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Introduction
The kynurenine pathway is the main route of tryptophan deg-
radation and produces various metabolites, such as kynurenine, 
kynurenic acid (KYNA), 3-hydroxykynurenine (3HK), xan-
thurenic acid (XA), 3-hydroxyanthranilic acid (HANA), quin-
olinic acid (QUIN), picolinic acid (PIC), nicotinic acid (NIC), 
and nicotinamide (NAA) (Figure 1). The pathway is tightly 
regulated by enzymes and several of its metabolites are neuro-
active with tissue- and cell-specific effects.1 Activation of the 
kynurenine pathway is implicated in a variety of disorders and 
diseases, including tick-borne encephalitis (TBE),2 human 
immunodeficiency virus infection (HIV),2,3 malaria,4,5 system 
lupus erythematosus (SLE),6,7 multiple sclerosis (MS),8,9 car-
diovascular disorder,10 and diabetes.11-13 Furthermore, activa-
tion of the kynurenine pathway is present in psychiatric 
disorders such as schizophrenia,14,15 major depression,16 bipo-
lar disorder,17,18 and suicidality.19,20 Previous studies have dem-
onstrated that both immune activation and polymorphisms in 

genes for specific kynurenine pathway enzymes can alter the 
concentration of metabolites.16,18,20,21 In addition, physical 
activity has also been shown to influence the concentration of 
kynurenine pathway metabolites.22,23

Numerous studies have analyzed the content of kynurenine 
metabolites in plasma and cerebrospinal fluid (CSF) during 
health and disease as well as following different kinds of exer-
cise. Most of these studies have analyzed only a few metabo-
lites since a robust method for quantitative and simultaneous 
detection of several metabolites, including stability tests for all 
metabolites measured, has been missing.24-32 We have recently 
developed a novel, robust, and highly sensitive ultrahigh-per-
formance liquid chromatography tandem mass spectrometry 
(UPLC-MS/MS) method for simultaneous quantification of 
ten kynurenine metabolites in the CSF.25 In the present study 
we have further developed this method for quantification of 
these metabolites in human plasma and analyzed the effect  
of 1 sprint interval exercise (SIE) on plasma concentration of 
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kynurenine metabolites in young and old male volunteers. SIE 
is not regarded as traditional endurance training, rather it is 
characterized by short repeated bouts of high-intensity exercise 
interspersed with periods of recovery.26,27 Previous studies have 
shown that SIE is a time effective method for improving meta-
bolic health, boosting aerobic capacity and reducing the risk of 
cardiometabolic disease, such as type 2 diabetes28,29 but its 
effects on kynurenine metabolites are not known. The aims of 
the present study are first to validate our newly developed 
UPLC-MS/MS protocol for plasma samples, second to ana-
lyze the stability of the kynurenine metabolites in plasma and 
third to apply the protocol on a cohort of young and old healthy 
subjects and investigate if 1 SIE session affects the concentra-
tion of plasma kynurenine metabolites.

Material and Methods
UPLC-MS/MS method validation

Chemicals. Normal standards: tryptophan, L-kynurenine, pyri-
dine-2,3-dicarboxylic acid (Quinolinic acid, QUIN), kynurenic 
acid (KYNA), picolinic acid (PIC), nicotinamide (NAA), nico-
tinic acid (Niacin, NA), xanthurenic acid (XA), 3-hydrox-
ykynurenine (3-HK), 3-hydroxyanthranilic acid 
(3-HANA)—were purchased from Sigma-Aldrich (MO, 
USA). The Internal standards (IS): tryptophan-d3, L-kynure-
nine-d4, QUIN-d3, [13C6] NAA, [13C6]NA, XA-d4, 3-HK-d3, 
3HA-d3, were purchased from Toronto Research Chemicals 
Canada (Toronto Canada). KYNA-d5 and PIC-d4 were 

obtained from C/D/N Isotopes Inc. (Quebec, Canada). Solu-
tions for the mobile phases: water, methanol and formic acid 
99% were all LC-MS grade from Chromasolve, Honeywell, 
VWR International AB, Stockholm (Sweden).

Solutions for plasma preparations: ammonia (32%) was pur-
chased from VWR and zinc sulphate was purchased from 
Sigma-Aldrich (MO, USA).

Standard solutions. Ten stock solutions of all unlabeled stand-
ards (tryptophan, kynurenine, QUIN, KYNA, PIC, NAA, 
NIC, XA, 3-HK and 3-HANA), were prepared in water for 
HPLC, LC-MS grade and stored at −20°C. Calibrators were 
generated mixing all compounds in a final solution of 8.3 µM 
for kynurenine, QUIN, KYNA, PIC, NAA, NIC, XA, 3-HK 
and 3-HANA and ten times higher for tryptophan, 83 µM. 
The calibrator mix was then aliquoted in volumes of 200 µl and 
stored at −80°C. Before each experiment, calibrator mix was 
thawed and serially diluted in water for HPLC, LC-MS grade 
before each experiment. The IS stock solutions of all com-
pounds were prepared in water with a final concentration of 
4.1 µM (tryptophan-d3, 41 µM) and stored at −80°C in aliquots 
of 350 µl.

Analysis with UPLC-MS/MS. The UPLC-MS/MS system 
used was a Xevo TQ-XS triple quadrupole mass spectrometer 
(Waters, Manchester, UK) equipped with a Z-spray electrospray 
interface and a Waters Acquity UPLC I-Class FTN system 
(Waters, Milford, MA). The MS was operated in electrospray 

Figure 1. The kynurenine pathway of tryptophan degradation.



Trepci et al 3

positive multiple reaction monitoring (MRM) mode. The con-
ditions were set as follow for the interface: source temperature of 
150°C; desolvation gas flow rate 1000 L/h; cone gas flow rate 
150 L/h; capillary voltage of 3.0 kV; desolvation temperature 
650 C; and detector gain 1. The UPLC condition was as follows: 
column, Acquity HSS T3 1.8 μm with dimensions 2.1 × 150 mm, 
(Waters, part number: 186003540) column temperature 50°C; 
guard column (Waters, Vanguard HSS T3 1.8 μm 2.1 × 50 mm 
column, part number: 186003976) was installed to retain con-
taminants from the mobile phase. The mobile phase A was 0.6% 
formic acid in water (UPLC grade) and the mobile phase B was 
0.6% formic acid in methanol (UPLC grade). The flow rate was 
0.3 ml/min and the run time for each sample was 13.0 minutes. 
The autosampler was set at 4°C. Data processing was performed 
using MassLynx 4.1 software. The software was used for calcu-
lating the dwell times for the MRM channels, giving a desired 
number of 15-20 data points across the chromatographic peak.

The m/z for the MRM transitions of each individual ana-
lyte, along with optimal cone voltages and collision energies 
were determined by manual tuning using the instrument’s 
built-in fluidics system (MassLynx 4.1 software). A 10 L/min-
ute flow of 100 ng/mL tuning solution was introduced to the 
mass spectrometer in combination with an LC flow of 0.2 mL/
minute and a composition of 20/80 mobile phase A/mobile 
phase B. The MRM transition providing the highest sensitivity 
was chosen as quantification trace for all compounds, except 
for tryptophan and kynurenine where the C13 isotopes were 
selected to reduce overall signal intensity.

Sample preparation. 30 μl of human plasma sample, calibrator 
sample or Quality Control sample was mixed with 30 μl of IS 
0.5 μM in 10% Ammonium hydroxide (UPLC grade) solution 
during 15 seconds and then 60 μl of 200 nM ZnSO4 (+5°C) 
was added and mixed for 15 seconds before 30 μl of Methanol 
(+5°C) (UPLC grade) was added and mixed for 15 seconds. 
The mixture was then centrifuged for 10 minutes at 2841 × g 
at room temperature. Thirty microliters of the supernatant was 
mixed with 30 μl of formic acid 5% in LC-MS Certified Clear 
Glass 12 × 32 mm vials (Waters, product no. 186005662CV) 
before transfer to an autosampler (set to 5°C) that injected 
1.5 μl into the UPLC-MS/MS system.

Method validation. The method´s selectivity, linearity, accu-
racy, precision, and matrix effects were validated according to 
the guidelines from the European Medicines Agency (EMA) 
and US Department of Health and Human Services Food and 
Drug Administration (FDA). For chromatographic assays, rec-
ommended accuracy and precision variations are ±15% 
(LLOQ: ±20%) of nominal concentrations. Spiked plasma in 
2 different concentrations (low: tryptophan 9 µM; kynurenine 
3 µM; KYNA 50 nM; QUIN 300 nM; PIC 70 nM; NAA 
150 nM; NA 2 nM; 3-HANA 40 nM; XA 15 nM; 3HK 50 nM) 
(high: tryptophan 40 µM; kynurenine 1.5 µM; KYNA 500 nM; 
QUIN 3000 nM; PIC 700 nM; NAA 1500 nM; NA 20 nM; 

3-HANA 400 nM; XA 150 nM; 3HK 500 nM) was used in 
order to test the accuracy and precision of the assay. Accuracy 
is presented as percentage recovery (100× (measured Cspiked-
Cnon-spiked)/Cspiked)) and the assay precision is presented as per-
cent relative standard deviation (STDEV (Data Range) / 
AVERAGE (Data Range)) × 100) and was calculated from 
repeated measurements within the same experiment (intra-
assay, n = 6, during 20 hours with samples stored in sample 
manager at 5°C) or from three different experiments running 
over two days (inter-assay). The matrix effect was calculated by 
comparing peak area of each metabolites IS in pooled plasma 
(n = 6) in relation to the peak area of pure water sample pre-
pared exactly as plasma (n = 6), as follows (peak area (plasma)/
peak area (water)−1) × 100%. The matrix effect should be 
reproducible and consistent.

We investigated the selectivity for all 10 metabolites by 
comparing chromatograms of extracted blank plasma obtained 
from 6 different human samples spiked with a mix of all 10 
metabolites and IS to ensure that it was free of interference at 
the retention time of the compounds. The linearity was tested 
with a calibrator mix diluted in water in concentrations ranging 
between 0.006 to 8.3 µM (for tryptophan the concentrations 
were 0.06 to 83 µM). Each calibrator concentration and human 
plasma sample were analyzed in duplicates. The standard curve 
was calculated by 1/X weighted least squares linear regression 
of standard curve calibrator concentrations and the peak area 
ratios of analyte to IS. A signal-to-noise ratio of 3 and signal-
to-noise ratio of ten was used for estimating limit of detection 
(LOD) and limit of quantification (LOQ) respectively.

Stability tests. We investigated the stability of freeze-thaw 
cycles and the storage at room temperature for different lengths 
of time. The freeze-thaw stability was evaluated using plasma 
samples from 6 different subjects stored at −80°C. The samples 
were thawed to room temperature for 4 cycles with 24 hours in 
between. Samples were stored at room temperature for up to 
4 hours after first thawing (covering a normal time period for 
laboratory handling during sample analysis).

The stability before and after the first freezing cycle was 
tested in plasma samples from 4 individual subjects. We ana-
lyzed those 4 plasma samples directly after blood withdrawal, 
and after 2 hours at room temperature, then again after 1 freez-
ing cycle (covering normal handling time and practices for clini-
cal blood samples). Percent stability for each analyte is given as 
the mean percent stability of all 4 individuals plasma ± SD at the 
given hour.

Stability cohort. Plasma from six subjects enrolled at the MS 
outpatient clinic at the Karolinska University Hospital between 
December 2017 and March 2019 was analyzed following stor-
age in −80oC (August 2019) and used for testing the stability 
following repeated freezing- and thawing-cycles as well as fol-
lowing storage at room temperature for up to 4 hours. Plasma 
from the 4 healthy controls enrolled in 2019 within the 
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Karolinska Schizophrenia Project was used for investigating 
the impact of the first freezing and thawing cycle, that is, that 
the plasma was analyzed within 30 minutes after withdrawal 
and before putting the samples into the freezer. The next day, 
following 24 hours at either −80oC or at room temperature, the 
same samples were analyzed again. Patients and controls should 
meet the following criteria: 1. Being 18-55 years of age. 2. No 
known major somatic or psychiatric diagnoses besides MS for 
the patient group. 3. No psychiatric or psychotropic medica-
tion, including glucocorticoids, within 90 days of sampling.

Sprint interval exercise cohort
Subjects and exercise protocol. Twenty healthy volunteer males 

participated in the study. None of the participants were part 
of any structured sport activity but were recreationally active. 
Subjects were divided in 2 subgroups, young (24 ± 3.2 years old, 
mean ± SD) and old (64.3 ± 5.7 years old, mean ± SD). All the 
participants gave written informed consent before participa-
tion. The protocol was approved by the local ethics committee 
and was conducted following the Declaration of Helsinki.

The exercise bout employed in this study consisted of 1 SIE 
session. The SIE session started with a warming up session of 
8 minutes cycling at a power (W) equal to the individual’s body 
mass (kg), followed by 6 repetitions of a 30s all-out cycling 
bout at 0.7 Nm/kg body weight with 4 minutes passive recovery 
between sprints.30

Venous blood samples (5 ml) were collected from the ante-
cubital vein from all subjects before SIE (baseline), as well as 
1 hour and 24 hours after SIE. Blood samples were collected in 
EDTA tubes and centrifuged at 1438 × g for 10 minutes. The 
supernatant of plasma was collected and stored at −80 C until 
analysis.

The subjects were instructed to maintain their regular diet 
and not to eat for at least 2 hours before the SIE session.

Statistical analyses. All statistical analyses were performed 
using GraphPad Prism 8 for Mac (GraphPad, La Jolla, Ca, 
USA). Data are expressed as mean ± SD. Data from the SIE 
study was analyzed using Mann-Whitney U tests to compare 
the metabolites at baseline (young vs old). Kruskal-Wallis test 
was used to analyze the effects of time after SIE on metabolite 
levels within age groups followed by post hoc Dunn’s test with 
baseline serving as the control condition. Data are presented 
as mean ± standard deviation (SD) and the significance of all 
tests was set at P < .05.

Results
UPLC-MS/MS method validation

The objective of this study was to validate the selectivity, speci-
ficity, sensitivity, linearity, precision, accuracy, and matrix effect 
of a new LC-MS/MS method for measuring tryptophan and 
kynurenine metabolites in plasma by following the guidelines 
for bioanalytical method validation from the US FDA (https://

www.fda.gov/files/drugs/published/Bioanalytical-Method-
Validation-Guidance-for-Industry.pdf and the EMA (https://
www.ema.europa.eu/en/documents/scientific-guideline/
guideline-bioanalytical-method-validation_en.pdf ).

Sensitivity, selectivity and specif icity of the UPLC-MS/MS 
method. Each analyte and IS was infused into the mass spec-
trometer and tuned for its molecular transitions (see Table 1 for 
precursor/product transitions for all compounds and IS). The 
MRM transition providing the highest sensitivity was chosen 
as quantification trace for all compounds, except for trypto-
phan and kynurenine where the C13 isotopes were selected to 
reduce the overall signal intensity. This provided better linear-
ity of the response over the calibration range, since the concen-
tration of tryptophan and kynurenine in biological samples are 
significantly higher (µM range) than for the other analytes in 
this method (nM range).

The five-point standard curves of all ten metabolites tested 
show strong linearity within the concentration ranges tested 
(0.006-8.3 µM; tryptophan: 0.06-83 μM), using stable isotope-
labeled IS. The correlation coefficient R2 of the regression 
equations for tryptophan, QUIN, KYNA, PIC, NIC, XA, 
3-HK and 3-HANA were 0.999, kynurenine and NAA 0.996, 
and PIC 0.995 (see Table 2). The lowest analyte concentration 
that could be measured with acceptable accuracy and precision 
(ie, LLOQ, S/N ratios >10, see Table 1) was in the range that 
covered stable detection of all metabolites in plasma with an 
exception for NIC that was detected in fewer than 30% of all 
samples tested (n = 60) and therefore excluded from further 
analyses.

Chromatograms for all peaks are presented in Figure 2a and 
the specificity of the method for separation of the isomers PIC 
and NIC is presented in Figure 2b to d. The chromatograms 
clearly show that all peaks are free from any interference and that 
the method can clearly separate the 2 isomers, PIC and NIC in a 
standard solution (Figure 2b), plasma sample (Figure 2c) and in a 
plasma sample spiked with 1 μM of PIC and 1 μM NIC.

Assay precision, accuracy and matrix effect. Accuracy and preci-
sion were determined in spiked human plasma with 2 different 
concentrations covering the range of concentrations found in 
human plasma. Intra-assay accuracy (repeated measurements 
within the same experiment, n = 6) were stable for all metabo-
lites (in both high and low concentrations) with a range 
between 87 to 110% of target (see Table 2). Intra-assay preci-
sion ranged between 0.9% to 4.4% relative standard deviation 
(RSD, Table 2). The inter-assay accuracy ranged between 
85.2% to 114.8% and the inter-assay precision ranged between 
1 and 14% RSD (Table 2). All metabolites fulfilled, in this 
regard, the criteria for US FDA and EMA guidelines accepted 
variation (less than 15%). 3-HANA was the only metabolite 
that had unsatisfactory variation in inter-assay accuracy with 
79.2% of target tested (high concentration).

https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.fda.gov/files/drugs/published/Bioanalytical-Method-Validation-Guidance-for-Industry.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
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Endogenous concentrations of all analytes are present in 
human plasma and matrix effects were therefore determined 
with IS only and the matrix factor of IS calculated. Matrix 
effects for all the metabolites were moderate and are presented 
in Table 2.

Stability. The baseline concentration of the metabolites 
(mean ± SD, n = 6) were: tryptophan (34.9 µM ± 4), kynurenine 
(2.3 µM ± 0.3), KYNA (34.6 nM ± 13.3), 3-HK (27.9 nM ±  
5.1), QUIN (162.7 nM ± 37), PIC (36.8 nM ± 14.3), NAA 
(178 nM ± 76.8), 3-HANA (43.7 nM ± 37.5), and XA 

Table 1. Transitions and mass spectrometry parameters for all compounds and their internal standards.

COMPOuND/INTERNAL 
STANDARDS

PRECuRSOR 
ION MASS

PRODuCT 
ION MASS

CONE 
VOLTAgE (V)

COLLISION 
ENERgY (EV)

Tryptophan 206.1 118 20 24

 146** 20 16

Kynurenine 209.1 94 20 12

 146 20 18

KYNA 190.1 116 30 28

 144 30 17

QuIN 168.1 78 20 18

 124 20 10

PIC 123.9 78* 30 16

 96 30 16

NAA 123 78 25 16

 80* 25 16

3HK 225.2 110.1 14 16

 162.1 14 16

NIC 123.9 80* 25 16

 96 25 16

XA 206.1 160.0 25 16

 132.0 25 30

3HANA 154 108* 20 18

 136 20 10

Tryptophan-d3 208.1 118.8 40 26

Kynurenine-d4 213.2 94 30 15

KYNA-d5 195 121 28 26

QuIN-d3 171 81 20 18

PIC-d4 128 82 4 17

NAA [13C6] 129.1 101 20 16

3HK-d3 228.2 163 14 16

NIC [13C6] 130.1 85.2 32 20

XA-d4 210.1 192 25 10

3HANA-d3 157 83 24 24

Abbreviations: KYNA, kynurenic acid; QuIN, quinolinic acid; PIC, picolinic acid; NAA, nicotinamide; 3HK, 3-hydroxykynurenine; NIC, nicotinic acid; XA, xanthurenic acid; 
3HANA, 3-hydroxyanthranilic acid.
*quantifying ion.
**MS transition using C13 isotopes and product ion with low response were selected to reduce the overall signal intensity.
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(14.3 nM ± 7.6). The percent change of tryptophan, kynure-
nine, KYNA, 3-HK, QUIN, PIC and NAA were less than 4% 
and ranged between 96.7% and 103.6% in samples stored at 
room temperature for 30 minutes, 1, 2, 3, and 4 hours (see Table 
3). 3-HANA and XA showed good stability at room tempera-
ture up to 2 hours (less than 15% variation) but 3-HANA had 

Table 2. Intra-assay (6 repeated analyses within 1 experiment during 20 h with samples stored in sample manager) and inter-assay validation.

COMPOuND LINEARITY 
(R2)

LOD-LLOQ % MATRIX 
EFFECT

INTRA-ASSAY (n = 6 DuRINg 20 H  
IN +4*C)

INTER-ASSAY (n = 3) 

ACCuRACY (% OF 
TARgET)

PRECISION 
(RSD%)

ACCuRACY (% OF 
TARgET)

PRECISION 
(RSD%)

Tryptophan 0.999 6-6 nM –38.6 108.2 100.4 1.2 0.9 102.6 85.6 6 6.4

Kynurenine 0.996 6-6 nM –23.3 108.5 113.1 0.7 2.3 114.8 105.2 2.8 13.6

KYNA 0.999 6-6 nM –36.7 90.7 91.8 1.8 0.6 87.9 98.0 10.8 6.9

3-HK 0.999 6-10 nM –54.5 96.3 87.0 1.9 1.2 87.3 85.2 9.5 5.0

QuIN 0.999 6-10 nM –30 87.3 93.9 2.7 2.6 114.7 103.2 1.9 10.6

PIC 0.995 10-10 nM –50.5 90.2 99.8 2.4 0.9 86.9 96.0 6.5 7.6

NAA 0.996 6-10 nM –27.4 104.4 88.1 3.2 2.4 102.5 89.7 1.8 4.5

3-HANA 0.999 6-10 nM 3.2 110.4 107.3 4.4 1.8 112.9 79.2 5.1 14.4

NIC 0.999 10-10 nM –26.3 104.8 95.9 1.4 1.6 112.5 94.4 9.3 4.5

XA 0.999 6-10 nM –18.5 100.6 100 5.2 1.4 86.3 105.6 3.7 6.5

Abbreviations: KYNA, kynurenic acid; QuIN, quinolinic acid; PIC, picolinic acid; NAA, nicotinamide; 3HK, 3-hydroxykynurenine; NIC, nicotinic acid; XA, xanthurenic acid; 
3HANA, 3-hydroxyanthranilic acid, LOD, limit of detection (S/N ratio of three); LLOQ, lower limit of quantification (S/N ratio of ten); RSD: relative strandard deviation.

Figure 2. (a) Chromatograms from tryptophan and kynurenine metabolites in plasma showing respective retention times and chemical structures. 

Chromatograms illustrating the separation of the two isomers picolinic acid (PIC) and nicotinic acid (NIC), (b) in standard solution (6 nM), (c) in human 

plasma, and (d) in spiked plasma showing that the separation stays intact at higher concentration (1 μM). ES+, MRM and TIC is representing PIC.
Abbreviations: ES+, Positive electrospray ionization mass spectrometry; MRM, Multiple reaction monitoring; TIC, Total ion current.

19% variation after 4 hours of storage at room temperature and 
XA had 20% variation after 3 hours of storage at room tempera-
ture (see Table 3).

The stability of kynurenine metabolites before the very first 
freeze-thaw cycle and after 24 hours on the bench at room tem-
perature was analyzed in 4 additional subjects. Mean baseline 
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concentrations in fresh human plasma, analyzed within 30 min-
utes after blood drawing, were tryptophan (30.9 µM ± 5.3), 
kynurenine (2.2 µM ± 0.3), KYNA (44.3 nM ± 1.0), 3-HK 
(28.8 nM ± 7.6), QUIN (144.5 nM ± 18.8), PIC (80.3 nM ±  
33.1), NAA (130.2 nM ± 91.8), 3-HANA (29.6 nM ± 6.5) and 
XA (20.9 nM ± 6).

The percent stability after 24 hours at room temperature 
ranged between 88.7% to 110.0% for tryptophan, kynurenine, 
KYNA, 3-HK, PIC, NAA and 3-HANA (see Table 4). 
QUIN and XA had 132.4% and 69.5% change respectively 
(see Table 4). All metabolites, with the exception of 3-HANA 

(126.4% variation), were stable and had less than 10% varia-
tion after the first freeze-thaw cycle. The percent increase in 
3-HANA in all 4 subjects were found to be similar. More 
precisely, 3-HANA in all 4 subjects increased by 25.4, 24.7, 
26.2, and 29.2%, respectively.

The percent stability after 2, 3, and 4 freeze-thaw cycles 
for tryptophan, kynurenine, KYNA, 3-HK, QUIN, PIC and 
NAA ranged between 95.3% and 103.2%. The only metabo-
lite affected by repeated freeze-thaw cycles is XA that 
showed a 20% decrease after the fourth freeze-thaw cycle 
(see Table 5).

Table 3. Storage at room temperature expressed in % change.

COMPOuND BASELINE 
MEAN ± SD (n = 6)

30 MINuTES 
(n = 6)

1 HOuR (n = 6) 2 HOuRS 
(n = 6)

3 HOuRS 
(n = 6)

4 HOuRS 
(n = 6)

Tryptophan 34.9 µM ± 4 102.2 ± 2.9 102.3 ± 2.9 99.5 ± 2.5 100.5 ± 1.6 101.5 ± 1.9

Kynurenine 2.4 µM ± 0.3 102.4 ± 6.0 101.8 ± 4.8 99.6 ± 5.8 99.1 ± 1.7 101.1 ± 6.5

KYNA 34.6 nM ± 13.3 97.3 ± 7.1 97.1 ± 5.9 96.9 ± 7.0 96.7 ± 6.8 98.1 ± 6.1

3-HK 27.8 nM ± 5.1 100.7 ± 2.7 100 ± 4.6 97.5 ± 6.5 98.9 ± 3.2 102.3 ± 7.5

QuIN 161.7 nM ± 37 102.1 ± 5.1 103.1 ± 6.1 100 ± 3.8 100.8 ± 5.7 103.6 ± 6.1

PIC 36.8 nM ± 14.3 100.2 ± 5.2 99.2 ± 3.4 100.9 ± 3.0 97.4 ± 5.6 99.5 ± 5.8

NAA 178 nM ± 76.8 101.7 ± 3.8 101.5 ± 4.9 101.7 ± 3.4 100.5 ± 4.4 101.4 ± 5.1

3-HANA 43.7 nM ± 37.5 106 ± 10.3 104.7 ± 12.8 114.3 ± 12.7 109.7 ± 11.9 119.1 ± 13.2

XA 14.3 nM ± 7.6 95.1 ± 52.1 85.7 ± 40.1 88.9 ± 42.7 80.5 ± 38.2 96.4 ± 54.8

Compared with the baseline (the concentrations after the first thawing) considered 100%. For baseline and all freeze-thaw cycles, n = 6.
Abbreviations: KYNA, kynurenic acid; QuIN, quinolinic acid; PIC, picolinic acid; NAA, nicotinamide; 3HK, 3-hydroxykynurenine; XA, xanthurenic acid; 3HANA, 
3-hydroxyanthranilic acid.

Table 4. Percentage change compared to baseline.

COMPOuND BASELINE 
MEAN ± SD (n = 4)

THAWINg  
1 (n = 4)

24 HOuRS ON ROOM 
TEMPERATuRE (n = 4)

Tryptophan 30.9 µM ± 5.3 102 ± 1.3 98.0 ± 4.7

Kynurenine 2.2 µM ± 0.3 105.9 ± 6.0 93.7 ± 4.4

KYNA 44.3 nM ± 10 101.6 ± 2.2 97.6 ± 5.5

QuIN 144.5 nM ± 18.8 110.2 ± 9.2 132.4 ± 5.1

PIC 80.3 nM ± 33.1 98.7 ± 1.6 95.2 ± 4.6

NAA 130.2 nM ± 91.8 107.7 ± 11.7 96.0 ± 0.04

3-HK 28.8 nM ± 7.6 99.9 ± 3.2 88.7 ± 1

3-HANA 29.6 nM ± 6.5 126.4 ± 2.0 111.7 ± 3.9

XA 20.9 nM ± 6 99.5 ± 2.7 69.5 ± 28.9

Compared with baseline, (the concentrations of kynurenines directly after blood drawing) (n = 4), considered 100%.
Abbreviations: KYNA, kynurenic acid; QuIN, quinolinic acid; PIC, picolinic acid; NAA, nicotinamide; 3HK, 3-hydroxykynurenine; XA, xanthurenic acid; 3HANA, 
3-hydroxyanthranilic acid.
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Effects on plasma kynurenine metabolite levels 
following one session of SIE

Tryptophan and 6 of its metabolites were successfully detecta-
ble in all plasma samples and therefore included in the statisti-
cal analyses. No differences were found in baseline levels of 
tryptophan, kynurenine, KYNA, 3HK, QUIN, PIC, NAA 
between young and old subjects (see Table 6).

In young subjects, a tendency toward an increase in plasma 
kynurenine levels was observed 1 hour after a single session of 
SIE (P = .06), but plasma kynurenine was not altered 24 hours 
after SIE (Figure 3c). Plasma KYNA levels did not change 
after one (1) hour of SIE, but a tendency toward an increase in 
plasma KYNA levels was observed 24 hours after 1 session of 

SIE (P = .053) (Figure 3e). One session of SIE did not affect 
tryptophan (Figure 3a), 3HK (Figure 3g), QUIN (Figure 3i), 
PIC (Figure 3k), or NAA (Figure 3m) at any timepoint tested 
(1 hour and 24 hours after SIE).

In old subjects, plasma kynurenine levels were significantly 
increased one (1) hour after SIE (P = .03) (Figure 3d). After 
24 hours, plasma KYNA levels were significantly increased 
(P = .02) (Figure 3d). No effect on plasma levels of tryptophan 
one (1) hour and 24 hours after SIE (Figure 3b), kynurenine 
24 hours after SIE (Figure 3d), KYNA 1 hour after SIE (Figure 
3f ), 3HK one (1) hour and 24 hours after SIE (Figure 3h), 
QUIN 1 hour and 24 hours after SIE (Figure 3j), PIC one (1) 
hour and 24 hours after SIE (Figure 3l) and NAA one (1) hour 
and 24 hours after SIE (Figure 3n) was observed (One-way 
ANOVA, non-parametric test, Kruskal-Wallis).

Discussion
In the present study, we have further developed a sensitive 
method for simultaneous quantification and detection of sev-
eral kynurenine metabolites in human plasma. We have vali-
dated the method and used it to investigate the stability of 
kynurenine metabolites in plasma as well as for assessing if 1 
session of SIE changes the concentration of these metabolites 
in young and old healthy adults.

The bioanalytical method showed good linearity, precision 
and accuracy for all kynurenine metabolites: tryptophan, 
kynurenine, QUIN, KYNA, PIC, NAA, NIC, XA, 3-HK and 
3-HANA. The 3-HANA was the only metabolite that had a 
slight deviation from an accepted % change of accuracy in sam-
ples spiked with a high concentration (400 nM). However, the 
accuracy for 3-HANA spiked with the lower concentration 
(40 nM, representing the values found in human plasma) was 

Table 5. Percent change after repeated freeze-thaw cycles.

COMPOuND BASELINE 
MEAN ± SD (n = 6)

THAWINg 2 
(n = 6)

THAWINg 3 
(n = 6)

THAWINg 4 
(n = 6)

Tryptophan 34.9 µM ± 4 100.5 ± 1.9 99.9 ± 4.5 101 ± 1.4

Kynurenine 2.4 µM ± 0.3 101 ± 5.4 102.9 ± 6.5 100.1 ± 3.1

KYNA 34.6 nM ± 13.3 99.3 ± 2.4 99.7 ± 5.8 95.3 ± 7.9

3HK 27.9 nM ± 5.1 101.3 ± 3 103.2 ± 3 97.8 ± 2.5

QuIN 161.7 nM ± 37 100.5 ± 3.4 103.1 ± 9.8 98.4 ± 4.2

PIC 36.8 nM ± 14.3 100.1 ± 2.1 100 ± 3.5 101 ± 2

NAA 178 nM ± 76.8 101.8 ± 3.4 99.6 ± 4.4 102.5 ± 5.9

3-HANA 43.7 nM ± 37.5 103 ± 6.8 106.7 ± 13.3 104.3 ± 9.5

XA 14.3 nM ± 7.6 90.8 ± 49.6 86.7 ± 39.9 80.8 ± 40.2

Compared with the baseline (the concentrations after the first thawing) considered 100%. For baseline and all freeze-thaw cycles, n = 6.
Abbreviations: KYNA, kynurenic acid; QuIN, quinolinic acid; PIC, picolinic acid; NAA, nicotinamide; 3HK, 3-hydroxykynurenine; XA, xanthurenic acid; 3HANA, 
3-hydroxyanthranilic acid.

Table 6. Baseline kynurenine metabolite levels in young and old 
subjects.

COMPOuND YOuNg 
BASELINE

OLD BASELINE P VALuES*

Tryptophan 43.8 µM ± 4 43.7 µM ± 4.3 .97

Kynurenine 2.5 µM ± 0.2 3.0 µM ± 0.3 .25

KYNA 49.5 nM ± 5.4 56.2 nM ± 15.1 .63

3HK 33.7 nM ± 4.4 43.6 nM ± 8.9 .35

QuIN 422.0 nM ± 61.4 404.8 nM ± 62.1 .84

PIC 58.4 nM ± 7.4 92.1 nM ± 29.1 >.99

NAA 127 nM ± 18.8 97.6 nM ± 9.6 .25

*Mann-Whitney U-test.
Abbreviations: KYNA, kynurenic acid; QuIN, quinolinic acid; PIC, picolinic acid; 
NAA, nicotinamide; 3HK, 3-hydroxykynurenine.
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acceptable. The selectivity of the method for measuring plasma 
levels of all metabolites was good and the LLOQs (S/N > 10) 
clearly cover the endogenous plasma levels for all metabolites 

with an exception for NIC. Furthermore, the present LC-MS/
MS protocol clearly defines the isomers PIC and NIC as 2 
separate peaks.

Figure 3. Plasma concentrations of kynurenine metabolites at baseline, 1 hour and 24 hours after SIE, in young (green) and old (red) subjects. Each dot 

represents the concentration of respective metabolite in nM (µM for tryptophan and kynurenine) of a single plasma sample. A dotted line is used when a 

timepoint data is missing for the subject: (a) tryptophan - young subjects, (b) tryptophan - old subjects, (c) kynurenine - young subjects, (d) kynurenine - old 

subjects, (e) kynurenic - young subjects, (f) kynurenic - old subjects, (g) 3-hydroxykynurenine - young subjects, (h) 3-hydroxykynurenine - old subjects, (i) 

quinolinic acid - young subjects, (j) quinolinic acid - old subjects, (k) picolinic acid - young subjects, (l) picolinic acid - old subjects, (m) nicotinamide - young 

subjects, and (n) nicotinamide - old subjects.
*P < .05; **P < .01 versus baseline, Kruskal-Wallis post-hoc Dunn’s.
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One parameter of importance when analyzing human 
metabolites is stability, as storage or processing conditions may 
result in degradation before analysis. For this reason, FDA 
Guidance includes a section on sample stability and, in accord-
ance with those guidelines, all metabolites were tested with 
regard to the impact of storage at room temperature (for 
30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, and 24 hours) and 
following 1-4 freeze-thaw cycles. In line with what we have 
previously shown for central kynurenine metabolite concentra-
tions, plasma tryptophan, kynurenine, KYNA, PIC, NAA, and 
3-HK were also found to be stable when left at room tempera-
ture for up to 4 hours. However, our results suggest that for 
analysis of XA and 3-HANA, plasma should not be kept at 
room temperature longer than 2-3 hours, since that could com-
promise the results, giving false increased signal. The stability 
test also showed that storage at room temperature for a long 
time (24 hours) could affect plasma concentrations of QUIN. 
Furthermore, all metabolites except 3-HANA, show stability 
over 4 repeated freeze-thaw cycles. Since the increase in plasma 
3-HANA was similar in 4 subjects, we suggest that this metab-
olite could be included in future analysis however, further eval-
uation of its stability might be needed.

The next aim of the current study was to apply the new 
method of analysis on a cohort of untrained young and old 
healthy subjects performing 1 single SIE. Thus, plasma kynure-
nine metabolites were analyzed before and after 1 session of 
SIE in recreationally active individuals. In old adults, we found 
an increase in plasma kynurenine levels 1 hour after, and an 
increase in plasma KYNA levels 24 hours after 1 SIE session. 
In young subjects, tendencies toward increased plasma kynure-
nine levels after 1 hour and in plasma KYNA levels after 
24 hours were observed but did not reach the significance 
threshold.

Here, the resistance in the training protocol was related to 
weight, where muscle mass is known to be reduced with age, 
suggesting that the relative training intensity was higher in old 
subjects31 which could account for the significant results in this 
cohort compared to the trends observed in younger subjects. 
However, the difference between young and old subjects may 
also relate to age-dependent differences in immune activity,32,33 
or skeletal muscle physiology, in turn explaining an enhanced 
production capacity of kynurenines in elderly people.34,35 To 
this end, it would be interesting, in the future, to measure levels 
of inflammation in the subjects to see whether baseline inflam-
mation might affect the profile of kynurenines generated in 
response to exercise.

Previous studies have shown that resistance or endurance-
type physical activity induces tryptophan breakdown in healthy 
adults, resulting in decreased tryptophan22,23,36,37 and increased 
kynurenine levels37 while other studies show no change,23,38-40 
or even the opposite effect, with tryptophan levels increased 
and kynurenine levels decreased.36,41 There is also 1 study in 
patients with multiple sclerosis (MS) showing decreased tryp-
tophan concentration in plasma of relapsing remitting patients 

with MS following acute endurance exercise and also after 3 
weeks of chronic endurance exercise.42 The effects of physical 
exercise on plasma KYNA levels have also been analyzed in 
several studies. Thus, KYNA, in both CSF and plasma is shown 
to be increased in healthy subjects performing endurance exer-
cise.22,23,36,43,44 On the other hand, resistance and non-endur-
ance types of exercise do not seem to influence plasma KYNA 
levels.23,40,43 One study showed an acute effect of high intensity 
exercise in healthy subjects, resulting in increased KYNA 
directly after exercise and then back to baseline after 1 hour.45 
Endurance training also increases plasma QUIN levels,22,23,43 
while resistance exercise does not.23,43 It is clear from these 
works that the type of exercise (endurance, resistance or non-
endurance) and baseline fitness levels (eg, someone running a 
marathon22 or cycling long-distances43 is well-trained to per-
form that task) differentially influence metabolism along the 
kynurenine pathway. Interestingly, 1 study has shown that 
tryptophan and kynurenine levels correlate positively with aer-
obic fitness capacity (VO2 max)37 supporting subject fitness as a 
parameter to consider. It should thus be kept in mind that our 
results show age-dependent effects of 1 SIE session in recrea-
tionally active but essentially untrained individuals and pro-
vides information only on how the kynurenine pathway might 
be affected in the early-phases of training.

The differences in levels of kynurenine metabolites seen in 
the above studies may also be due, in part, to the time of sam-
pling following not only termination but also initiation of the 
exercise. For example, transient changes in plasma kynurenine 
metabolites were observed by Schlittler et  al43 where KYNA 
concentration peaked at 1h and was back to baseline at 24 hours 
following a bout of endurance exercise consisting of a 150-km 
road cycling time trial. However, this 1h sample actually repre-
sents, roughly and on average, 13 hours of elapsed time from 
exercise initiation to sampling (and roughly 37 hours in the case 
of the 24 hours sample). In contrast, our SIE session consisted 
of an 8 minutes warm-up followed by 6 repeated all-out bouts 
of cycling (30 seconds)/rest (4 minutes) for 27 minutes (35 min-
utes total) for an elapsed time of approximately 1.5 hours from 
the start of exercise to the first sampling point (1 hour post-
exercise termination) where we did not observed elevations in 
KYNA. Thus, although both studies use a sampling point of 1h 
after the end of the exercise, the length of time in which muscu-
lar and metabolic activity along with metabolite flux through 
the kynurenine pathway was sustained actually differs. Such 
divergence is likely presence across many studies, and, as men-
tioned above, exercise-type and subject fitness-level likely influ-
ence these specific results as well. Training intensity is yet 
another factor to consider when measuring kynurenine metabo-
lites and comparing across studies. For instance, in healthy sub-
jects, exercise intensity affects the kynurenine metabolites 
differently, by increasing KYNA plasma levels after hyper-
trophic strength loading, but not after maximal strength load-
ing.45 Irrespective of lab-to-lab variations in methods and 
design, together, these sometimes-contradictory studies suggest 
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that plasma kynurenine metabolites can change within tempo-
rally limited windows and that the direction of change depends 
on the type, length and intensity of the exercise performed. The 
current investigation also presents some limitations with respect 
to the experimental design such as lack of physiological param-
eters controlling for “all-out” performance and uncontrolled 
food intake before plasma sampling. Controlled food intake is 
important since tryptophan in food will change plasma levels of 
tryptophan and kynurenine metabolites.46 However, it should 
be noted that in the field of training studies investigating tryp-
tophan and kynurenine pathway metabolites, very few have 
controlled for food intake during the experiment and this could 
also contribute to the variability observed across studies.

The results of the present study suggest that 1 session of 
SIE influences kynurenine and KYNA in old people but not in 
the young. It is possible that increased kynurenine metabolite 
concentrations could be triggered, in part, by the inflammatory 
stimulus due to high intensity exercise and therefore might 
necessitate repeated sessions to manifest itself in the young. 
Future studies are required to reveal if several bouts of SIE over 
a longer period are able to influence tryptophan and kynure-
nine metabolite concentration in young subjects.

In conclusion, the present paper provides a detailed protocol 
for an accurate, robust and precise bioanalytical method for the 
simultaneous quantification of 10 plasma kynurenine metabo-
lites. In addition, we show that 1 session of SIE influences 
kynurenine and KYNA in old people but not in the young, how-
ever future studies should examine whether repeated bouts of 
SIE are able to affect tryptophan and kynurenine metabolite 
concentration in young subjects, given the recent appeal of short-
duration exercise and the link between aerobic exercise and 
decreased depressive symptoms. More studies are also needed to 
understand why different exercise-induced effects on the kynure-
nine system are recorded in young versus old healthy subjects.
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