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ABSTRACT: The kynurenine pathway of tryptophan degradation produces several neuroactive metabolites suggested to be involved in a wide
variety of diseases and disorders, however, technical challenges in reliably detecting these metabolites hampers cross-comparisons. The main
objective of this study was to develop an accurate, robust and precise bioanalytical method for simultaneous quantification of ten plasma kyn-
urenine metabolites. As a secondary aim, we applied this method on blood samples taken from healthy subjects conducting 1 session of sprint
interval exercise (SIE). It is well accepted that physical exercise is associated with health benefits and reduces risks of psychiatric iliness, diabe-
tes, cancer and cardiovascular disease, but also influences the peripheral and central concentrations of kynurenines. In line with this, we found
that in healthy old adults (n=10; mean age 64 years), levels of kynurenine increased 1hour (P=.03) after SIE, while kynurenic acid (KYNA) con-
centrations were elevated after 24 hours (P=.02). In contrast, no significant changes after exercise were seen in young adults (n=10; mean age
24 years). In conclusion, the described method performs well in reliably detecting all the analyzed metabolites in plasma samples. Furthermore,
we also detected an age-dependent effect on the degree by which a single intense training session affects kynurenine metabolite levels.
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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.! Activation of the
kynurenine pathway is implicated in a variety of disorders and
diseases, including tick-borne encephalitis (TBE),? human
immunodeficiency virus infection (HIV'),%? malaria,** system
lupus erythematosus (SLE),®” multiple sclerosis (MS),%? car-
diovascular disorder,!° and diabetes.!13 Furthermore, activa-
tion of the kynurenine pathway is present in psychiatric
disorders such as schizophrenia,'#1* major depression,'® bipo-
lar disorder,'”!® and suicidality.’®?° Previous studies have dem-
onstrated that both immune activation and polymorphisms in

genes for specific kynurenine pathway enzymes can alter the
concentration of metabolites.!®182021 In addition, physical
activity has also been shown to influence the concentration of
kynurenine pathway metabolites.?>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.?432 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 CSE.?® 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

@ @ Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License
(https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


mailto:sophie.erhardt@ki.se

International Journal of Tryptophan Research

Protein synthesis «—— Tryptophan—— —— Serotonin

Tryptophan 2, 3-dioxygenase l Indoleamine 2, 3-dioxygenase
(TDO)

Anthranilic acid «—— Kynurenine

Kynurenic acid

Kynureninase Kynurenine
(KYNU) 3 aminotransferases
Kynurenine (KATs)
3-monooxygenase

(KMO)

3-Hydroxykynurenine———Xanthurenic acid

Kynureninase
(KYNU)

Kynurenine
aminotransferases
(KATs)

3-Hydroxyanthranilic acid — Cinnabarinic acid

3-Hydroxyanthranilic
acid dioxygenase
(HAAO)

2-Amino 3-carboxymuconate

6-semialdehyde

Spontaneous l

reaction

Quinolinic acid

Quinolinate

phosphoribosyltransferase l
(QPR

NAD

Figure 1. The kynurenine pathway of tryptophan degradation.

2-Amino
3-carboxymuconate

6-semialdehyde
decarboxylase
(ACMSD)

Picolinic acid

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.?%” 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 diabetes?®? 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-d;, L-kynure-
nine-d,, QUIN-d;, [13C,] NAA, [3C]NA, XA-d,, 3-HK-4,,
3HA-d;, were purchased from Toronto Research Chemicals
Canada (Toronto Canada). KYNA-d; and PIC-d, 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 uM
for kynurenine, QUIN, KYNA, PIC, NAA, NIC, XA, 3-HK
and 3-HANA and ten times higher for tryptophan, 83 uM.
The calibrator mix was then aliquoted in volumes of 200 pl 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 M (tryptophan-d;, 41 pM) and stored at -80°C in aliquots
of 350 pl.

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
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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 1000L/h; cone gas flow rate
150L/h; capillary voltage of 3.0kV; desolvation temperature
650C; and detector gain 1. The UPLC condition was as follows:
column, Acquity HSST3 1.8 pm with dimensions 2.1 X 150 mm,
(Waters, part number: 186003540) column temperature 50°C;
guard column (Waters, Vanguard HSS T3 1.8 um 2.1 X 50mm
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
0.3ml/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 MR 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 ul of human plasma sample, calibrator
sample or Quality Control sample was mixed with 30 pl of IS
0.5 uM in 10% Ammonium hydroxide (UPLC grade) solution
during 15seconds and then 60 ul of 200nM ZnSO, (+5°C)
was added and mixed for 15 seconds before 30 pl of Methanol
(+5°C) (UPLC grade) was added and mixed for 15 seconds.
The mixture was then centrifuged for 10 minutes at 2841 X g
at room temperature. Thirty microliters of the supernatant was
mixed with 30 ul of formic acid 5% in LC-MS Certified Clear
Glass 12 X 32mm vials (Waters, product no. 186005662CV)
before transfer to an autosampler (set to 5°C) that injected

1.5 ul 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 uM; kynurenine
3pM; KYNA 50nM; QUIN 300nM; PIC 70nM; NAA
150nM; NA 2nM; 3-HANA 40nM; XA 15nM; 3HK 50 nM)
(high: tryptophan 40 pM; kynurenine 1.5 uM; KYNA 500 nM;
QUIN 3000nM; PIC 700nM; NAA 1500nM; NA 20nM;

3-HANA 400nM; XA 150nM; 3HK 500nM) was used in
order to test the accuracy and precision of the assay. Accuracy
is presented as percentage recovery (100X (measured Ceq-
Crron-spiked)/ Cypikeay) and the assay precision is presented as per-
cent relative standard deviation (STDEV (Data Range) /
AVERAGE (Data Range)) X 100) and was calculated from
repeated measurements within the same experiment (intra-
assay, n=6, during 20hours 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 (7=6), as follows (peak area (plasma)/
peak area (water)-1) X 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 pM (for tryptophan the concentrations
were 0.06 to 83 pM). 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
4hours 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 -80°C (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 4hours. 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,
tollowing 24 hours at either -80°C or at room temperature, the
same samples were analyzed again. Patients and controls should
meet the following criteria: 1. Being 18-55years 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 = 5.7years 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.3

Venous blood samples (5ml) were collected from the ante-
cubital vein from all subjects before SIE (baseline), as well as
1hour and 24 hours after SIE. Blood samples were collected in
EDTA tubes and centrifuged at 1438 X 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 specificity 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 (uM 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 pM; tryptophan: 0.06-83 uM), using stable isotope-
labeled IS. The correlation coefficient R? 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 (7=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 2¢) and in a
plasma sample spiked with 1 pM of PIC and 1 uM 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, 7 =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).
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Table 1. Transitions and mass spectrometry parameters for all compounds and their internal standards.

COMPOUND/INTERNAL PRECURSOR PRODUCT CONE COLLISION
STANDARDS ION MASS ION MASS VOLTAGE (V) ENERGY (EV)
Tryptophan 206.1 118 20 24
146** 20 16
Kynurenine 2091 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 1101 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-d, 208.1 118.8 40 26
Kynurenine-d, 213.2 94 30 15
KYNA-d; 195 121 28 26
QUIN-d; 171 81 20 18
PIC-d, 128 82 4 17
NAA [3Cg] 129.1 101 20 16
3HK-d; 228.2 163 14 16
NIC [13C] 130.1 85.2 32 20
XA-d, 210.1 192 25 10
3HANA-d; 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.

Endogenous concentrations of all analytes are present in Stability. The baseline concentration of the metabolites
human plasma and matrix effects were therefore determined (mean * SD, n=6) were: tryptophan (34.9 pM * 4), kynurenine
with IS only and the matrix factor of IS calculated. Matrix (2.3pM =0.3), KYNA (34.6nM *+13.3), 3-HK (27.9nM *
effects for all the metabolites were moderate and are presented 5.1), QUIN (162.7nM *=37), PIC (36.8nM =+ 14.3), NAA
in Table 2. (178nM *=76.8), 3-HANA (43.7nM *=37.5), and XA
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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  LOD-LLOQ  %MATRIX  INTRA-ASSAY (N=6 DURING 20H INTER-ASSAY (N=3)
(R?) EFFECT IN +4*C)

ACCURACY (% OF  PRECISION ACCURACY (% OF  PRECISION

TARGET) (RSD%) TARGET) (RSD%)
Tryptophan  0.999 6-6nM -38.6 108.2 1004 1.2 0.9 102.6 85.6 6 6.4
Kynurenine  0.996 6-6nM -23.3 108.5 113.1 0.7 23 114.8 105.2 2.8 13.6
KYNA 0.999 6-6nM -36.7 90.7 918 18 0.6 87.9 98.0 10.8 6.9
3-HK 0.999 6-10nM —54.5 96.3 870 1.9 1.2 87.3 85.2 9.5 5.0
QUIN 0.999 6-10nM -30 87.3 939 27 2.6 1147 103.2 1.9 10.6
PIC 0.995 10-10nM -50.5 90.2 99.8 24 0.9 86.9 96.0 6.5 76
NAA 0.996 6-10nM 274 104.4 88.1 3.2 2.4 102.5 89.7 1.8 45
3-HANA 0.999 6-10nM 3.2 110.4 1073 4.4 1.8 112.9 79.2 5.1 14.4
NIC 0.999 10-10nM -26.3 104.8 959 14 1.6 112.5 94.4 9.3 45
XA 0.999 6-10nM -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.
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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 pM). ES+, MRM and TIC is representing PIC.
Abbreviations: ES+, Positive electrospray ionization mass spectrometry; MRM, Multiple reaction monitoring; TIC, Total ion current.

(14.3nM = 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 2hours (less than 15% variation) but 3-HANA had

19% variation after 4hours 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 24hours on the bench at room tem-
perature was analyzed in 4 additional subjects. Mean baseline
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Table 3. Storage at room temperature expressed in % change.

COMPOUND BASELINE 30MINUTES 1HOUR (N=6) 2HOURS 3HOURS 4HOURS
MEAN * SD (N'=6) (N=6) (N=6) (N=6)
Tryptophan 34.9uM + 4 102.2+2.9 102.3+2.9 99.5+25 100.5+1.6 101.5+1.9
Kynurenine 2.4uM 0.3 102.4%6.0 101.8+4.8 99.6+5.8 991+17 1011+6.5
KYNA 34.6nM = 13.3 97.3+71 971+5.9 96.9+7.0 96.7+6.8 98.1+6.1
3-HK 27.8nM = 5.1 100.7+2.7 100 + 4.6 97.5+6.5 98.9+3.2 102.3+75
QUIN 161.7nM =+ 37 102.1 5.1 103.1 = 6.1 100+3.8 100.8+5.7 103.6 + 6.1
PIC 36.8nM = 14.3 100.2+5.2 99.2+34 100.9£3.0 974+56 99.5+5.8
NAA 178nM +76.8 101.7+3.8 101.5+4.9 101.7 +3.4 100.5+ 4.4 101.4+5.1
3-HANA 43.7nM =375 106 = 10.3 104.7 +12.8 114.3+12.7 109.7 = 11.9 119.1+13.2
XA 14.3nM = 7.6 95.1 +52.1 85.7 = 40.1 88.9+427 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; 3SHANA,

3-hydroxyanthranilic acid.

Table 4. Percentage change compared to baseline.

COMPOUND

BASELINE

MEAN *+ SD (N=4)

Tryptophan 30.9uM +5.3
Kynurenine 2.2uM+0.3
KYNA 44.3nM =10
QUIN 144.5nM = 18.8
PIC 80.3nM = 33.1
NAA 130.2nM £91.8
3-HK 28.8nM £7.6
3-HANA 29.6nM+6.5
XA 20.9nM £ 6

THAWING 24HOURS ON ROOM
1 (N=4) TEMPERATURE (N=4)
102+1.3 98.0=4.7
105.9 6.0 93.7+4.4
101.6*2.2 976+5.5
110.2+9.2 132.4+51
98.7+1.6 95.2+4.6
107.7 =117 96.0 ~0.04
99.9+3.2 88.7+1
126.4+2.0 111.7+3.9
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; 3SHANA,

3-hydroxyanthranilic acid.

concentrations in fresh human plasma, analyzed within 30 min-
utes after blood drawing, were tryptophan (30.9pM *5.3),
kynurenine (22pM=*0.3), KYNA (443nM*=1.0), 3-HK
(28.8nM *=7.6), QUIN (144.5nM *18.8), PIC (80.3nM =
33.1), NAA (130.2nM *=91.8), 3-HANA (29.6nM £ 6.5) and
XA (20.9nM % 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).
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Table 5. Percent change after repeated freeze-thaw cycles.

COMPOUND BASELINE THAWING 2 THAWING 3 THAWING 4
MEAN = SD (N=6) (N=6) (N=6) (N=6)

Tryptophan 34.9uM + 4 100.5+1.9 99.9+45 101+ 1.4
Kynurenine 2.4uM+0.3 101+5.4 102.9+6.5 100.1 + 3.1

KYNA 34.6nM+13.3 99.3+24 99.7+58 95.3+7.9
3HK 27.9nM =51 101.3+3 103.2+3 978+25
QUIN 161.7nM = 37 100.5 + 3.4 103.1+9.8 98.4+4.2
PIC 36.8nM = 14.3 1001 =21 100+3.5 1012

NAA 178nM +76.8 101.8 +3.4 99.6+4.4 102.5+5.9
3-HANA 43.7nM =375 103+6.8 106.7 = 13.3 104.3+9.5
XA 14.3nM = 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; 3SHANA,

3-hydroxyanthranilic acid.
Table 6. Baseline kynurenine metabolite levels in young and old
subjects.

COMPOUND  YOUNG OLD BASELINE P VALUES*

BASELINE
Tryptophan 43.8uM *+ 4 437uM+4.3 97
Kynurenine 2.5uM 0.2 3.0pM*0.3 25
KYNA 49.5nM 5.4 56.2nM = 15.1 63
3HK 33.7nM = 4.4 43.6nM 8.9 -35
QUIN 422.0nM+61.4  404.8nM *62.1 -84
PIC 58.4nM = 7.4 921nM+291  >.99
NAA 127nM+=18.8  97.6nM+9.6 25

*Mann-Whitney U-test.
Abbreviations: KYNA, kynurenic acid; QUIN, quinolinic acid; PIC, picolinic acid;
NAA, nicotinamide; 3HK, 3-hydroxykynurenine.

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 31),
PIC (Figure 3k), or NAA (Figure 3m) at any timepoint tested
(1hour and 24 hours after SIE).

In old subjects, plasma kynurenine levels were significantly
increased one (1) hour after SIE (P=.03) (Figure 3d). After
24hours, 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 24hours after SIE (Figure 3h),
QUIN 1hour and 24 hours after SIE (Figure 3j), PIC one (1)
hour and 24 hours after SIE (Figure 31) and NAA one (1) hour
and 24hours 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
(40nM, representing the values found in human plasma) was
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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 (uM 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, (I) 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.

acceptable. The selectivity of the method for measuring plasma with an exception for NIC. Furthermore, the present LC-MS/
levels of all metabolites was good and the LLOQs (S/N>10) MS protocol clearly defines the isomers PIC and NIC as 2

clearly cover the endogenous plasma levels for all metabolites separate peaks.



10

International Journal of Tryptophan Research

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, 1hour, 2hours, 3 hours, 4hours, 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 4hours. 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 1hour 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 1hour and in plasma KYNA levels after
24hours 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
subjects’! 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,3>33
or skeletal muscle physiology, in turn explaining an enhanced
production capacity of kynurenines in elderly people.3% 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 tryptophan??233637 and increased
kynurenine levels’” while other studies show no change,?3:38-40
or even the opposite effect, with tryptophan levels increased
and kynurenine levels decreased.3¢4! 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.*? 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.2223,36,43,44 On the other hand, resistance and non-endur-
ance types of exercise do not seem to influence plasma KYNA
levels.234043 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 1hour.#
Endurance training also increases plasma QUIN levels,?223:43
while resistance exercise does not.23* It is clear from these
works that the type of exercise (endurance, resistance or non-
endurance) and baseline fitness levels (eg, someone running a
marathon?? or cycling long-distances® 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 (VO

parameter to consider. It should thus be kept in mind that our

) ma) SUpporting subject fitness as a
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 al® 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 24hours sample). In contrast, our SIE session consisted
of an 8 minutes warm-up followed by 6 repeated all-out bouts
of cycling (30seconds)/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.® 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.*® 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.

Acknowledgements
We thank the healthy volunteers for their participation and
express our gratitude toward health professionals.

Author Contribution

SE, LS, TV, MB, HW, DCA LB, SK designed the study. LS,
SH and AT developed and validated the LC-MS/MS method.
MB organized the training. LS and AT acquired the data. AT,
SI, VLW, HW, SH, DCA, FP, TV, MB, SK, LB, SE, LS inter-
preted the data. The article was drafted by SE, LS and AT. All
authors reviewed and approved the article for publication and
agree to be accountable for all aspects of the work.

Ethical conduct of research

Our study was carried out in accordance with “The code of
ethics of the world medical association (Declaration of
Helsinki) for experiments including humans.” The Regional
Ethical Review Boards in Stockholm and The Kaunas Regional

Research Ethics Committee in Lithuania approved the study.
After complete description of the study, written informed con-
sent was obtained from all subjects.

ORCID iDs

Victoria L Wyckelsma https://orcid.org/0000-0001-6921
-4638

Sophie Erhardt https://orcid.org/0000-0001-7359-5250
REFERENCES

1. Platten M, Nollen EAA, Réhrig UF, Fallarino F, Opitz CA. Tryptophan
metabolism as a common therapeutic target in cancer, neurodegeneration and
beyond. Nat Rev Drug Discov. 2019;18:379-401.

2. Atlas A, Gisslén M, Nordin C, Lindstrom L, Schwieler L. Acute psychotic
symptoms in HIV-1 infected patients are associated with increased levels of kyn-
urenic acid in cerebrospinal fluid. Brain Behav Immun. 2007;21:86-91.

3. Byakwaga H, Hunt PW, Laker-Oketta M, et al. The kynurenine pathway of
tryptophan catabolism and AIDS-associated kaposi sarcoma in Africa. J Acquir
Immune Defic Syndr. 2015;70:296-303.

4. Medana IM, Day NPJ, Salahifar-Sabet H, et al. Metabolites of the kynurenine
pathway of tryptophan metabolism in the cerebrospinal fluid of Malawian chil-
dren with malaria. J Infect Dis. 2003;188:844-849.

5. Holmberg D, Franzén-Réhl E, Idro R, et al. Cerebrospinal fluid kynurenine and
kynurenic acid concentrations are associated with coma duration and long-term
neurocognitive impairment in Ugandan children with cerebral malaria. Malar J.
2017;16:303.

6. Widner B, Sepp N, Kowald E, et al. Enhanced tryptophan degradation in sys-
temic lupus erythematosus. Immunobiology. 2000;201:621-630.

7. Akesson K, Pettersson S, Sthl S, et al. Kynurenine pathway is altered in patients
with SLE and associated with severe fatigue. Lupus Sci Med. 2018;5:¢000254.

8. Rajda C, Majlith Z, Pukoli D, Vécsei L. Kynurenines and multiple sclerosis: the
dialogue between the immune system and the central nervous system. Inz J Mol
Sci. 2015;16:18270-18282.

9. Majlath Z, Annus A, Vecsei L. Kynurenine system and multiple sclerosis,
pathomechanism and drug targets with an emphasis on laquinimod. Curr Drug
Targets. 2018;19:805-814.

10.  Polyzos KA, Ketelhuth DFJ. The role of the kynurenine pathway of tryptophan
metabolism in cardiovascular disease: an emerging field. Hamostaseologie.
2015;35:128-136.

11.  Hattori M, Kotake Y, Kotake Y. Studies on the urinary excretion of xanthurenic
acid in diabetics. Acza Vitaminol Enzymol. 1984;6:221-228.

12.  Munipally PK, Agraharm SG, Valavala VK, Gundae S, Turlapati NR. Evalua-
tion of indoleamine 2,3-dioxygenase expression and kynurenine pathway metab-
olites levels in serum samples of diabetic retinopathy patients. Arch Physiol
Biochem. 2011;117:254-258.

13.  Oxenkrug GF. Increased plasma levels of xanthurenic and kynurenic acids in
type 2 diabetes. Mol Neurobiol. 2015;52:805-810.

14.  Erhardt S, Blennow K, Nordin C, Skogh E, Lindstrom LH, Engberg G. Kyn-
urenic acid levels are elevated in the cerebrospinal fluid of patients with schizo-
phrenia. Neurosci Lett. 2001;313:96-98.

15.  Linderholm KR, Skogh E, Olsson SK, et al. Increased levels of kynurenine and
kynurenic acid in the CSF of patients with schizophrenia. Schizophr Bull.
2012;38:426-432.

16. Schwieler L, Samuelsson M, Frye MA, etal. Electroconvulsive therapy sup-
presses the neurotoxic branch of the kynurenine pathway in treatment-resistant
depressed patients. J Neuroinflammation. 2016;13:51.

17. Olsson SK, Samuelsson M, Saetre P, et al. Elevated levels of kynurenic acid in
the cerebrospinal fluid of patients with bipolar disorder. J Psychiatry Neurosci.
2010;35:195-199.

18.  Sellgren CM, Kegel ME, Bergen SE, et al. A genome-wide association study of
kynurenic acid in cerebrospinal fluid: implications for psychosis and cognitive
impairment in bipolar disorder. Mo/ Psychiatry. 2016;21:1342-1350.

19.  Erhardt S, Lim CK, Linderholm KR, et al. Connecting inflammation with glu-
tamate agonism in suicidality. Neuropsychopharmacology. 2013;38:743-752.

20. Brundin L, Sellgren CM, Lim CK, et al. An enzyme in the kynurenine pathway
that governs vulnerability to suicidal behavior by regulating excitotoxicity and
neuroinflammation. Trans/ Psychiatry. 2016;6:¢865.

21.  Lavebratt C, Olsson S, Backlund L, et al. The KMO allele encoding Arg 452 is
associated with psychotic features in bipolar disorder type 1, and with increased
CSF KYNA level and reduced KMO expression. Mo/ Psychiatry. 2014;19:
334-341.


https://orcid.org/0000-0001-6921-4638
https://orcid.org/0000-0001-6921-4638
https://orcid.org/0000-0001-7359-5250

12

International Journal of Tryptophan Research

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Lewis GD, Farrell L, Wood MJ, et al. Metabolic signatures of exercise in human
plasma. Sci Trans/ Med. 2010;2:33ra37.

Joisten N, Kummerhoff F, Koliamitra C, etal. Exercise and the Kynurenine
pathway: current state of knowledge and results from a randomized cross-over
study comparing acute effects of endurance and resistance training. Exerc Immu-
nol Rev. 2020;26:24-42.

Fuertig R, Ceci A, Camus SM, Bezard E, Luippold AH, Hengerer B. LC-MS/
MS-based quantification of kynurenine metabolites, tryptophan, monoamines
and neopterin in plasma, cerebrospinal fluid and brain. Bioanalysis. 2016;8:
1903-1917.

Schwieler L, Trepci A, Krzyzanowski S, et al. A novel, robust method for quan-
tification of multiple kynurenine pathway metabolites in the cerebrospinal fluid.
Bioanalysis. 2020;12:379-392.

Garber CE, Blissmer B, Deschenes MR, et al.;American College of Sports Med-
icine. Quantity and quality of exercise for developing and maintaining cardiore-
spiratory, musculoskeletal, and neuromotor fitness in apparently healthy adults:
guidance for prescribing exercise. Med Sci Sports Exerc. 2011;43:1334-1359.
Buchheit M, Laursen PB. High-intensity interval training, solutions to the pro-
gramming puzzle. Sport Med. 2013;43:927-954.

Gibala M], Little JP, Macdonald M]J, Hawley JA. Physiological adaptations to
low-volume, high-intensity interval training in health and disease. J Physiol.
2012;590:1077-1084.

Christensen PM, Jacobs RA, Bonne T, Flock D, Bangsbo J, Lundby C. A short
period of high-intensity interval training improves skeletal muscle mitochon-
drial function and pulmonary oxygen uptake kinetics. [ Appl Physiol.
2016;120:1319-1327.

Place N, Ivarsson N, Venckunas T, et al. Ryanodine receptor fragmentation and
sarcoplasmic reticulum Ca2+ leak after one session of High-intensity interval
exercise. Proc Natl Acad Sci U S A. 2015;112:15492-15497.

Heo JE, Kim HC, Shim JS, et al. Association of appendicular skeletal muscle
mass with carotid intima-media thickness according to body mass index in
Korean adults. Epidemiol Health. 2018;40:¢2018049.

Walston J, McBurnie MA, Newman A, etal. Frailty and activation of the
inflammation and coagulation systems with and without clinical comorbidities:
results from the Cardiovascular Health Study. Arch Intern Med. 2002;162:
2333-2341.

Varadhan R, Yao W, Matteini A, et al. Simple biologically informed inflamma-
tory index of two serum cytokines predicts 10 year all-cause mortality in older
adults. J Gerontol A Biol Sci Med Sci. 2014;69:165-173.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Agudelo LZ, Femenia T, Orhan F, et al. Skeletal muscle PGC-1a.1 modulates
kynurenine metabolism and mediates resilience to stress-induced depression.
Cell. 2014;159:33-45.

Westbrook R, Chung T, Lovett ], et al., Kynurenines link chronic inflammation
to functional decline and physical frailty. JCL Insight. 2020;5:¢136091.

Mudry JM, Alm PS, Erhardt S, et al. Direct effects of exercise on kynurenine
metabolism in people with normal glucose tolerance or type 2 diabetes. Diabetes
Metab Res Rev. 2016;32:754-761.

Strasser B, Geiger D, Schauer M, Gatterer H, Burtscher M, Fuchs D. Effects of
exhaustive aerobic exercise on tryptophan-kynurenine metabolism in trained
athletes. PLoS One. 2016;11:¢0153617

Hennings A, Schwarz M]J, Riemer S, Stapf TM, Selberdinger VB, Rief W.
Exercise affects symptom severity but not biological measures in depression and
somatization - results on IL-6, neopterin, tryptophan, kynurenine and 5-HIAA.
Psychiatry Res. 2013;210:925-933.

Areces F, Gonzilez-Millin C, Salinero JJ, et al. Changes in serum free amino
acids and muscle fatigue experienced during a half-ironman triathlon. PLoS Oze.
2015;10:¢0138376.

Allison DJ, Nederveen JP, Snijders T, et al. Exercise training impacts skeletal
muscle gene expression related to the kynurenine pathway. Am J Physiol Cell
Physiol. 2019;316:C444-C448.

Melancon MO, Lorrain D, Dionne IJ. Changes in markers of brain serotonin
activity in response to chronic exercise in senior men. Appl Physiol Nutr Metab.
2014;39:1250-1256.

Bansi J, Koliamitra C, Bloch W, et al. Persons with secondary progressive and
relapsing remitting multiple sclerosis reveal different responses of tryptophan
metabolism to acute endurance exercise and training. J Neuroimmunol.
2018;314:101-105.

Schlittler M, Goiny M, Agudelo LZ, et al. Endurance exercise increases skeletal
muscle kynurenine aminotransferases and plasma kynurenic acid in humans. 4m
J Physiol Cell Physiol. 2016;310:C836-C840.

Isung J, Granqvist M, Trepci A, et al. Effects from aerobic physical exercise on
immune protein markers and kynurenine pathway metabolites in blood and cere-
brospinal fluid of healthy subjects (under review).

Joisten N, Schumann M, Schenk A, et al. Acute hypertrophic but not maximal
strength loading transiently enhances the kynurenine pathway towards kyn-
urenic acid. Eur J Appl Physiol. 2020;120:1429-1436.

Green AR, Aronson JK, Metabolism of an oral tryptophan load. I: effects of dose
and pretreatment with tryptophan. Br J Clin Pharmacol. 1980;10:603-610.





