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Abstract
Background. Biomarkers for predicting treatment response to thrombolysis in acute ischemic stroke are 
currently lacking. Both, animal models and clinical studies have provided evidence that the kynurenine (KYN) 
pathway is activated in ischemic stroke.

Objectives. In our pilot study, we aimed to investigate whether KYN pathway enzymes and metabolites 
could serve as potential biomarkers for treatment response in the hyperacute phase of ischemic stroke.

Materials and methods. We included 48 acute ischemic stroke patients who received thrombolysis. 
Blood samples were taken both before and 12 h after treatment. Concentrations of 11 KYN metabolites were 
determined using ultra-high-performance liquid chromatography-mass spectrometry. To assess the treatment 
response, we used early neurological improvement (ENI), calculated as the difference between the admission 
and discharge National Institutes of Health Stroke Scale (NIHSS) scores. We performed receiver operating 
characteristic (ROC) analysis for KYN pathway metabolites and enzymes that showed a correlation with ENI.

Results. In the samples taken before thrombolysis, significantly lower concentrations of kynurenic acid 
(KYNA) and kynurenine aminotransferase (KAT) activity were found in patients who had ENI (p = 0.01 and 
p = 0.002, respectively). According to the ROC analysis, the optimal cut-off value to predict ENI for KYNA was 
37.80 nM (sensitivity (SN) 69.2%, specificity (SP) 68.4%) and 0.0127 for KAT activity (SN 92.3%, SP 73.7%).

Conclusions. Our research is the first clinical pilot study to analyze changes in the KYN pathway in ischemic 
stroke patients who received thrombolytic treatment. Based on our results, baseline KYNA concentration 
and KAT activity could serve as potential biomarkers to predict early treatment response to thrombolysis.
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Introduction

Biomarkers are objective indicators of  physiological 
or pathological processes and have valuable applications 
in predicting and monitoring clinical response to thera-
peutic interventions.1 At present, biomarkers aiding in pre-
diction of response to intravenous thrombolysis treatment 
and prognosis in acute ischemic stroke are lacking in rou-
tine clinical practice.2 However, a few blood biomarkers 
have shown promise: copeptin, a fragment of vasopressin 
produced in the hypothalamus, was shown to increase 
the prognostic accuracy of the National Institutes of Health 
Stroke Scale (NIHSS) in predicting functional outcome 
and mortality.3 Matrix metalloproteinase-9 (MMP-9) 
levels correlated with hemorrhagic transformation after 
thrombolytic therapy, and S100B was elevated in patients 
with malignant middle cerebral artery syndrome.4,5 Higher 
activated/inactivated thrombin-activatable fibrinolysis in-
hibitor levels correlated with higher NIHSS scores 2 days 
after treatment, and with poor outcome on the modified 
Rankin Scale (mRS) score at day 90.6 Faille et al. reported 
that low admission levels of soluble thrombomodulin and 
soluble endothelial protein C receptor in patients with arte-
rial occlusion were associated with higher recanalization 
rates after thrombolytic therapy.7 In another study, low 
endogenous thrombin potential before thrombolysis was 
found to be an independent predictor of both short- and 
long-term mortality following treatment.8

The  kynurenine (KYN) pathway is  the  main route 
of  tryptophan (TRP) metabolism. Animal models and 
clinical studies have unequivocally proven that the KYN 
pathway is activated in acute ischemic stroke.9–15 The first 
step of  the pathway is  the metabolism of TRP to KYN 
by  indoleamine-2,3-dioxygenase (IDO). Inflammatory 
cytokines (e.g., interleukin 1β (IL-1β), tumor necrosis fac-
tor α (TNF-α) and interferon γ (INF-γ)) were shown to in-
crease the expression of IDO.16,17 Therefore, the activation 
of the KYN pathway following ischemic brain injury is likely 
part of a secondary inflammatory reaction.18,19 The most 
well-studied metabolites of the pathway are kynurenic acid 
(KYNA), 3-hydroxykynurenine (3-HK) and quinolinic acid 
(QUIN). Kynurenic acid is metabolized by kynurenine ami-
notransferase (KAT) from KYN. It is a known endogenous, 
competitive inhibitor of the N-methyl-D-aspartate receptor 
(NMDAR) and is therefore thought to have neuroprotective 
properties.20 In contrast, 3-HK and QUIN are neurotoxic 
compounds that produce free radicals and cause oxidative 
stress. Further metabolites and enzymes of the KYN path-
way that were analyzed in our study are highlighted in Fig. 1.

The KYN pathway is linked to a number of traditional 
cerebrovascular risk factors that could influence serum 
levels of KYN metabolites.21 It has been demonstrated that 
IDO expression regulates blood pressure in mouse mod-
els of systemic inflammation.22 Administration of KYNA 
into the rostral ventrolateral medulla of spontaneously 
hypertensive rats, decreased mean arterial blood pressure 

by approx. 40 mm Hg.23 Median blood KYN levels of pa-
tients with stable angina pectoris were higher in hyper-
tensive patients compared to normotensive individuals.24

Elevated xanthurenic acid (XA) levels have been found 
in diabetic patients.25 Xanthurenic acid forms a complex 
with insulin that does not activate insulin receptors.26 There-
fore, elevated XA levels contribute to insulin resistance.27

Aging, the most relevant non-modifiable risk factor for 
cerebrovascular diseases, showed a significant association 
in a multivariate linear regression analysis with serum con-
centrations of KYN, TRP, and IDO activity.28 In the Horda-
land Health Study, an inverse association was found between 
heavy smoking and anthranilic acid (AA), TRP, KYN, KYNA, 
XA, and 3-hydroxyanthranilic acid (3-HANA).29

Objectives

Our aim in this single-center pilot study was to investi-
gate whether metabolites of the KYN pathway and activ-
ity of relevant enzymes measured before and 12 h after 
thrombolytic therapy in ischemic stroke could serve as po-
tential biomarkers for predicting treatment response and 
prognosis.

Patients and methods

Patients and outcomes

Our inclusion criteria were patients with a diagnosis 
of  acute ischemic stroke who underwent intravenous 
thrombolysis with alteplase between January and December 
2018. We excluded patients who received thrombectomy 
and those who had a baseline mRS score >2. The pilot study 

Fig. 1. Kynurenine pathway and other tryptophan metabolites measured 
in our pilot study. Dotted lines indicate more than 1 enzymatic step. 
Dotted boxes highlight the most relevant enzymes of the pathway

3-HANA – 3-hydroxyanthranilic acid; 3-HK – 3-hydroxy-kynurenine; 
5-HIAA – 5-hydroxy-3-indoleacetic acid; ANA – anthranilic acid; 
IDO – indoleamine 2,3-dioxygenase; KAT – kynurenine aminotransferase; 
KYN – kynurenine; KYNA – kynurenic acid; MAO – monoamine oxidase; 
PICA – picolinic acid; QUIN – quinolinic acid; SERO – serotonin; 
TRP – tryptophan; XA – xanthurenic acid.
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was conducted in accordance with the revised Declaration 
of Helsinki, and the protocol was approved by the Ethics 
Committee of the University of Szeged, Albert Szent-Györ-
gyi Clinical Centre (Project GINOP 2.3.2-15-2016-00048). 
All patients or their relatives gave informed consent for 
inclusion before the participation in the study.

C-reactive protein (CRP) and white cell count were mea-
sured from blood samples taken upon arrival in the emer-
gency department. The time when the alteplase bolus was 
administered is referred to as “needle time”. All patients 
underwent repeat imaging approx. 24 h after treatment. 
The NIHSS and mRS scores were established by a certified 
expert. The NIHSS scores were calculated on admission 
before thrombolysis, and at discharge from the stroke unit.

Efficacy endpoints were early neurological improvement 
(ENI) and good functional outcome at 30 and 90 days 
after the stroke. We defined ENI as a ≥4 point decrease 
in the NIHSS score from admission to discharge. The cri-
terion for good functional outcome was an mRS score ≤2.

Sampling

Peripheral venous blood samples were taken just before 
thrombolysis and 12 h after the initiation of treatment (sam-
ples A and B, respectively). Blood samples were centrifuged 
at 3000/min for 13 min, and sera were then stored at −80°C 
until further analysis. Due to restricted opening times of our 
biobank facility, samples were only processed on weekdays.

Measurement of kynurenines by ultra-
high-performance liquid chromatography 
(UHPLC) coupled to tandem mass 
spectrometry (MS/MS) 

Reagents and chemicals

All reagents and chemicals were of analytical or liquid 
chromatography-mass spectrometry (LC-MS) grade. Tryp-
tophan and its metabolites and d4-picolinic acid (PICA) 
were purchased from Sigma-Aldrich (St. Louis, USA). 
The d3-3-HK was obtained from Buchem BV (Apeldoorn, 
the Netherlands). The other deuterated internal standards 
(ISs; d4-serotonin (SERO), d4-KYN, d3-3-3-HANA, d5-
TRP, d5-5-hydroxy-3-indoleacetic acid (5-HIAA), d5-
KYNA, d4-XA and d3-QUIN) were purchased from To-
ronto Research Chemicals (Toronto, Canada). Acetone, 
methanol (MeOH) and water were obtained from VWR 
Chemicals (Monroeville, USA). Formic acid (FA) was pur-
chased from Thermo Fisher Scientific (Portsmouth, USA).

Preparation of standard, IS  
and quality control solutions

Stock solutions, calibration standards and quality con-
trol (QC) samples were prepared as described previously.30 

Calibration standards consisted of 100 μL of “blank” serum, 
10 μL of standard solution mix (156.25–5000 nM SERO, 
312.5–10,000 nM KYN, 7.8–250 nM 3-HANA, 6.25–200 µM 
TRP, 7.8–250 nM 5-HIAA, 6.25–200 nM ANA, 4.7–150 nM 
KYNA, 6.25–200 nM 3-HK, 1.5–50 nM XA, 3.125–100 nM 
PICA, and 62.5–2000 nM QUIN in 0.1% (v/v) aqueous FA), 
were treated with 370 μL of ice-cold acetone: MeOH (1:1, 
(v/v)) containing 10 μL of the SIL-IS mix (1500 nM d4-SERO, 
1000 nM d4-KYN, 65 nM d3-3-HANA, 5250 nM d5-TRP, 
200 nM d5-5-HIAA, 50 nM d5-KYNA, 90 nM d3-3-HK, 
25 nM d4-XA, 80 nM d4-PICA, and 300 nM d3-QUIN) 
to precipitate proteins. After centrifugation, 400 μL of su-
pernatant were transferred to a new tube, spun for 15 s and 
split into 2 equal parts. After concentration under a vacuum 
(Savant SC 110 A Speed Vac Plus; Savant, Holbrook, USA), 
half of the sample was treated with 70 μL of derivatizing re-
agent (n-butanol-acetyl chloride, 9:1, (v/v)) and was incubated 
for 1 h at 60°C. The mixture was dried under nitrogen be-
fore reconstitution. Both parts of the sample were dissolved 
in 100–100 μL of the starting eluent, vortexed, centrifuged, 
and combined.

Preparation of human serum samples for analysis

The human serum samples were prepared as described 
previously.30 Briefly, to  100  μL of  each serum sample, 
10 μL 0.1% (v/v) of aqueous FA and 370 μL of ice-cold ac-
etone–MeOH (1:1, (v/v)) containing 10 μL of the SIL-IS 
mix (the same as used in the preparation of the calibration 
standards) were added, and 400 μL of supernatant was 
treated as above.

Instrumentation and UHPLC-MS/MS analysis

The UHPLC separation of TRP and its metabolites was 
performed on a pentafluorophenyl (PFP) column (100 Å, 
100 mm × 2.1 mm, particle size 2.6 μm; Phenomenex, 
Torrance, USA) connected to  an  ACQUITY I-Class 
UPLC™ liquid chromatography system (Waters, Man-
chester, UK) using 0.1% (v/v) aqueous FA as solvent A and 
MeOH containing 0.1% (v/v) FA as solvent B. All mass 
spectrometric measurements were carried out on an on-
line connected Q Exactive™ Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific, 
San Jose, USA), operating in the positive electrospray ion-
ization mode. For quantitative mass spectrometric analysis 
through MS/MS, the parallel reaction monitoring (PRM) 
data acquisition mode was chosen. The  optimization 
of parameters and the validation of the UHPLC-MS/MS 
analysis for human serum were carried out previously.30

Statistical analyses

Our outcome measures were categorical variables (ENI, 
good outcome at 30 and 90 days). Based on the Shapiro–
Wilk test, some KYN metabolites and enzymatic activities 



Á. Annus et al. Kynurenines are biomarkers of good response1228

did not show normal distribution (namely, 3-HANA, TRP, 
ANA, 3-HK, PICA, XA, monoamine oxidase (MAO), and 
KAT). Therefore, based on the distribution, continuous 
variables were either expressed as mean ± standard de-
viation (SD) or  median and interquartile range (IQR). 
Kynurenine metabolite concentrations and enzymatic ac-
tivities measured at the 2 timepoints were compared with 
either paired sample t-test (if the distribution was normal), 
or Wilcoxon matched-pairs signed-ranks test (when data 
was nonparametric) for cases where both samples were 
taken. To compare means of concentrations and enzymatic 
activities between groups with and without ENI or good 
functional outcome, we used the independent sample t-test 
or Mann–Whitney U test (depending on the distribution 
of the data). Boxplots were drawn to allow for better visu-
alization of statistically significant findings. Furthermore, 
if statistical significance was met, we performed receiver 
operating characteristic (ROC) analysis. We calculated 
area under the curve (AUC), as well as sensitivity (SN) and 
specificity (SP) for different cut-off values. Due to the small 
sample size of our pilot study, logistic regression was not 
performed. A p-value of <0.05 was regarded statistically 
significant. Confidence intervals (CI) of 95% were presented 
where appropriate. Analyses were carried out with IBM 
SPSS v. 24 (IBM Corp., Armonk, USA) statistical software.

Results

Our pilot study included 48 patients. Thirty-nine were 
known to be within the 4.5 h thrombolysis time window. 
In the remaining 9 patients with unknown stroke onset 
time, intravenous alteplase was administered on the ba-
sis of a diffusion-weighted imaging (DWI)-fluid-attenu-
ated inversion recovery (FLAIR) mismatch demonstrated 
on an acute brain magnetic resonance imaging (MRI), as per 
the WAKE-UP trial.31 The flowchart of patient selection 
is shown in Fig. 2. The clinical characteristics of our study 
population are highlighted in Table 1. Seventeen patients 
had large vessel occlusion (LVO), but mechanical thrombec-
tomy was not performed due to limited availability of this 
service in our center at the time. We collected 32 blood 
samples before thrombolysis and 36 samples 12 h after 
treatment. Twenty-three patients had samples taken at both 
timepoints. The UHPLC-MS/MS  method provided simul-
taneous quantification of TRP and its 10 most important 
metabolites (SERO, KYN, 3-HANA, 5-HIAA, ANA, KYNA, 
3-HK, XA, PICA, and QUIN).30 Concentrations of the mea-
sured KYN metabolites of the 23 patients who had sampling 
at both timepoints are shown in Table 2. Significant changes 
in paired serum levels were observed for KYN, ANA, KYNA, 
XA, PICA, and QUIN. Enzymatic activity of IDO, MAO and 
KAT were calculated by the following ratios: KYN/TRP, 
5-HIAA/SERO and KYNA/KYN, respectively. Enzymatic 
activities are also demonstrated in Table 2. The activity 
of IDO and MAO decreased significantly after 12 h.

Patients with ENI had significantly lower concentra-
tions of KYNA and lower KAT activity in sample A (in-
dependent sample t-test, p = 0.01, df = 30, t = −2.722; and 
Mann–Whitney U test, p = 0.002, z = −3.050, respectively, 
Fig. 3). There was no statistically significant difference 
in sample B. Regarding the presence or absence of good 
outcome at 30 and 90 days, concentrations and enzymatic 
activities did not statistically significantly differ in sam-
ples A or B. Receiver operating characteristic analysis for 
ENI was performed using KYNA levels and KAT activity 
measured before treatment (Fig. 4). The AUC for KYNA 
concentrations was 0.74, 95% CI = 0.57–0.91, p = 0.02. 
The optimal cut-off value to predict ENI was 37.8 nM (SN 
69.2%, SP 68.4%). Similarly, the AUC for KAT activity was 
0.82, 95% CI = 0.67–0.98, p = 0.002. The optimal cut-off 
activity was 0.0127 (SN 92.3%, SP 73.7%).

Discussion

To  our knowledge, this is  the  first study to  analyze 
the changes in KYN metabolite serum levels and enzymatic 

Table 1. Clinical data of our study population (n = 48). Some data were not 
available for all patients. These are highlighted after each criteria accordingly

Patient characteristics Value

Mean age ±SD [years] 67.33 ±12.04

Female 24 (50%)

Male 24 (50%)

Hypertension 41 (85.42%)

Diabetes mellitus 13 (27.08%)

Hyperlipidemia 39 (81.25%)

Smoking 14 (29.17%)

Atrial fibrillation 7 (14.58%)

Coronary artery disease 10 (20.83%)

Mean baseline NIHSS score ±SD 8.81 ±4.29

Mean baseline mRS score ±SD 0.79 ±0.77

Large vessel occlusion 17 (35.42%)

Mean SOtN time ±SD (min, n = 39) 136.59 ±53.9

Mean DtN time ±SD (min, n = 47) 57.45 ±35.72

Length of stay in stroke unit [days] 4.91 ±2.05

Intracerebral hemorrhage after treatment 4 (8.33%)

Mean C-reactive protein ±SD [mg/L], n = 47) 10.44 ±18.78

Mean white cell count ±SD [g/L] 8.07 ±2.31

Mean discharge NIHSS score ±SD 6.71 ±7.89

Early neurological improvement 19 (39.58%)

Mean mRS score at 30 days ±SD (n = 45) 2.47 ±1.84

Mean mRS score at 90 days ±SD (n = 40) 2.38 ±1.9

Good functional outcome at day 30 (n = 45) 27 (60%)

Good functional outcome at day 90 (n = 40) 24 (60%)

DtN – door to needle; mRS – modified Rankin Scale; NIHSS – National 
Institutes of Health Stroke Scale; SD – standard deviation; SOtN – stroke 
onset to needle.
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activity in acute ischemic stroke patients who received 
thrombolytic treatment.

The main finding of our pilot study is that ischemic stroke 
patients with ENI after thrombolysis have significantly 
lower concentrations of KYNA and lower KAT activity 
at baseline. Therefore, we propose that pre-thrombolysis 

KYNA levels and KAT activity are potential biomarkers 
of ENI. It  should be highlighted that ENI was defined 
as the difference between the admission and discharge 
NIHSS scores, although we are aware that ENI is usually 
calculated with the NIHSS score taken 24 h after symptom 
onset or treatment.32 The mean time difference between 

Table 2. Mean and median concentrations of KYN metabolites taken before thrombolysis (sample A) and 12 hours after (sample B) alteplase treatment.  
Only the results of 23 patients who had sampling at both timepoints are presented. The unit of measurement for all metabolites is nanomoles (nM). 
Enzymatic activities are also shown (these ratios do not have units of measurement). Concentrations are expressed as mean ±SD if the distribution was 
normal or median and interquartile range when data was nonparametric. Concentrations and enzymatic activities were compared with either paired 
sample t-test (if the distribution was normal) or Wilcoxon matched-pairs signed-ranks test (when data was nonparametric)

Metabolites and 
enzymes Sample A (nM) (n = 23) Sample B (nM) (n = 23) p-value

SERO 655.34 ±301.3 680.97 ±263.54 0.44

KYN 3669.52 ±1044.79 3413.1 ±1114.47 0.03

3-HANA 53.07 (40.9–79.74) 43.33 (35.58–62.01) 0.05

TRP 46,371.75 (41,588.69–54,644.26) 50,599.91 (41,798.89–53,961.54) 0.56

5-HIAA 96.58 ±35.47 88.15 ±36.29 0.18

ANA 53.75 (38.73–68.44) 43.8 (27.07–60.2) 0.01

KYNA 45.44 ±20.02 37.69 ±14.55 0.004

XA 11.27 (5.8–16.51) 4.58 (2.56–7.93) 0.001

3-HK 125.68 (79.33–175.98) 115.73 (87.04–161.72) 0.26

PICA 43.33 (34.09–52.22) 29.47 (24.12–39.6) <0.001

QUIN 673.69 ±230.82 620.26 ±236.66 0.001

IDO 0.08 ±0.02 0.07 ±0.02 0.02

MAO 0.16 (0.11–0.21) 0.12 (0.08–0.2) 0.02

KAT 0.01 (0.01–0.02) 0.01 (0.01–0.01) 0.14

3-HANA – 3-hydroxyanthranilic acid; 3-HK – 3-hydroxykynurenine; 5-HIAA – 5-hydroxy-3-indoleacetic acid; ANA – anthranilic acid; IDO – indoleamine 
2,3-dioxygenase; KAT – kynurenine aminotransferase; KYN – kynurenine; KYNA – kynurenic acid; MAO – monoamine oxidase; PICA – picolinic acid; 
QUIN – quinolinic acid; SD – standard deviation; SERO – serotonin; TRP – tryptophan; XA – xanthurenic acid.

Fig. 2. Flowchart showing patient enrollment in our pilot study

DWI – diffusion weighted imaging; FLAIR – fluid attenuated inversion recovery; mRS – modified Rankin Scale.
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the admission and discharge date in our population was 
4.91 days. We believe that this five-day difference does 
not confound the treatment effect size of intravenous al-
teplase. Our view is that the true effect of thrombolysis 
is better reflected in the short-term NIHSS change than 
in the 30 and 90 day mRS scores, which are more depen-
dent on a number of additional factors, such as the pre-
stroke condition of patients, comorbidities, polypharmacy, 
the availability and quality of rehabilitation, and support 
provided by family.

Based on our previous research in animal stroke models, 
we had hypothesized that levels of neuroprotective KYNA 

would be higher in patients with better outcomes.13,33 
However, lower concentrations of KYNA and lower KAT 
activity were found to predict good treatment response, 
with good sensitivity and specificity. Our findings support 
previous observations by Darlington et al. of higher KYNA 
levels being detected in patients who died within 21 days 
after ischemic stroke compared to those who survived.11 
It is unclear why increased levels of KYNA are associated 
with worse clinical outcome in ischemic stroke. One pos-
sible explanation is that KYNA is an endogenous NMDAR 
antagonist; therefore, it could further decrease synaptic 
activity in brain ischemia and, consequently, worsen brain 
function.11,34 It has also been reported that KYNA can in-
terfere with mitochondrial respiration, resulting in reduced 
ATP synthesis and increased levels of oxidative stress.35

We did not find any correlation between KYN metabo-
lites or enzymes and good functional outcome measured 
30 and 90 days after the stroke. This finding was somewhat 
surprising, given the results of the ROC analysis. Brouns 
et al. reported that the KYN/TRP ratio correlated with 
the mRS score 3 months after the ischemic stroke.10 Pos-
sible explanations behind the lack of correlation in our 
study are the small sample size and the effect of throm-
bolytic treatment.

Limitations

The main limitations of our pilot study are the small 
sample size and the absence of a control group. An ideal 
control group would have been acute ischemic stroke pa-
tients who did not receive alteplase treatment. However, 
this would have been unethical, given the evidence sup-
porting thrombolytic treatment.36

Fig. 3. Boxplots highlighting the significant difference of KYNA levels (A) and KAT activity (B) between patients with and without early neurological 
improvement. Measurements were made from samples taken before alteplase treatment. For each box, the horizontal line inside the box shows the median. 
The ends of the boxes represent the 1st and 3rd quartiles. The whiskers extend to the highest and lowest values not considered outliers (defined as 1.5 times 
the interquartile range (IQR)). Outliers are shown as circles

KAT – kynurenine aminotransferase; KYNA – kynurenic acid.

Fig. 4. Receiver operating characteristic (ROC) curve showing 
the accuracy of KYNA concentration and KAT activity (measured before 
thrombolysis) in predicting early neurological improvement

KAT – kynurenine aminotransferase; KYNA – kynurenic acid.
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We could not obtain blood samples from every patient 
at both timepoints due to occasional limited availability 
of our biobank facility, and the loss of several patients be-
fore follow-up. Due to the small number of  individuals 
included in our study, logistic regression analysis was not 
applicable.

Also, it  is  important to  note that KYN metabolites 
were measured from the serum of patients. Therefore, 
our findings do not necessarily reflect the intracerebral 
changes in KYN metabolites and enzymes in the setting 
of acute ischemic stroke. It has been previously reported 
that approx. 40% of KYN is produced locally in the central 
nervous system and the remaining 60% is taken up from 
circulation.37 Metabolites that can cross the blood-brain 
barrier (BBB) via large neutral amino acid transporters are 
TRP, KYN and 3-HK.20,38 Kynurenic acid only has a limited 
ability to traverse across the BBB.

Conclusions

In conclusion, our pilot study provides further evidence 
that the KYN pathway is already activated within the first 
few hours after symptom onset in acute ischemic stroke. 
We propose that baseline serum KYNA concentration and 
KAT activity are potential biomarkers predicting early 
treatment response to  thrombolytic therapy in stroke. 
Consequently, genetic polymorphisms of KAT could also 
hold promise as a further research target. Future studies 
with larger samples, well-chosen control groups and rigor-
ous methodology are needed.
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