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a b s t r a c t

Tryptophan metabolism plays a key role in several (patho)physiological conditions. In order to study
the clinical importance of tryptophan and its predominant metabolites (kynurenines), it is important
to be able to measure large series of samples with high accuracy and reliability. We aimed to develop
a high-throughput on-line solid-phase extraction-liquid chromatographic–tandem mass spectrometric
(XLC–MS/MS) method that enables the measurement of tryptophan and its metabolites kynurenine and 3-
hydroxykynurenine in plasma. Fifty microliters plasma equivalent was pre-purified by automated on-line
solid-phase extraction, using strong cation exchange (PRS, propylsulphonic) cartridges. Chromatographic
separation of the analytes and deuterated analogues occurred by C18 reversed phase chromatogra-
phy. Mass spectrometric detection was performed in the multiple reaction-monitoring mode using a
quadrupole tandem mass spectrometer with positive electrospray ionization. Total run-time including
sample clean-up was 8 min. Intra- and inter-assay analytical variations were less than 9%. Linearity in the
0.11–1200 (tryptophan) and 0.050 and 0.023–45 �mol/L (kynurenine and 3-hydroxykynurenine, respec-
tively) calibration range was excellent (R > 0.99). Detection limits were 30 nmol/L for tryptophan, 1 nmol/L
for kynurenine and 5 nmol/L for 3-hydroxykynurenine. Reference intervals for 120 healthy adults were
45.5–83.1 �mol/L (tryptophan), 1.14–3.02 �mol/L (kynurenine), <0.13 �mol/L (3-hydroxykynurenine)
and 19.0–49.8 for tryptophan-to-kynurenine ratio. Blood sampling for tryptophan and tryptophan-to-

kynurenine ratio should be performed before breakfast, due to biological variation during the day. This
study describes how plasma tryptophan, kynurenine and 3-hydroxykynurenine can be measured accu-
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. Introduction

The essential amino acid l-tryptophan is in the body for the
reater part used for protein synthesis. Tryptophan metabolism
ighly regulates levels of important biogenic amines such as sero-

onin, kynurenines, melatonin and trace amines. Tryptophan is
redominantly metabolized towards neuroactive kynurenines fol-

owing the kynurenine pathway. Alternative tryptophan pathways
re the conversion to serotonin and melatonin, or to tryptamine

Abbreviations: IDO, indoleamine-2,3-dioxygenase; HPLC, high performance liq-
id chromatography; MS/MS, tandem mass spectrometry; XLC–MS/MS, on-line
olid-phase extraction-high performance liquid chromatography–tandem mass
pectrometry.
∗ Corresponding author at: Department of Laboratory Medicine, University Med-

cal Center Groningen, P.O. Box 30001, 9700 RB Groningen, The Netherlands.
el.: +31503613779; fax: +31503612290.

E-mail address: i.p.kema@lc.umcg.nl (I.P. Kema).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.01.015
ted high-throughput XLC–MS/MS.
© 2009 Elsevier B.V. All rights reserved.

and kynuramines [1,2]. A simplified scheme of the tryptophan
metabolism is shown in Fig. 1.

The first metabolizing step in the kynurenine pathway is the
oxidative opening of the indole ring. This reaction is catalyzed
by two haem-dependent enzymes namely tryptophan 2,3-dioxy-
genase (TDO; EC 1.13.11.11) and indoleamine-2,3-dioxygenase (IDO;
EC 1.13.11.17). TDO is almost entirely localized in the liver, while IDO
is found in both the periphery (macrophages) and the central ner-
vous system (astrocytes, infiltrating macrophages, microglia and
dendritic cells). The kynurenine-to-tryptophan ratio reflects the
IDO activity [3] and is therefore often used in research to moni-
tor the tryptophan metabolism. The expression of IDO is induced
during inflammation and infectious diseases by proinflammatory

stimuli and T-helper-cell (TH-cell) cytokines such as interferon-
�. Furthermore IDO appears to play a role in immunoregulation
and communication between the immune and nervous systems
[1,2,4–6] and is suggested to mediate the tumor immune escape [7].
Another kynurenine pathway metabolite, 3-hydroxykynurenine,

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:i.p.kema@lc.umcg.nl
dx.doi.org/10.1016/j.jchromb.2009.01.015
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ig. 1. Schematic view of tryptophan metabolism. Abbreviations: IDO: indoleamin
onoamine oxidase; KAT: kynurenine amino-transferase; QPRT: quinolinic acid ph

auses neuronal damage and cell death mediated by free radicals
n a neuronal hybrid cell line and the rat striatum [2,8]. In addition,
t activates TH-cells in immune activation.

Tryptophan metabolism plays a key role in several
patho)physiological processes, such as the endocrine mani-
estations of neuroendocrine tumors, i.e., carcinoid tumors with
xcessive serotonin production [9], mood disorders such as depres-
ion with decreased serotonin production [10], inflammation,
mmune-activation, transplantation [1,2,4–6] and pregnancy [10].
he metabolic fate of tryptophan (Fig. 1) is dependent on factors
uch as tryptophan availability and enzyme activities, and deter-
ines the synthesis of tryptophan-derived indoles, i.e., serotonin

nd melatonin. In order to study the (patho)physiological mecha-
isms of this metabolism it is important that tryptophan and its
ajor degradative metabolite kynurenine can be easily quanti-

ed in small sample volumes with high accuracy and reliability.
everal methods for detection and quantification of tryptophan

nd its metabolites have been described using high performance
iquid chromatography (HPLC) with different detectors [3,11–16],
ncluding mass spectrometry (MS) [5,17,18]. Most of the published
PLC methods are time consuming and require large sample
olumes, because separate methods are required to measure
dioxygenase; TDO: tryptophan-2,3-dioxygenase; IFN-�: interferon-gamma; MAO:
ribosyltransferase; NAD+: nicotinamide adenine dinucleotide.

all components. HPLC coupled with electrospray ionization and
tandem MS (MS/MS) is a specific and sensitive method for the
detection of many endogenous compounds in biological matrices
[19]. Capillary LC–MS/MS has been described for multicomponent
analyses [5,18]. However, potentially considerable improvements
can be made in sample throughput and accuracy by reducing the
total analysis time by automation of the extraction process and
coupling it directly to the chromatographic system. This process
is termed on-line solid-phase extraction-liquid chromatography
(XLC).

This study describes a high-throughput, sensitive, specific,
and automated XLC–MS/MS method that enables simultane-
ous extraction, concentration, separation, and mass selective
detection of tryptophan and its metabolites kynurenine and
3-hydroxykynurenine in plasma. The tryptophan-to-kynurenine
ratio in plasma has been used as a diagnostic tool in several
(patho)physiological conditions, i.e., leukemia [20], irritable bowel

syndrome [21] and prostate cancer [22], without taking its biologi-
cal variation into account. Since tryptophan plasma levels follow a
circadian rhythm [23], this study also includes the measurement of
the biological intra- and inter-day variation of tryptophan, kynure-
nine and their ratio.
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Table 1
Gradient scheme liquid chromatography.

Time (mm:ss) Flow (mL/min) Solvent A% Solvent B %

00:01 0.30 100 0
00:02 0.05 100 0
01:12 0.05 100 0
01:13 0.30 100 0
01:30 0.30 100 0
04:00 0.30 60 40
06:00 0.30 60 40
W.H.A. de Jong et al. / J. Chr

. Experimental

.1. Reagents

HPLC-grade acetonitrile and methanol were obtained from
athburn Chemicals Ltd.; ammonium formate 99.995+% from
igma–Aldrich Ltd.; formic acid 98–100% ultrapure from BDH Labo-
atory Supplies; isopropanol, ammonium acetate, hydrochloric acid
nd glacial acetic acid from Merck KGaA; and ammoniumhydrox-
de from ICN Biomedicals BV. Reagent-grade water, obtained from
Barnstead system, was used throughout the study procedure.
l-tryptophan, d,l-kynurenine and d,l-3-hydroxykynurenine

ere purchased from Sigma–Aldrich Ltd. The deuterated inter-
al standard l-tryptophan-2′,4′,5′,6′,7′-d5 was from C/D/N Isotopes
nd l-kynurenine-3′,4′,5′,6′-d4 was purchased from Buchem BV.
-hydroxykynurenine-d2 was homemade [24].

.2. Stock solutions and samples

We prepared stock solutions in 0.08 mol/L acetic acid. Stock solu-
ions were serially diluted and used to form calibrators and low,

edium, and high quality-control samples in pooled plasma via
nrichment. Blank plasma was obtained by dialysis, based on a
reviously described method [25] of pooled plasma from healthy
olunteers.

Plasma samples were obtained by venipuncture in 10 mL vacu-
ainer tubes (Becton Dickinson) containing K2EDTA solution as
nticoagulant. After centrifugation, plasma was transferred to glass
ubes, and samples were stored at −20 ◦C until analysis.

Before analysis, we mixed aliquots of plasma samples (250 �L)
ith 50 �L internal standard working solution (300 �mol/L in
iluted acetic acid for tryptophan and 5 �mol/L for kynurenine and
-hydroxykynurenine) and diluted them with 200 �L water. We
laced sample vials in the autosampler, and 50 �L of each sample
equivalent to 25 �L of plasma) was injected. Required sample vol-
me for automatic injection can be scaled down to 50 �L by using
L pickup injection mode.

.3. Instrumentation

We used a Spark Holland Symbiosis® on-line SPE system for all
nalyses. The system consists of a temperature-controlled autosam-
ler (temperature maintained at 10 ◦C), a SPE controller unit
automated cartridge exchanger or ACE), a solvent delivery unit (2
igh-pressure dispensers), and an HPLC pump, as explained pre-
iously [26,27]. The ACE module contains 2 connectable 6-way
alves and a SPE cartridge-exchange module. The high-pressure
ispensers provide SPE cartridges with solvents for conditioning,
quilibration, sample application, and clean-up. The integrated
PLC pump was a binary high-pressure gradient pump.

We used Isolute® PRS (propylsulphonic acid based strong cation
xchange) 10 mm× 1 mm SPE cartridges (Argonaut) for sample
xtraction and performed HPLC by use of an Atlantis dC18 col-
mn (particle size 3 �m, 2.1 mm internal diameter by 100 mm;
aters). Column temperature was controlled at 25 ◦C with a Mis-

ral Column Oven (Spark Holland). Detection was performed with
Quattro® Premier tandem mass spectrometer equipped with a
Spray® ion source operated in positive electrospray ionization
ode (Waters). All aspects of system operation and data acquisi-

ion were controlled using MassLynx v4.1 software with automated
ata processing using the QuanLynx Application Manager (Waters).
.3.1. On-line SPE
We performed on-line SPE following a similar method as

escribed before [26,27]. The Symbiosis system was designed to
roceed automatically through a series of programmable routines
06:30 0.30 100 0
08:00 0.30 100 0

Solvent A: 0.2% formic acid; Solvent B: acetonitrile.

during which the SPE cartridge is loaded, washed, and eluted. The
analytes were eluted directly on the analytical column. After con-
ditioning, the sample was passed on to the extraction cartridge
using 0.01 mol/L HCl as the loading solvent, and wash solvents were
applied. Elution was performed by 300 �L 50 mM ammoniumfor-
mate pH 3, delivered by one of the high-pressure dispensers. The
eluate is directly mixed with the chromatographic mobile phase
and transported to the analytical column for chromatographic sep-
aration. Simultaneously, the cartridge was flushed and prepared for
reuse. Processing of subsequent plasma samples was carried out in
parallel.

2.3.2. Liquid chromatography
The binary gradient system consisted of 0.2% formic acid in water

(mobile phase A) and acetonitrile (mobile phase B). Gradient elu-
tion was performed according to the elution program as shown in
Table 1. Gradients applied were linear; flow rate was 0.30 mL/min.
During SPE elution with a flow rate of 0.25 mL/min, the chromato-
graphic flow rate was decreased to 0.05 mL/min to maintain a
similar total flow rate of 0.30 mL/min. Column temperature was
kept at 25 ◦C.

2.3.3. Mass spectrometry
In positive ionization mode, tryptophan, kynurenine and 3-

hydroxykynurenine (and their respective deuterated internal
standards) were protonated to produce ions at the form [M + H]+:
tryptophan: m/z 205, tryptophan-d5: m/z 210; kynurenine: m/z
209, kynurenine-d4: 213, 3-hydroxykynurenine: m/z 225 and 3-
hydroxykynurenine-d2: 227. Upon collision-induced dissociation
(CID), these precursor ions produced characteristic product ions of
m/z 188, m/z 192, m/z 94, m/z 98, m/z 110 and m/z 111, respectively.
We developed a multiple reaction monitoring (MRM) method
using a dwell time of 10 ms and an interchannel delay of 5 ms.
Recently, the use of additional MRM transitions for absolute con-
firmation of the presence of a compound in an analytical method
has been proposed (e.g., EU directive 2002/657/EC). For this reason,
we used mass transitions m/z 205 → 146 and 205 → 118 (trypto-
phan), 209 → 192 and 209 → 146 (kynurenine), and 225 → 208 and
225 → 162 (3-hydroxykynurenine) as qualifiers.

2.4. Quality control and method validation

2.4.1. Selectivity
We verified the identities of sample tryptophan, kynurenine, and

3-hydroxykynurenine peaks by analysis of the compound specific
mass spectra after addition of calibrator (standard addition).
2.4.2. Detection limits
For plasma, we determined detection limits [limit of detection

(LLOD)] and quantification limits [limit of quantification (LLOQ)] by
injecting serially diluted samples containing tryptophan, kynure-
nine and 3-hydroxykynurenine. LLOD was defined as the injected
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mount that produced a signal-to-noise ratio of 3 and LLOQ as the
njected amount that produced a signal-to-noise ratio of 10. We
stimated the percentage of carryover between sequential analyses
erformed on new SPE cartridges by alternating injections of blanks
nd plasma samples with high concentrations of the compounds.

.4.3. Linearity and imprecision
We plotted the ratios of analyte peak area to internal standard

eak area against metanephrines at the following 8 concentrations:
.85, 9.70, 19.39, 38.78, 77.57, 290.88 and 1163.54 �mol/L for tryp-
ophan, 0.19, 0.38, 0.76, 1.52, 3.04, 11.41 and 45.65 �mol/L 0–45 for
ynurenine, and 0.18, 0.35, 0.71, 1.41, 2.83, 10.60 and 42.39 �mol/L
–42 for 3-hydroxykynurenine. On 20 different days, we prepared
nd measured fresh calibration lines. The lines were calculated by
se of QuanLynx software and least-squares linear regression. We
pplied the Clinical and Laboratory Standards Institute (CLSI) EP-
P protocol [28] to test the linearity of the method. The dilutional

inearity of the assay was performed in duplicate by serial dilution
f enriched plasma samples with water.

We determined intra- and inter-assay variation by the use of
pooled samples with tryptophan, kynurenine and 3-hydroxy-

ynurenine in low, medium, and high concentrations and obtained
ntra-assay imprecision from 20 replicates measured in a single
eries and inter-assay imprecision from 20 different assays over a
-week period.

.4.4. Recovery
We estimated mean relative recoveries by the addition of tryp-

ophan, kynurenine and 3-hydroxykynurenine to plasma in low,
edium, and high concentrations and measured recoveries in 8

eplicates of these samples by using 2 cartridges placed in series.
urthermore XLC versus LC recovery was measured using aqueous
tandards.

.4.5. Stability
Samples with low, medium, and high concentrations of added

ryptophan, kynurenine and 3-hydroxykynurenine were measured
n triplicate after different storage conditions. The 1st set was
ssayed immediately and served as reference point; other sets were
tored at 10 ◦C (autosampler temperature), 4 ◦C and room tempera-
ure for 16, 24, 48 and 72 h and 7 days. The remaining samples were
rozen at −20 ◦C, and stability was investigated after 1–3 freeze–
haw cycles.

.4.6. Biological variation, reference values, and patient samples
We determined biological inter-day variation by analyzing

lasma obtained from 16 healthy individuals (12 men, 6 women,
ge range 20–56 years, median age 35 years), on 5 consecutive
ays (at 09:00 h). We determined biological intra-day variation at
times during 1 day (08:30 (before breakfast), 10:30, 12:30, 14:30,

nd 16:30 h) using plasma from 26 healthy individuals (13 men,
3 women, age range 21–59 years, median age 38 years) follow-
ng a serotonin-low standardized diet. Calculations of the mean
lasma concentrations and their 95% confidence intervals (non-
arametric) were performed according to standard procedures. The
lasma sample collected before breakfast (08:30 h) served as base-

ine concentration. Paired Student’s t-tests were used to determine
he significance of longitudinal changes in absolute analyte concen-
rations, with respect to the baseline concentration as well as the
receding concentration. One-sided t-tests were considered signif-

cant at P < 0.05. Statistics were calculated using SPSS version 14.

Tryptophan, kynurenine, 3-hydroxykynurenine and

ryptophan-to-kynurenine ratio reference intervals were based
n the analysis of 120 plasma samples derived from healthy
ndividuals (36 men, 84 women, age range 38–83 years, median
ge 55), during the PREVEND study [29,30]. These studies were
gr. B 877 (2009) 603–609

approved by the medical ethics committee of our institution and
conducted in accordance with the guidelines of the Declaration
of Helsinki. All participants gave written informed consent. We
calculated reference intervals by use of EP evaluator [31].

3. Results

3.1. Quality control and method validation

3.1.1. Chromatography and selectivity
Total sample analysis time, including extraction, was 8 min.

Complete chromatographic separation can be achieved by reversed
phase chromatography. Deuterated internal standards can be used,
since the mass spectrometer monitors precursor as well as product
ions with high analytical specificity. Fig. 2 shows mass chro-
matograms of a plasma sample derived from a healthy subject as
total ion current (A) of all MRM transitions used and as the sep-
arate MRM transitions for 3-hydroxykynurenine (B), kynurenine
(C), tryptophan (D) and their respective internal standards obtained
by XLC–MS/MS in MRM. We confirmed the identities of the com-
pounds by standard addition of the plasma sample, resulting in the
total ion current chromatogram in Fig. 2E and the specific mass
spectra in Fig. 2F–H.

3.1.2. Detection limits
LLOD was 30 nmol/L for tryptophan, 1 nmol/L for kynurenine,

and 5 nmol/L for 3-hydroxykynurenine. Respective quantification
limits (at a signal-to-noise ratio of 10) were 110, 50, and 23 nmol/L,
with CVs of 13.4, 18.8, and 19.7%, respectively.

Cartridges could be reused up to 15 times, with carryover <0.1%
observed between sequential analyses performed on reused SPE
cartridges, by applying additional washing steps in the method.

3.1.3. Linearity and imprecision
Plasma calibration curves and control samples were run with

every batch of patient samples. Linearity was excellent over the
respective calibration ranges, with corresponding correlation coef-
ficients (R2) consistently >0.99 for all 3 compounds. Plasma calibra-
tion curves were reproducible between days, with R2 > 0.99. Mean
analytical intra- and inter-assay repeatability and reproducibility
for enriched pooled plasma in low, medium, and high concentra-
tions are shown in Table 2. Intra-assay CV (n = 20) was 1.7–3.6%
(tryptophan), 3.8–7.2% (kynurenine), and 4.3–8.8% (3-hydroxy-
kynurenine). Inter-assay CV (n = 20) was 1.7–7.0% (tryptophan),
2.9–5.6% (kynurenine), and 5.3–8.2% (3-hydroxykynurenine).
Plasma samples with high tryptophan, kynurenine and/or 3-
hydroxykynurenine concentrations that exceed the calibration
range could be diluted up to 100 times.

3.1.4. Recovery
Recoveries ranged from 3.3 to 4.1% (tryptophan), 37.8 to 48.7%

(kynurenine), and 30.9 to 47.6% (3-hydroxykynurenine).

3.1.5. Stability
Tryptophan and kynurenine were stable in plasma stored up to

7 days at 10, 4 ◦C or room temperature. 3-hydroxykynurenine is
stable in plasma up to 3 days at the same conditions. No changes in
measured concentrations were observed in plasma that had been
subjected to 1, 2, or 3 freeze–thaw cycles. Stability data (n = 3) are
not shown.
3.1.6. Biological variation, reference values, and patient samples
Biological intra-day CVs (n = 26) were 4.4–15.1% (tryptophan),

2.4–17.1% (kynurenine), and 33.3–116.7% (3-hydroxykynurenine),
as shown in Table 2. Mean tryptophan, kynurenine, tryptophan-to-
kynurenine ratio and 3-hydroxykynurenine concentrations, with
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Fig. 2. Total ion current mass chromatograms and mass specific chromatograms obtained in multiple reaction monitoring (MRM) mode by XLC–MS/MS for plasma tryp-
tophan (Trp), kynurenine (Kyn), and 3-hydroxykynurenine (3-HK) and their deuterated internal standards. (A–D) Chromatograms of plasma from a healthy subject. (E–H)
Chromatograms of plasma from a healthy subject spiked with calibrators. (A and E) Total ion current mass chromatograms of all MRM transitions used. Retention times are
4.8, 4.5 and 3.0 min for Trp, Kyn and 3-HK, respectively; (B and F) Mass specific chromatograms of 3-HK and its deuterated internal standard 3-HK-d2 (m/z 225 → 110 and
227 → 111, respectively); (C and G) Mass specific chromatograms of Kyn and its deuterated internal standard Kyn-d4 (m/z 209 → 94 and 213 → 98, respectively); (D and H)
Mass specific chromatogram of Trp and its deuterated internal standard Trp-d5 (m/z 205 → 188 and 210 → 192, respectively). All signals are normalized to full scale for the
highest peak in the window. Retention time is indicated in min. The y-axis shows the peak abundance which is normalized to percentages relative to the highest peak in the
chromatogram.

Table 2
Intra- and inter-assay imprecision of the XLC–MS/MS method for plasma tryptophan (TRP), kynurenine (KYN), and 3-hydroxykynurenine (3HK).

Mean analytical variation (n = 20) Mean biological variation (n = 16)

Intra-assay Inter-assay Inter-day Intra-day (n = 26)

Mean (�mol/L) SD (�mol/L) CV (%) Mean (�mol/L) SD (�mol/L) CV (%) Mean (�mol/L) SD (�mol/L) CV (%) Mean (�mol/L) SD (�mol/L) CV (%)

TRP
Low 4.91 0.18 3.6 4.92 0.34 7.0
Med 58.52 0.98 1.7 56.98 1.00 1.8 64.86 10.54 16.3 54.99 8.21 14.9
High 987.6 19.5 2.0 957.3 16.6 1.7

KYN
Low 0.19 0.01 7.2 0.20 0.01 5.6
Med 2.25 0.11 4.8 2.16 0.06 2.9 1.87 0.38 20.2 1.91 0.33 17.3
High 40.43 1.55 3.8 37.65 1.78 4.7

3HK
Low 0.18 0.02 8.5 0.19 0.02 8.2
Med 0.74 0.06 8.8 0.77 0.04 5.3 0.04 0.04 99.3 0.02 0.01 85.5
High 29.63 1.28 4.3 32.22 1.83 5.7

Analytical variation was calculated by measuring each sample 20 times per day (intra-assay) and in 20 different assays (inter-assay).
Intra- and inter-day mean biological variation was calculated from results from healthy individuals at 5 times during a day (08:30, 10:30, 12:30, 14:30, and 16:30 h) and on 5
consecutive days at 09:00 h.
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Fig. 3. Biological intra-day variation of plasma tryptophan, kynurenine, tryptophan-to-kynurenine ratio and 3-hydroxykynurenine in 26 healthy subjects. (A) Tryptophan; (B)
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nterval at five times during 1 day, respectively 08:30, 10:30, 12:30, 14:30 and 16:30
onsumed. *: Significantly different (P < 0.05) from baseline value (08:30 h); **: sign

5% confidence intervals, during the day are shown in Fig. 3. This
gure reveals that tryptophan concentrations are dependent on the
ime of day blood is sampled. After the consumption of a meal, tryp-
ophan concentration increases significantly (P < 0.05), because of
he tryptophan content of food products. Kynurenine concentra-
ion decreases significantly (P < 0.05) during the day. Consequently
he tryptophan-to-kynurenine ratio follows the same pattern as the
ryptophan concentration during the day with significant changes
P < 0.05). 3-Hydroxykynurenine concentration shows a not signif-
cant decrease in concentration during the day. Biological inter-day
Vs (n = 16) were 2.7–10.6%, 5.1–15.7% and 33.3–169.9%, respec-
ively. Concentrations remained constant during the 5 days (data
ot shown).

For 120 reference samples, reference intervals were calculated
ith EP evaluator in a transformed parametric manner according

o CLSI C28-A2 [32]. Reference intervals were 45.5–83.1 �mol/L
tryptophan), 1.14–3.02 �mol/L (kynurenine), and <0.13 �mol/L
3-hydroxykynurenine). Tryptophan-to-kynurenine ratio reference
alues were 19.0–49.8, calculated in a parametric manner.

. Discussion

Variation in tryptophan concentration due to inducible IDO/TDO
egradation influences the formation of important metabo-

ites such as serotonin. Measurement of tryptophan and its
ynurenine metabolites was shown to be relevant in many patho-
hysiological conditions, i.e., carcinoid tumors with excessive
erotonin production [9], mood disorders such as depression
ith decreased serotonin production [10], inflammation, immune-

ctivation, transplantation [1,2,4–6] and pregnancy [10]. This study
hows that tryptophan, kynurenine and 3-hydroxykynurenine can
e measured accurately and precisely and with high-throughput
sing on-line SPE coupled to HPLC with MS/MS detection. In
ddition, the study shows that for using tryptophan and the
ryptophan-to-kynurenine ratio in diagnostics or research, blood
ampling has to take place before breakfast, since both markers

ave significant biological variation during the day. For trypto-
han concentrations in plasma this circadian rhythm has been
hown before [23], which is probably caused by the tryptophan
ontent of food. As far as we know, the finding that kynurenine
oncentrations decrease during the day is new and should be
ntrations (�mol/L) are given as mean concentrations (n = 26) with ±95% confidence
e first time point was before breakfast. Arrows indicate the times bread meals were
tly different (P <0 0.05) from previous value.

subjected to future research on tryptophan, kynurenine and its
ratio.

Measurement of plasma tryptophan and kynurenine has been
executed earlier, especially with LC. The main problems for this
analysis are the amphoteric characteristics of tryptophan and the
concentration range difference between tryptophan and kynure-
nine and especially 3-hydroxykynurenine. Previously described
methods, including HPLC with electrochemical, UV and fluores-
cence detection [3,12,16], have certain drawbacks such as labor
intensity and long analysis times due to manual sample prepa-
ration. Recently, analysis times have been reduced [11] and
more specific and sensitive tandem mass spectrometric detec-
tion methods have been developed [5,17,18] with reduced manual
sample preparation steps. However, for the simultaneous mea-
surement of tryptophan, kynurenine and 3-hydroxykynurenine no
fast and sensitive detection method was available [15]. Since 3-
hydroxykynurenine seems a potential interesting marker for the
clinic and has the same characteristics as kynurenine, this compo-
nent was added to our analysis. Main advantages of XLC–MS/MS
are ease of handling, portability, and reduction of cost per sam-
ple, because of reduced sample preparation time, high-throughput,
cheaper cartridges, and reuse of cartridges [26,27]. In addition,
automated sample preparation reduces analysis time and analytical
variation caused by differences in manual sample pretreatment.

Because tryptophan, kynurenine and 3-hydroxykynurenine con-
tain the same functional charged amino group, a selective SPE
process can be achieved using cation exchange. Strong cation
exchange media are especially suitable for these weak bases. Isolute
PRS (SCX2) cartridges (Argonaut) maintain a permanent negative
charge on the sorbent. PRS has very little non-polar character and
is the cationic exchange sorbent (propylsulphonic acid) of choice,
since the elution solvent is totally aqueous. Analytes are eluted by
increasing the ion strength. For complete separation of the three
components, reversed phase chromatography is used with care,
since the gradient used 100% water phase, which can damage the
column. Furthermore, desolvation is more difficult than with an

organic solvent. However, for this purpose MS/MS detection pro-
vided enough sensitivity. Unique precursor–product ions are used
for qualification and quantification. Interference with the same
MRM transitions is eliminated chromatographically, whereas addi-
tional qualifiers enhance specificity of the detection method.
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The XLC–MS/MS method shows excellent analytical per-
ormance. Recoveries are consistent, although below 5% for
ryptophan, since the method has been optimized for kynurenine
nd 3-hydroxykynurenine analysis in the same run. However, tryp-
ophan concentrations are much higher than that of kynurenine
nd 3-hydroxykynurenine, which means the peak abundance is
till higher than that of kynurenine and 3-hydroxykynurenine. In
ddition, LLOQ of tryptophan is less low, although limits of quantifi-
ation are still better in comparison with non-mass spectrometric
ethods.
The method allows reproducible quantification of plasma tryp-

ophan, kynurenine and 3-hydroxykynurenine. Analytical variation
s <9%, owing to automation of sample preparation. In addition,
he required plasma volume can be scaled down to 50 �L, which
nables measurement of samples from infants and neonates, mice,
issues, etc. 3-hydroxykynurenine concentrations can still be below
he quantification limit in healthy individuals.

Reference intervals in healthy subjects with XLC–MS/MS are in
ccordance with the ranges previously described [3,9,15,33,34].

In conclusion, plasma tryptophan, kynurenine and 3-
ydroxykynurenine can be measured accurately and precisely
nd are reproducible by XLC–MS/MS. Samples should be collected
efore breakfast, since tryptophan concentration and tryptophan-
o-kynurenine ratio are increased after meals. The clinical use
f the method is broad, although the value of these analyses for
pecific diseases has to be further investigated.
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