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a b s t r a c t

A simple, fast, sensitive and specific high-performance liquid chromatography (HPLC) method is devel-
oped for simultaneous determination of kynurenine (Kyn) and tryptophan (Trp) with ultraviolet (UV)
detection setting programmed wavelength. The separation was carried out on an Agilent Hypersil ODS
column (125 mm × 4.0 mm, 5 �m) in less than 6 min and the eluate was monitored by the programmed
eywords:
ryptophan
ynurenine

ndoleamine 2,3-dioxygenase
PLC

wavelength detection setting at 360 nm from 0 min to 4 min for Kyn, and at 278 nm from 4 min to 6 min for
Trp in a single run with UV detector. The linearities of the method were from 0.20 �mol/L to 21.2 �mol/L for
Kyn and 2.25–678.0 �mol/L for Trp, and the detection limits were 0.028 �mol/L for Kyn and 0.053 �mol/L
for Trp, respectively. Satisfactory precisions and recoveries were obtained by this method. The assay was
employed to analyze plasma samples of children patients with Kawasaki disease (KD). The result showed

Kawa
awasaki disease great difference between

. Introduction

l-Tryptophan (Trp) is an essential amino acid that is required
or the biosynthesis of proteins and is important in nitrogen bal-
nce and the maintenance of muscle mass and body weight in
umans [1–4]. The degradation of tryptophan takes place via two
iochemical pathways: biosynthesis of the neurotransmitter sero-
onin and the kynurenine (Kyn) pathway [5,6]. Trp is the substrate
or the first step in both of these pathways. In the former path-
ay, Trp is transformed to 5-hydroxytryptamine (serotonin) by

ryptophan 5-hydroxylase enzyme. In the Kyn pathway which is
he major catabolic route for Trp, the indole ring of Trp can be
pened by the enzymes tryptophan 2,3-dioxygenase (TDO) and
ndoleamine 2,3-dioxygenase (IDO), yielding N-formylkynurenine

hich is then converted to Kyn [6–11]. The reactions catalyzed by
oth of these enzymes constitute the rate-limiting step in the Kyn
etabolic pathway [2,4,6]. Many studies showed that, like TDO, IDO

s also a heme-containing enzyme, despite the fact that it shares no
equence homology with TDO [12]. TDO is present mostly in liver,

nd it is not only found in mammals, but also in mosquitoes and
acteria whereas IDO only exists in mammals and is ubiquitously
istributed in tissues including the brain, lung, spleen, placenta and
lood [1,12].

∗ Corresponding author. Tel.: +86 23 68485217; fax: +86 23 68485005.
E-mail address: dingmin@cqmu.edu.cn (M. Ding).
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saki disease and control group.
© 2009 Elsevier B.V. All rights reserved.

The expression of IDO is induced by IFN-� and is closely linked to
a wide spectrum of immune-related pathophysiologic conditions,
in contrast to TDO which is inducible by glucocorticoid hormones
and is regulated by the availability of the physiological substrate,
Trp [12]. Inflammatory cytokines, produced as a consequence of
parasite, bacterial or viral infections, increase IDO activity and
expression thus causing a reduction in Trp and an increase in Kyn
metabolites in blood and brain [10]. IDO has recently been linked
with immunoregulation [5,13]. T-cell proliferation can be inhibited
by IDO activity and immune response may be suppressed when
Trp is diminished due to activated IDO, which occurs not only
during infectious diseases but also in cancer and autoimmune dis-
eases [14–16]. IDO activity is characterized by the kynurenine to
tryptophan ratio (Kyn/Trp) which correlates with concentrations of
immune activation markers such as neopterin [5,7,16]. The Kyn/Trp
ratio is therefore considered as a more reliable marker for IDO-
induced Trp catabolism than serum Trp or Kyn concentration alone
[5].

To determine the concentrations of Kyn and Trp may help to
estimate IDO activity. Several protocols [2,3,5,17] have been pro-
posed to determine Kyn and Trp in biological fluids, among which
HPLC-based analyses are the commonly used methods for the deter-

mination of Trp and its metabolites, including high-performance
liquid chromatography (HPLC) methods with UV detection for Kyn
and fluorimetric detection for Trp [8,10,18–20], HPLC with coulo-
metric detection [6], HPLC with electrochemical array detection
[21]. Recently, Yamada et al. reported the simultaneous mea-

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:dingmin@cqmu.edu.cn
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was determined by analyzing three plasma samples adding stan-
X. Zhang et al. / J. Chroma

urement of Trp and Kyn by HPLC–MS/MS [22] both intra- and
xtracellularly. It took about 12 min to separate the two compo-
ents. Marklová’s group [23] screened the defects in tryptophan
etabolism by HPLC. When the simultaneous detection of Kyn and

rp was performed at 254 nm, the two components could not sep-
rate effectively from the plasma endogenesis especially when the
oncentration was very low within 11 min. The limits of detection
ould not satisfy the clinical plasma samples. Wang and Tang [24]
eported simultaneous determination of Kyn and Trp by HPLC with
V detection at 225 nm. As it can be seen in this article, Kyn and Trp
ould be both detected with a fixed wavelength in 9 min which was
he fastest speed for separating the two components which have
een reported. However, the inclined baseline and the unsymmet-
ical peak of Kyn were not beneficial for the exact quantification
ue to the absorbance of solvent before 3 min at 225 nm. In addi-
ion, Kawai’s group [25] reported simultaneous measurement of
yn and Trp in plasma by column switching-HPLC method. The
etention time for Kyn and Trp was 21 min and 35 min, respectively.
urthermore, it needs two columns and a high-pressure switching
exagonal valve which made the instrument complex. However,
ost of these methods are time consuming, employing multi-step

etection or multi-detectors. The purpose of this study is to develop
rapid and specific HPLC protocol with UV detection setting pro-

rammed wavelength for simultaneous measurement of Kyn and
rp in plasma in a single run. HPLC with programmed wavelength
ltraviolet detection was designed to eliminate the interferences
f endogenesis and quantify the concentrations of Kyn and Trp
imultaneously in clinical plasma samples.

Kawasaki disease (KD) is an acute self-limited vasculitis that
ccurs predominantly in infants and young children [26]. Although
t is first described in Japan in 1967, the immunopathological mech-
nisms involved in the pathogenesis of KD remains still unclear
27,28]. This paper aims to find some relationship between KD and
he Kyn/Trp ratio. The Trp and Kyn in plasma of children patients
ith KD were analyzed by the developed assay, and then Kyn/Trp

atio was calculated to estimate the activity of IDO. The result
howed great difference between KD and the control group which
ill perhaps provide a potential diagnostic index for clinicians.

. Experiments

.1. Chemicals and reagents

Trp and Kyn were purchased from Sigma Chemical (St. Louis,
O, USA). Other chemicals were of analytical reagent grade and

btained from Shanghai Company of Chemical Reagent (Shang-
ai, China). Chromatographic grade acetonitrile was purchased

rom Tedia (Fairfield, OH, USA). Chromatographic grade water was
btained from Millipore pure water purification system (Millipore,
ilford, MA, USA). The mobile phase was prepared daily and fil-

ered through a 0.22 �m Millipore filter (Millipore, Milford, MA,
SA).

Plasma of healthy children and children with KD were
btained from Children’s Hospital of Chongqing Medical Univer-
ity (Chongqing, China). The plasma of healthy children was from
he children volunteers who came for health checkup. The clini-
al diagnosis of Kawasaki disease requires a history of fever of 5
ays duration, plus 4 of the following 5 associated physical find-

ngs: polymorphic exanthema; changes in peripheral extremities,
n acute phase: erythema and/or indurative edema of the palms
nd soles and in convalescent phase: desquamation from finger

ips; bilateral non-exsudative conjunctival injection; changes in
he orophararynx: injected or fissured lips, strawberry tongue,
njected pharynx; acute non-suppurative cervical lymphadenopa-
hy (>1.5 cm in diameter) [29,30]. All plasma samples were stored at
20 ◦C until analyzed. The sample collection and use for this study
877 (2009) 1678–1682 1679

have been approved by the ethic committees of Children’s Hospital
of Chongqing Medical University.

2.2. Instrumentation and chromatographic conditions

The HPLC system was an Agilent (Palo Alto, CA, USA) LC
system equipped with vacuum degasser (G1322A), quatpump
(G1311A), manual-injector (G1328) and variable wavelength detec-
tor (VWD, G1314A). The data were acquired and processed with
Agilent Chemstation software. An Agilent Hypersil ODS column
(125 mm × 4.0 mm, 5 �m) was used for the analysis at 25 ◦C. The
chromatographic separation was carried out using the mobile phase
consisting of 15 mmol/L acetate buffer (pH 4.0) and acetonitrile
(95:5, v/v) at a flow rate of 0.8 mL/min. The eluate was monitored
by the programmed wavelength detection setting at 360 nm from
0 min to 4 min for Kyn and at 278 nm from 4 min to 6 min for Trp.

2.3. Standard solution and sample preparation

The stock solutions of Kyn and Trp were dissolved in methanol
at the concentrations of 5.00 mmol/L and 20.0 mmol/L, respectively
and stored at −20 ◦C. A series of mixed standard working solutions
with different concentrations were obtained by further dilution
of each standard stock solution with the mobile phase immedi-
ately before use. For protein precipitation, 100 �L of the plasma
sample was mixed with 13 �L 40% perchloric acid, followed by
vortex-mixing for 1 min and centrifuged at 15 000 g for 10 min at
4 ◦C. Ultimately 20 �L of the supernate was injected into the HPLC
system for analysis.

2.4. Method validation

2.4.1. Calibration curve and linearity
The calibration samples were prepared by adding appropri-

ate amount of standard working solutions to both physiological
solution and the healthy mixed children plasma. The calibration
samples were performed protein precipitation as described above.
Nine-point calibration curves were constructed in triplication by
adding nine series of 10 �L of mixed standard working solutions
of Kyn and Trp into 90 �L of the physiological solution. The cali-
bration curves were established by plotting the peak area of Kyn
or Trp, versus the concentrations of Kyn of Trp in the calibration
samples. The regression parameters of slope and correlation coef-
ficient were calculated by linear least square regression. And the
calibration samples were also added to the healthy mixed children
plasma to establish the calibration curve. Since Kyn and Trp are
endogenous in plasma, for preparing the calibration curves with
mixed healthy plasma, the peak areas of Kyn and Trp in the mixed
healthy plasma was subtracted from the peak areas after adding
the calibration standards into the mixed healthy plasma in chro-
matography, which represented the peak areas of Kyn and Trp in
calibration standards. The limit of quantification (LOQ) was calcu-
lated by 10�/S where � represents the standard deviation of the
determination and S represents the slope of the calibration curve.

2.4.2. Accuracy and precision
The accuracy and precision of this method were determined by

adding defined amounts of Kyn and Trp into mixed healthy plasma
and each was divided into 9 and stored at −20 ◦C. The accuracy
dard working solutions of Kyn and Trp at the low, middle and high
concentrations. The inter-day variation was assessed by measur-
ing these aliquots on 5 consecutive days, using one freshly thawed
sample every day, while the intra-day variation was assessed by
consecutive determinations of 5 samples in a day.



1680 X. Zhang et al. / J. Chromatogr. B 877 (2009) 1678–1682

bolism

2

h
s
A
o
t
[
c

2

t
a
a
(
w

3

3

K
l

c
i
w
T
K
t
t
d

o

F
3
M
c

mination complicated. The retention times of Kyn and Trp are
3.3 min and 5.0 min, respectively. It took only 5 min to separate
the two components in plasma samples, which was more rapid
than other methods reported previously. The resolution is more
Fig. 1. The cata

.4.3. Recovery
To estimate the recovery of the method, 90 �L of the mixed

ealthy plasma was spiked with 10 �L of mixed standard working
olution of Kyn and Trp at low, middle and high concentrations.
nd 90 �L of the mixed healthy plasma was spiked with 10 �L
f the mobile phase was used as the blank sample to estimate
he endogenous concentration. Sample recovery is expressed as
(found concentration − endogenous concentration)/spiked con-
entration] × 100%.

.5. Clinical application

40 children patients with KD and 20 healthy children, less
han 15 years old, were analyzed using the developed assay
nd the Kyn/Trp ratio was calculated. The data were presented
s means ± S.D. and analyzed by one-way analysis of variance
ANOVA) using SPSS13.0 statistical software. p values less than 0.05
ere considered as statistically significant.

. Results and discussion

.1. Detection condition

The proposed HPLC method for simultaneous determination of
yn and Trp in human plasma is based on the programmed wave-

ength detection.
Trp which contains an indole ring can produce natural fluores-

ence, whereas Kyn cannot emit fluorescence itself owing to its
ntrinsic characteristic (Fig. 1). The samples must be derivatized

ith fluorescent agents by simultaneous determination of Kyn and
rp by fluorescence detection. Most simultaneous determination of
yn and Trp was based on the fluorescence determination of Trp and

he ultraviolet determination of Kyn. Thus the HPLC system needs
o equip with both the fluorescence detector and the ultraviolet
etector.

This study aims to develop a simple method for simultane-
usly rapid determination of Kyn and Trp in a single run with

ig. 2. HPLC chromatograms of Kyn and Trp by programmed wavelength detection.
60 nm was set from 0 min to 4 min and 278 nm was set from 4 min to 6 min. (a)
ixture of standards. (b) Plasma of a child patient with KD. (c) Plasma of a healthy

hild.
of Trp to Kyn.

a single detector. The concentration of Kyn is much lower than
Trp in plasma, so the most appropriate condition should first
be considered for Kyn. There are three absorbance peaks in
ultraviolet spectrogram of Kyn at 225 nm, 258 nm and 360 nm,
respectively. Most plasma endogenesis, such as kynurenic acid, 3-
hydroxykynurenine, 5-hydroxytrptophan and N-formylkynurenine
have absorptions at 225 nm or 258 nm which will affect the
quantification of Kyn. The obvious interference of endogenous com-
ponents or solvent peaks near the peak of analyte at 225 nm or
258 nm greatly decreases the accuracy of the assay. Although the
absorption coefficient of Kyn at 360 nm is lower than 258 nm,
there is little absorbance of endogenous components at 360 nm and
the lowest limit of quantification can satisfy the analysis in clini-
cal plasma samples. Accordingly the determination is performed
at 360 nm for Kyn. However, there is no evident absorption for
Trp at 360 nm which makes simultaneous determination of the
two components difficult. The maximum absorption wavelength
of Trp emerges at 278 nm. So programmed wavelength ultraviolet
detection was designed in this study and 360 nm was selected to
eliminate the interference peaks of other endogenesis and quan-
tify Kyn from 0 min to 4 min and quantification of Trp at 278 nm
from 4 min to 6 min. The baseline was adjusted to zero before sam-
ple injection. The wavelength changed from 360 nm to 278 nm at
4 min which would make the baseline elevated. To make the chro-
matogram looks friendly, the baseline back to zero was selected
at 4 min. Thus simultaneous determination of Kyn and Trp could
be realized in a single run, while most methods reported needs
to detection of Kyn and Trp, respectively which made the deter-
Table 1
The intra-day and inter-day precisions of Kyn and Trp in plasma (n = 5).

Intra-day Inter-day

x̄ ± S.D. (�mol/L) CV (%) x̄ ± S.D. (�mol/L) CV (%)

Kyn 2.24 ± 0.014 0.61 2.20 ± 0.045 2.04
4.01 ± 0.092 2.31 4.05 ± 0.237 5.86
11.2 ± 0.28 2.48 12.3 ± 0.59 4.82

Trp 57.1 ± 0.66 1.15 56.5 ± 0.62 1.09
113.7 ± 3.79 3.34 121.6 ± 6.95 5.71
357.1 ± 8.33 2.33 373.1 ± 22.8 6.12

Table 2
The recoveries of Kyn and Trp in plasma (n = 5).

Component Spiked concentration (�mol/L) Recovery (%) CV (%)

Kyn 0.66 112.6 ± 2.07 1.84
2.65 94.8 ± 3.49 3.68

10.6 92.0 ± 2.63 2.86

Trp 21.2 118.0 ± 3.10 2.63
84.8 96.3 ± 4.48 4.65

339.0 95.9 ± 2.46 2.56
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Table 3
Concentrations of Kyn and Trp in children plasma of control group and KD group.

Group c(Kyn) (�mol/L) CV (%) c(Trp) (�mol/L) CV (%) c(Kyn)/c(Trp) CV (%)

C ± 7.5
K ± 17

0.01.
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ontrol 1.61 ± 0.31 19.2 44.1
D 2.40 ± 0.89* 37.3 28.5

* There is significant difference between the KD group and the control group, p <

han 6.0, indicating that the two components can be separated
ffectively. No obvious absorbance of other endogenous compo-
ents in the plasma sample can be seen from the chromatogram
Fig. 2).

.2. Linearity

The linear equation for Kyn was Y = 6.09X − 0.82 (r = 0.9991) and
he linear equation for Trp was Y = 6.71X − 7.77 (r = 0.9993) in phys-
ological solution. X means the concentrations of Kyn or Trp in
mol/L. Y means the peak area of Kyn or Trp in the correspond-

ng calibration standards adding to physiological solution. And the
OQ were 0.20 �mol/L for Kyn and 2.25 �mol/L for Trp, respec-
ively. Peak areas for Kyn in physiological solution were correlated
ver a range of concentrations from 0.20 �mol/L to 21.2 �mol/L
nd for Trp over a range of concentrations from 2.25 �mol/L to
78.0 �mol/L, respectively. The limit of detection (LOD) that can be
eliably detected with an S/N ratio of 3 was found to be 0.028 �mol/L
or Kyn and 0.053 �mol/L for Trp, respectively. And the linear equa-
ion for Kyn was Y = 5.94X − 0.78 (r = 0.9992) and the linear equation
or Trp was Y = 6.65X − 17.8 (r = 0.9995) in mixed healthy plasma. X

eans the concentrations of Kyn or Trp in �mol/L. Y means the
eak area of Kyn or Trp in the calibration standards added to mixed
ealthy plasma subtracting the corresponding peak area of Kyn or
rp in the mixed healthy plasma. And the LOQ were 0.27 �mol/L
or Kyn and 3.35 �mol/L for Trp, respectively. Peak areas for Kyn
ere correlated over a range of concentrations from 0.27 �mol/L

o 21.2 �mol/L and for Trp over a range of concentrations from
.35 �mol/L to 678.0 �mol/L, respectively in mixed healthy plasma.
ompared with the calibration of adding the standards in plasma,
alibration curve in physiological solution showed that the matrix
ffect was not evident. So we set the calibration curve in physiolog-
cal solution in the work.

An internal standard method is always used in bioanalysis quan-
ification. However, it is difficult to find a suitable internal standard
n this study due to the significant difference of the concentra-
ions of the analytes. The external standard curve was used in this

ethod. 10 �L of mixed standard working solutions were added
nto 90 �L of physiological solution to analyze the Kyn and Trp.
he accuracy of quantity of the sample injection became a most
mportant issue.

.3. Accuracy and precision

The intra-day and inter-day precision data were given in Table 1,
ndicating intra-day CV values were less than 4% and inter-day CV
alues were less than 7% for both Kyn and Trp.

.4. Extraction recovery

The recoveries were analyzed and the result was shown in
able 2. The mean recoveries of the extraction procedures were in
he range of 92.0–118.0%.
.5. Clinical application

The concentrations of Kyn and Trp in plasma of 40 chil-
ren patients with KD and 20 healthy children were analyzed
2 17.0 0.037 ± 0.007 18.0
.3* 60.7 0.119 ± 0.089* 74.8

using the developed assay and the result was shown in
Table 3.

For the etiopathogenesis of KD, there is no agreement even as to
whether KD is an infectious disease or an immune-mediated dis-
ease [28], saying nothing of any diagnosis index for KD. Diagnosis
of KD is made on the basis of clinical criteria and non-specific labo-
ratory findings [31]. Thus it will delay the optimal time for therapy
of the disease.

Previous reports show that KD is associated with the activation
of cellular immune system [32]. A decrease of Trp with a parallel
increase of Kyn indicates an enhanced cytokine-induced degrada-
tion of tryptophan. Furthermore, the ratio of Kyn to Trp seems to
be a sensitive indicator for interferon-� induced tryptophan degra-
dation and therefore for an activated immune system [2,3]. The
Kyn to Trp ratio of the first product of TDO and IDO versus the
concentration of their substrate is an appropriate indicator of tryp-
tophan degradation. Many works have been done to demonstrate
concomitant immune system activation in order to substantiate
that tryptophan degradation is due to activation of IDO rather than
TDO [2,33]. Thus, activated IDO is indicated when Kyn/Trp corre-
lates with an immune activation parameter and endogenous IFN-�
formation [7].

The concentrations of Kyn and Trp in children plasma of healthy
controls are 1.61 ± 0.31 �mol/L, 44.1 ± 7.52 �mol/L, respectively
and the ratio of Kyn to Trp is 0.037 ± 0.007, which are different from
the concentrations of adult healthy controls 1.92 ± 0.58 �mol/L for
kynurenine, 73.0 ± 14.9 �mol/L for tryptophan and 0.0269 ± 0.0081
for the ratio by Fuchs and co-workers [2]. Kyn was found to be
higher concentrations while the concentration of Trp be lower in
KD group (p < 0.01) compared with the control group. And Kyn/Trp
ratio showed much higher levels in the KD group (p < 0.01) than
in the control one. A decrease of Trp with a parallel increase of
Kyn was seen in KD group and the Kyn/Trp increased, indicating
that IDO was activated with concomitant immune system activa-
tion. Furthermore, T-cell proliferation and immune response could
be inhibited by IDO activity in KD group, which might provide the
potential mechanism for clinical study of KD. Larger clinical trials
will be necessary to find out more about the potential prognos-
tic expressiveness of tryptophan metabolism in patients suffering
from KD.

4. Conclusion

In summary, the present method by HPLC with programmed
wavelength detection is well suited for high throughput of sam-
ples due to its more simple, rapid and sensitive than other methods
of Kyn and Trp simultaneous determination. The simple sample
preparation method improves the reproducibility so that an exter-
nal standard curve method could be used in quantification with
satisfactory precision and accuracy. The method meets the require-
ments for routine analysis of Kyn and Trp in plasma and Kyn/Trp
which is of interest in immunological research may provide a use-
ful tool for clinical studies. The concentrations of Kyn and Trp in

plasma of children patients with KD were analyzed by this assay
and the Kyn/Trp ratio was calculated. The result showed great dif-
ference in concentrations of Kyn and Trp between Kawasaki disease
and control group which will perhaps provide a potential diagnosis
index for clinicians.
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