcorrection. Therefore, we controlled for these 
variables in a separate model (model 4). A composite score including 
inflammation markers (CRP, SAA, ICAM-1, IL-6, IL-8, and TNF- α) was 
calculated by transforming concentrations into z-scores and averaging. 
Lastly, this study investigated interactions with age and sex. For in
teractions with age, both age as a continuous variable and quartiles of 
age were investigated. Analyses were exploratory and did not control for 
multiple testing. 

3. Results 

3.1. Characteristics of study population 

Of the 250 patients enrolled in the CASPER study, kynurenines were 
analyzed in 200 patients with available blood samples. Compared to 
those for whom no kynurenines were determined, patients included in 
the analyses were significantly younger, more often male, used alcohol 
more often, scored higher on the Barthel index, and performed better on 
all cognitive domains except for processing speed (Supplementary 
Table 2). 

Two patients had extreme metabolite levels. For one of these patients 
these levels were likely due to severe kidney disease, whereas the other 
had very high levels of pro-inflammatory cytokines. Both patients were 
excluded from the analyses, leaving 198 patients (Fig. S1). Out of these 
198 patients, 175 (88.4%) completed T1, 182 (91.9%) completed T2 and 
95 (48.0%) completed T3. All three follow-up measurements were 
completed by 88 patients (44.4%). This last group had a significantly 
higher educational level (Supplementary Table 3) and higher levels of 
TRP and 3-HAA (Supplementary Table 4) compared to those who did not 
complete all follow-ups, but they did not differ on any other 
characteristic. 

At baseline, 127 (64.1%) patients were classified as cognitively 
impaired (PSCI). This group had modestly lower scores on the Barthel 
index compared to those without cognitive impairment. No differences 
were found with respect to any of the other general characteristics, nor 

Table 1 
Neuropsychological assessment.  

Domain Instrument 

Global cognition Mini-Mental State Examination[27] 

Episodic memory 15-Word Verbal Learning Test (immediate recall, delayed 
recall and recognition)[25] 

Working memory 15-Word Verbal Learning Test (Trial 1)[25] 

Digit span (total; WAIS-III) 
Information processing 

speed 
Digit Symbol Substitution Test  

Trail Making Test (part A)[26] 

Executive functioning Trail Making Test (part B)[26]  

Verbal Fluency (animals and professions; GIT-2) 
Depression MINI[28] 

MADRS[29] 

Functional ability Barthel Index[30] 

GIT-2 = Groninger Intelligence Test 2, MADRS = Montgomery-Åsberg Depres
sion Rating Scale, MINI = Mini International Neuropsychiatric Interview, WAIS 
= Wechsler Adult Intelligence Scale. 
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with respect to concentrations of any of the kynurenines, PLP or ribo
flavin (Tables 2 and 3). 

3.2. Associations between baseline metabolite levels and PSCI 

There were no significant overall associations of any of the kynur
enines with odds of PSCI. However, when interactions with age and sex 
were investigated for pooled associations over all time points, significant 
interaction effects were found for odds of PSCI between age and KYN 
(pinteraction = .042) and between age and neopterin (pinteraction = .023). 
For both KYN and neopterin, this interaction with age was significant for 
baseline PSCI (pinteraction = .026 and .018, respectively) and did not 
moderate associations over time. Post hoc tests showed that, at baseline, 
higher levels of neopterin were associated with higher odds of PSCI in 

the youngest group only (OR per SD 20.27 [95% CI 2.38, 172.68]; 
Fig. 2). For KYN, a similar trend was found of an association with higher 
odds of PSCI in the youngest age group, but this association did not reach 
statistical significance (2.39 [0.76, 7.50]), neither did the association 
with lower odds of PSCI in the highest age group (0.28 [0.05, 1.54]). 

3.3. Associations between baseline metabolite levels and cognitive domain 
scores 

An overview of all baseline associations between metabolites and 
cognitive domain scores for the fully adjusted model can be found in 
Supplementary Fig. 2. Averaged over all time points, higher levels of AA 
were associated with better episodic memory (β per SD 0.15 [95% CI 
0.04, 0.26]) and working memory (0.11 [0.02, 0.20]) in main model 3. 
Additionally, a linear quadratic association was found of XA with 
working memory (Wald χ2 = 7.91, p = .019), and of KA/QA with 
episodic memory (Wald χ2 = 7.37, p = .025; Table 4). 

To understand temporal relationships, subsequent analyses were 
done for these associations including the interaction term with time. For 
AA, higher levels were associated with better episodic memory at 
baseline (Fig. 3 and Table 4), and this association did not change over 
time (pinteraction = .345). For AA and working memory, a similar trend 
was found, although the baseline association did not reach statistical 
significance (0.10 [− 0.01, 0.20] and pinteraction = .766, respectively). 

For KA/QA and episodic memory, a linear quadratic association was 
found (Wald χ2 = 8.27, p = .016) showing stronger positive associations 
at more extreme values, which also did not change over time (pinteraction 
= .602). For XA and working memory, no associations were found at 
baseline, nor did they change over time (pinteraction = .417). 

Next, interactions with age and sex were investigated for pooled 

Table 2 
General characteristics and cognitive domain scores of patients with- and 
without post-stroke cognitive impairment.   

Total (n =
198) 

No PSCI (n 
= 67) 

PSCI (n =
127) 

P value 

Demographics     
Age, years 65.4 ±

10.8 
66.0 ± 11.4 65.0 ±

10.6 
0.547 

Men, n (%) 138 (69.7) 47 (70.2) 87 (68.5) 0.814 
Educational level, n (%)    0.539 

Low 78 (39.6) 23 (34.3) 54 (42.5)  
Intermediate 67 (34.0) 25 (37.3) 41 (32.3)  
High 52 (26.4) 19 (28.4) 32 (25.2)  

Lifestyle factors     
Alcohol use, n (%)    0.658 

None 62 (31.3) 19 (28.4) 42 (33.1)  
Low 115 (58.1) 42 (62.7) 71 (55.9)  
High 21 (10.6) 6 (9.0) 14 (11.0)  

Smoking, n (%)    0.872 
Never 46 (23.2) 17 (25.4) 28 (22.0)  
Former (> 6 months) 116 (58.6) 38 (56.7) 75 (59.1)  
Current 36 (18.2) 12 (17.9) 24 (18.9)  

Cardiovascular risk factors     
BMI, kg/m2 27.3 ± 4.5 27.0 ± 4.5 27.5 ± 4.6 0.495 
eGFR, ml/min [1.73 
m]− 2 

79.4 ±
15.0 

77.7 ± 15.5 80.3 ±
14.8 

0.265 

Stroke type, n (%)    0.928 
Ischemic 186 (93.9) 63 (94.0) 119 (93.7)  
Hemorrhagic 12 (6.1) 4 (6.0) 8 (6.3)  

Stroke disability (Barthel 
index) 

19.7 ± 1.0 19.9 ± 0.4 19.6 ± 1.2 0.049 

Comorbidities, n (%)     
PSD 72 (36.4) 25 (37.3) 47 (37.0) 0.967 

MDD 10 (5.1) 3 (4.5) 7 (5.6) 0.748 
MIND 10 (5.1) 4 (6.0) 6 (4.7) 0.709 

Hypertension 141 (71.2) 47 (70.2) 92 (72.4) 0.736 
Diabetes mellitus, type 2 27 (13.6) 5 (7.5) 22 (17.3) 0.059 
CVD 80 (40.4) 25 (37.3) 53 (41.7) 0.551 

Medication use, n (%)     
Antihypertensive agent 135 (68.9) 44 (66.7) 89 (70.6) 0.571 
Cholesterol-lowering 
agent 

160 (81.6) 52 (78.8) 104 (82.5) 0.527 

MMSE 28.2 ± 1.7 28.9 ± 1.1 27.9 ± 1.7 < 
0.001 

Cognitive domain scores     
Episodic memory 0.13 ±

0.86 
0.59 ± 0.61 − 0.12 ±

0.87 
< 
0.001 

Working memory 0.09 ±
0.76 

0.38 ± 0.72 − 0.05 ±
0.75 

< 
0.001 

Processing speed − 0.01 ±
0.41 

0.03 ± 0.43 − 0.03 ±
0.41 

0.327 

Executive functioning 0.04 ±
0.62 

0.37 ± 0.53 − 0.14 ±
0.59 

< 
0.001 

Data are presented as means ± SD or n (%). 
Difference between groups were investigated with ANOVA and Chi2 tests. Data 
on cognitive status was available for 194 patients. 
Abbreviations: BMI = Body Mass Index, eGFR = glomerular filtration rate, PSCI 
= post-stroke cognitive impairment, PSD = post-stroke depression, MDD =
major depressive disorder, MIND = minor depression. 

Table 3 
Baseline concentrations of kynurenines, inflammation markers and B-vitamins 
of patients with- and without post-stroke cognitive impairment.   

Total (n =
198) 

No PSCI (n =
67) 

PSCI (n =
127) 

P 
value 

Metabolite     
TRP, μM 61.1 [12.1] 61.3 [11.0] 61.0 [12.6] 0.661 
KYN, μM 1.86 [0.55] 1.82 [0.56] 1.86 [0.56] 0.907 
3-HK, nM 51.5 [27.2] 51.7 [26.9] 50.8 [22.3] 0.491 
KA, nM 58.0 [27.0] 58.1 [34.9] 58.6 [25.6] 0.854 
XA, nM 13.1 [9.2] 13.0 [9.4] 13.2 [9.8] 0.843 
AA, nM 15.5 [5.4] 15.8 [5.2] 15.3 [5.9] 0.732 
3-HAA, nM 44.1 [21.8] 43.1 [23.8] 44.2 [21.5] 0.930 
PIC, nM 34.1 [15.6] 34.1 [16.5] 34.1 [15.6] 0.885 
QA, nM 477 [239] 482 [259] 477 [242] 0.898 
KA/QA 0.12 [0.06] 0.12 [0.06] 0.12 [0.06] 0.535 

Low-grade 
inflammationa 

− 0.06 [0.83] − 0.04 [0.97] − 0.05 [0.70] 0.985 

Inflammation 
markers     
KTR 30.5 [8.7] 30.6 [12.6] 30.5 [8.1] 0.864 
Neopterin, nM 17.5 [8.6] 15.7 [9.6] 18.2 [7.9] 0.129 
CRP, μg/ml 1.91 [3.37] 1.74 [3.88] 1.93 [2.70] 0.625 
SAA, μg/ml 1.89 [2.81] 1.80 [1.61] 1.97 [3.09] 0.286 
ICAM-1, ng/ml 441.66 

[153.25] 
442.25 
[167.96] 

442.59 
[148.84] 

0.843 

TNF-α, pg/ml 2.58 [0.99] 2.61 [1.27] 2.59 [0.93] 0.780 
IL-6, pg/ml 0.88 [0.84] 0.91 [0.83] 0.85 [0.87] 0.855 
IL-8, pg/ml 3.49 [1.98] 3.49 [1.83] 3.49 [2.14] 0.919 

B-vitamins     
PLP, nM 37.3 [28.5] 37.4 [26.0] 37.1 [29.8] 0.245 
Riboflavin, nM 9.02 [10.24] 9.89 [10.85] 8.79 [9.57] 0.297 

Data are presented as median [IQR]. A Mann-Whitney U test was used to 
investigate differences in levels of metabolites, inflammation markers and B 
vitamers between patients with and without post-stroke cognitive impairment. 
For 3-HK, AA, 3-HAA, and neopterin data was available for 196 patients. Data on 
cognitive status was available for 194 patients. 

a Composite score of CRP, SAA, ICAM-1, TNF-α, IL-6, and IL-8 (transferred 
into z-scores and averaged). 
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associations over all time points. Significant interaction effects were 
found for processing speed between sex and KA (pinteraction = .014). This 
interaction was only significant at baseline (pinteraction = .008) and sex 
did not moderate change in cognition over time (pinteraction = .158). Post 
hoc tests showed that, at baseline, higher levels of KA were associated 
with better processing speed in women (β per SD 0.15 [95% CI 0.02, 
0.27]), but not in men ((− 0.05 [− 0.13, 0.04]; Fig. 4). No other signifi
cant interaction effects with age and sex were found. 

3.4. Additional analyses 

Most results were not altered by including the additional covariates 
PSD, hypertension, T2DM, history of CVD, or inflammatory markers in 
the model (Model 4; Tables 4 and S5-S6). Associations with individual 
test scores were similar to those found with the corresponding cognitive 
domain (Table S7). 

4. Discussion 

The present study explored associations between plasma kynur
enines measured at baseline and cognitive functioning over time in 198 
stroke patients up to 3 years after stroke. No associations between 
kynurenines and odds of PSCI were found. However, when investigating 
individual cognitive domains, higher levels of AA were associated with 
better episodic memory at baseline. Additionally, a non-linear associa
tion was found between KA/QA and episodic memory, with stronger 
positive associations at highest values of KA/QA. Lastly, higher levels of 
KA were associated with better processing speed in women, but not in 
men. These associations did not change over time. Given the exploratory 
nature and heterogeneity of findings, these results should be interpreted 
with caution and verified in other prospective studies. 

4.1. KA/QA is associated with episodic memory after stroke 

As mentioned previously, studies investigating the role of the 
kynurenine pathway in cognitive dysregulation after stroke are scarce 
and generally have relatively small sample sizes (n = 23–60) and a 
limited set of kynurenine metabolites (e.g. TRP, KYN, KA, QA), whereas 
downstream (e.g. 3-HAA and PIC) and side-branch (e.g. XA and AA) 
metabolites are often not investigated [18–20]. One recent study 
investigated associations between cognition after stroke and the ratio 
between KA and QA in a small sample of patients and reported that 
levels of QA/KA predicted cognitive impairment [20]. These findings 
mirror our observation, where high KA/QA levels correlate with better 
memory. Additionally, in this same study, levels of QA/KA were 
significantly increased and correlated with neuronal death and long- 

term memory in male diabetic mice that showed signs of cognitive 
impairment after permanent occlusion of the middle cerebral artery. In 
other in vivo studies with animal models of cerebral ischemia, experi
mental increases of KA levels provided neuroprotection as well [32–34]. 
However, higher KA levels were associated with higher mortality rates 
in patients within 3 weeks after stroke in another study [35], which 
might have been the result of other pathological processes increasing 
endogenous levels of KA. We also found a positive association between 
KA and processing speed at baseline, in women only. Studies suggest 
that blood levels of KA might be lower in women compared to men 
[36,37], which was also what we observed in our study. However, it is 
unclear why these sex-specific associations with cognition were found 
and research on this topic is scarce. 

KA has both anti-glutamatergic and anti-inflammatory properties 
and is therefore considered neuroprotective. More specifically, KA is an 
N-methyl-D-aspartate (NMDA) receptor antagonist but also inhibits the 
α7-nicotinic-acetylcholine receptor [8,38]. QA, on the other hand, is 
considered neurotoxic and mediates oxidative stress [39], by the pro
duction of reactive oxygen species (ROS) and may play a role in 
neuronal apoptosis [8,40,41]. Additionally, in contrast to KA, QA is an 
NMDA receptor agonist and has the potential to induce glutamatergic 
toxicity [5,42]. Glutamate is the primary excitatory neurotransmitter in 
the brain and under normal circumstances has an important role in 
neuronal plasticity and cognitive functioning [43]. However, in cases 
where the release of glutamate is excessive, this can result in glutamate 
mediated neurotoxicity, one of the processes implicated in stroke [44]. 
As such, an imbalance between the synthesis of neurotoxic and neuro
protective kynurenines might play a role in post-stroke cognitive 
functioning. 

4.2. AA is associated with better episodic memory after stroke 

In the present study, higher levels of AA were associated with better 
episodic memory at baseline. A similar but non-significant trend was 
observed for working memory. Interestingly, these findings are not in 
line with recent large population-based cohort studies that suggest in
verse or no associations between AA and cognitive functioning [45–47]. 
For instance, we recently found a non-linear association between AA and 
cognitive functioning in a large population study, with more extreme 
values being associated with higher odds of cognitive impairment and 
lower scores on executive functioning in individuals with prediabetes 
[45]. Additionally, in another study, baseline levels of AA predicted the 
development of all-type dementia and AD approximately 16 years later 
[46]. However, another study reported no associations between AA and 
tests evaluating memory and executive functioning [47]. 

CSF AA levels were not associated with AD pathological markers of 

Fig. 2. Baseline associations of KYN and neopterin with odds of PSCI, separately for different age groups (quartiles).  
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Aβ42, p-tau or t-tau in CSF in patients with AD [48], nor were these 
markers significantly different in clinical studies in CSF [48,49] or blood 
[48,50,51] samples of patients with AD compared to healthy controls. 
However, higher levels of AA have been observed in patients with a 
variety of different neurological and psychiatric disorders with an in
flammatory component including stroke, chronic brain injury, Hun
tington’s disease and depression [35,52,53] and, in patients with 
Huntington’s disease, AA was associated with inflammatory status [54]. 

AA can inhibit 3-hydroxyanthranilic acid oxidase, which might serve 
as a potential neuroprotective mechanism by inhibiting 3-HAA being 
catabolized into QA [53,55] and could, hypothetically, be one reason for 
the positive associations found in the present study. According to 
another study, AA showed anti-oxidant effects and is an efficient iron 
chelator [56]. As such, enhanced expression of AA could potentially 
limit iron-mediated redox damage in neurological diseases such as 
stroke. Yet again, other studies suggest that the biological function of AA 
is inert [53,57]. The exact molecular mechanisms involved in associa
tions between AA and cognitive functioning are therefore still largely 
unclear, especially after stroke, and should be verified in future studies. 

4.3. Neopterin is associated with odds for PSCI in middle aged adults 

Next to glutamate mediated excitotoxicity, inflammation plays an 
important role after stroke. Neopterin is believed to reflect the activation 
of macrophages and microglia, as well as pro-inflammatory cytokines 
[58]. In our study neopterin was associated with higher odds of PSCI in 
the youngest age group (42–57 years). We also found a non-significant 
trend for associations between higher levels of KYN and higher odds 
of PSCI in this same group. Through its role in inflammation, neopterin 
has been associated with activation of the kynurenine pathway [59]. As 
such, these results might suggest a role for inflammation and activation 
of the kynurenine pathway in post-stroke cognitive impairment in 
middle aged adults and are in line with previous studies that reported 
higher levels of KYN [18] and KTR [19] in patients with cognitive 
impairment after stroke compared to those without cognitive 
impairment. 

Although associations of neopterin with PSCI have not been inves
tigated before, a recent systematic review and meta-analysis reported 
higher levels of neopterin in patients with ischemic stroke in which they 
were associated with disease severity and mortality [60]. However, 
studies suggest that blood levels of KYN, KTR and neopterin all increase 
with aging [61–63]. Additionally, neopterin levels were associated with 
lower cognitive performance in a population-based study in community- 
dwelling older adults [47] and in patients with AD [64]. It is therefore 
surprising that the positive association with odds of PSCI in our study 
was only found in the youngest age group and needs verification in 
future studies. 

4.4. No evidence of associations between kynurenines and odds for PSCI 

We did not find evidence for associations of kynurenines and PSCI, 
which might indicate that the effects of kynurenines were only modest 
or do not exist. Other reasons for differences between our results and 
those from existing literature [18–20] might be the heterogeneity of 
previous studies, including differences in how cognitive impairment was 
defined. Additionally, our baseline measurements took place in the post- 
acute phase (10–12 weeks) after stroke to avoid confounding by factors 
in the acute stroke state, such as acute care, rehabilitation, sickness 
behavior and generic inflammatory responses. Most previous studies 
investigated associations of kynurenines with cognitive functioning in 
the acute phase after stroke [19,20]. Lastly, the group with PSCI in the 
present study consists of patients along the entire spectrum of mild 
cognitive impairment to dementia and might therefore be too hetero
geneous to detect differences in kynurenine levels. Nevertheless, results 
from our study suggest that kynurenines measured in the post-acute 
phase after stroke are not associated with PSCI 3 to 36 months after 
stroke. 

4.5. Strengths and limitations 

Strengths of the present study consist of a relatively large sample 
size, in which a large number of metabolites of the kynurenine pathway 
were quantified. Another strength is the availability of rich clinical data, 
including extensive assessment of cognitive functioning across multiple 

Table 4 
Associations between baseline metabolite levels and cognitive test scores for 
model 1–4.  

Metabolite Pooled associations over time Baseline associations 

Episodic memory (15-Word Verbal Learning Test) 
AA   

Model 
1a 

0.152 [0.042, 0.262]** 0.163 [0.044, 0.281]** 

Model 
2b 

0.156 [0.045, 0.267]** 0.168 [0.048, 0.288]** 

Model 3c 0.152 [0.042, 0.262]** 0.164 [0.045, 0.283]** 
Model 4d 0.166 [0.055, 0.276]** 0.179 [0.060, 0.299]** 

KA/QA+

Model 
1a 

linear: 0.004 (− 0.116, 0.124) 
quadratic: 0.076 (0.014, 0.138)* 

linear: − 0.010 (− 0.139, 
0.119) 
quadratic: 0.089 (0.022, 
0.157)* 

Model 
2b 

linear: 0.003 (− 0.118, 0.123) 
quadratic: 0.077 (0.014, 0.139)* 

linear: − 0.011 (− 0.141, 
0.119) 
quadratic: 0.092 (0.024, 
0.160)** 

Model 3c linear: 0.003 (− 0.117, 0.122) 
quadratic: 0.075 (0.014, 0.137)* 

linear: − 0.012 (− 0.142, 
0.117) 
quadratic: 0.091 (0.024, 
0.159)** 

Model 4d linear: − 0.029 [− 0.156, 0.099] 
quadratic: 0.074 [0.010, 0.137]* 

linear: − 0.052 [− 0.189, 
0.085] 
quadratic: 0.091 [0.022, 
0.161]*  

Working memory (Trial 1 of 15-Word Verbal Learning Test, Digit span) 
AA   

Model 
1a 

0.110 [0.015, 0.205]* 0.096 [− 0.009, 0.202] 

Model 
2b 

0.114 [0.018, 0.209]* 0.101 [− 0.004, 0.207] 

Model 3c 0.110 [0.015, 0.204]* 0.098 [− 0.006, 0.203] 
Model 4d 0.117 [0.021, 0.213]* 0.108 [0.002, 0.214]* 

XA+

Model 
1a 

linear: 0.143 (0.017, 0.269)* 
quadratic: ¡0.076 (¡0.134, 
¡0.018)* 

linear: 0.132 (− 0.005, 0.270) 
quadratic: − 0.057 (− 0.120, 
0.006) 

Model 
2b 

linear: 0.155 (0.029, 0.280)* 
quadratic: ¡0.081 (¡0.139, 
¡0.024)** 

linear: 0.147 (0.010, 0.285)* 
quadratic: − 0.063 (− 0.126, 
0.000) 

Model 3c linear: 0.145 (0.021, 0.269)* 
quadratic: ¡0.079, ¡0.137, 
¡0.022)** 

linear: 0.131 (− 0.006, 0.268) 
quadratic: − 0.059 (− 0.122, 
0.003) 

Model 4d linear: 0.133 [0.006, 0.261]* 
quadratic: ¡0.077 [¡0.135, 
¡0.019]** 

linear: 0.124 [− 0.016, 0.263] 
quadratic: − 0.058 [− 0.121, 
0.006] 

Data are presented as β per SD [95% CI] for pooled associations over time, as 
well as baseline associations. For non-linear associations both the linear and 
quadratic term are shown. 

+ Non-linear association according to likelihood ratio test and visual 
inspection. 

a Model 1: adjusted for demographics (age, sex, educational level) and eGFR. 
b Model 2: 1 + lifestyle factors (BMI, alcohol consumption and smoking 

behavior). 
c Model 3 (main model): 2 + stroke type and disability (Barthel index). 
d Model 4: 3 + PSD, hypertension, type-2 diabetes, history of CVD, B vitamins 

(PLP, riboflavin) and low-grade inflammation (composite score of CRP, SAA, 
ICAM-1, IL-6, IL-8 and TNF-α). 

* p < .05. 
** p < .01. 
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domains. Additionally, the longitudinal design of the CASPER study 
with a relatively long follow-up up to 3 years post-stroke made it 
possible to investigate associations between baseline kynurenines and 
cognitive dysregulation over time. At the same time, results should be 
interpreted with caution, since all analyses in this study were observa
tional, exploratory and therefore uncorrected for multiple testing. It is 
also likely that the CASPER study includes patients at the less severe end 
of the stroke spectrum because of self-selection. For instance, ceiling 
effects were identified on a questionnaire that evaluates impairments in 
activities of daily living, indicating that most patients were at least 
functionally independent [30]. Patients in this study were also younger, 
had higher MMSE scores, and a lower percentage of diabetes and hy
pertension compared to a previous study [19]. As such, patients might 
have experienced milder stroke compared to a general stroke popula
tion. Additionally, the number of patients with cognitive impairment 
and the severity of their symptoms might be underestimated. Lastly, 
metabolites were only determined at baseline, making it impossible to 
link changes in cognitive dysregulation to changes in metabolite levels 
over time. 

5. Conclusion 

In the present study, higher levels of KA, AA and KA/QA were 
associated with better scores on cognitive domains at baseline. These 

associations did not change over time. Results need to be verified in 
other prospective studies, preferably by using larger sample sizes and by 
measuring all kynurenines at different points in time after stroke. 
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