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Review

Tryptophan Metabolites and Brain Disorders?

Trevor W. Stone*, Gillian M. Mackay, Caroline M.
Forrest, Catherine J. Clark and L. Gail Darlington
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Building, University of Glasgow, Glasgow, UK

Tryptophan is metabolised primarily along the kynure-
nine pathway, of which two components are now
known to have marked effects on neurons in the cen-
tral nervous system. Quinolinic acid is an agonist at
the population of glutamate receptors which are sen-
sitive to N-methyl-D-aspartate (NMDA), and kynurenic
acid is an antagonist at several glutamate receptors.
"Consequently quinolinic acid can act as a neurotoxin
while kynurenic acid is neuroprotectant. A third
kynurenine, 3-hydroxykynurenine, can generate free
radicals and contribute to, or exacerbate, neuronal
damage. Changes in the absolute or relative concen-
trations of these kynurenines have been implicated in
a variety of central nervous system disorders such as
the AIDS-dementia complex and{Huntngton’s disease,
raising the possibility that interference with their ac-
tions or synthesis could lead to new forms of pharma-
cotherapy for these conditions. Clin Chem Lab Med
2003; 41(7):852~-859
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Introduction

In terms of understanding the aetiology of neurode-
generative disorders, the glutamate receptors sensitive
to N-methyl-D-aspartate (NMDA) have received most
attention. Their activation leads to an influx of calcium
into neurons, this in turn triggering the activation of
proteases, the formation of free radicals, the produc-

tion of nitric oxide and other processes, potentially:

leading to neuronal damage (1-3).
Quinolinic acid is a major component of the kynure-
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nine pathway of tryptophan metabolism, which is an
endogenous agonist that activates selectively the
NMDA receptors (4) and is a potential endogenous ex-
citotoxin (3-6).

Another member of the kynurenine pathway,
kynurenic acid, is an antagonist at glutamate receptors,
including those for NMDA, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid {AMPA), and kainic
acid (7). Kynurenic acid has a high affinity at the strych-
nine-resistant glycine co-agonist site on the NMDA re-
ceptor (8).

Although the amount of quinolinic acid in the brain is
normally insufficient to cause neuronal damage, only
small increases are necessary to cause injury. Micro-
molar concentrations of quinolinic acid are toxicto cells
exposed for several hours (3, 9, 10), while nanomolar
levels are neurotoxic to cultured cells if maintained for
several weeks (11) with some spinal neurons being
damaged with only 100 nM quinolinic acid (12, 13). On
human central neurons in culture, 350 nM quinolinic
acid, comparable with those found in AIDS patients,
produced major structural signs of cell damage.

In addition to acting via NMDA receptors, quinolinic
acid can induce mitochondrial dysfunction and the for-
mation of reactive oxygen species (14), since damage
can be reduced by free radical scavengers (15, 16):

Measurement of Kynurenine Pathway Metabolites

In the light of this ability to excite, damage, and protect
neurones, it is essential to monitor the activity of as
many metabolites in the kynurenine pathway as possi-
ble in any single experimental paradigm or clinical pro-
tocol. We have therefore designed assay procedures
based on those in the literature but optimised to mea-
sure at least the major six components of the pathway
including quinolinic acid.

Most methods for the measurement of quinolinic
acid are based on a combination of gas chromatogra-
phy and mass spectrometry (GC/MS), while other
kynurenines are routinely assayed by high pressure lig-
uid chromatography (HPLC). The methods used in our
own laboratory are summarised below.

Analysis of kynurenines by HPLC

L-tryptophan and L-kynurenine can be quantified using
UV detection, kynurenic acid using fluorescence detec-
tion, and 3-hydroxykynurenine and 3-hydroxyan-
thranilic acid using electrochemical detection. Xan-
thurenic acid can also be quantified by either UV, or
electrochemical detection (Figure 1).

During sample preparation, samples were kept on
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Figure 1 Sample chromatograms of kynurenine pathway
components obtained by HPLC and (A) UV detection at’
250 nm; {B) UV detection at 365 nm; (C) fluorescence detection

ice. In our laboratory, to 480 ul plasma we added 20 pi
of mixed internal standard [6 pM dihydroxybenzy-
lamide, (DHBA) and 1200 pM 3-nitro-L-tyrosine], fol-
lowed by 50 pl 4 M perchloric acid. Samples were vor-
texed for 30 s immediately after acid addition and
centrifuged at 5000 g for 10 min at 4°C. The super-
natant was collected. The precipitated proteins were
resuspended in 150 pl water and 50 pl 4 M perchloric
acid added. The mixture was vortexed for 30 s and cen-
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at excitation 344 nm, emission 390 nm, and (D) electrochemi-
_cal detection at + 0.65V.

trifuged at 5000 g for 10 min at 4°C. Again the super-
natant was collected. This washing and centrifugation
step was repeated and the three supernatants com-
bined. Combined supernatants were fiitered in Vec-
taspin Micro Anopore tubes during a further centrifu-
gation at 3500 g for 5 min at 4 °C, prior to injection on
the HPLC. A volume of 100 pl was normally injected.

A Waters HPLC system was used with a C18 reversed
phase column (Phenomenex Kingsorb 260 x 4.6 mm,



854

Stone et al.: Tryptophan metabolites and brain disorders

5 ym). Samples were analysed using both a dual wave-
length UV detector {250 nm and 365 nm) and a fluores-
cence detector, connected in series. The mobile phase
for UV and fluorescence detection was 50 mM acetic
acid, 250 mM zinc acetate, containing 6% acetonitrile,
based on the composition described by Herve et al.
(17). Zinc acetate was present as it significantly en-
hances the fluorescence of kynurenic acid. Tryptophan,
kynurenine, and xanthurenic acid can be determined
by UV detection at 250 nm, although 365 nm is a more
selective wavelength for kynurenine and xanthurenic
acid. Kynurenic acid was determined using a fluores-
cence excitation wavelength of 344 nm and emission
wavelength of 390 nm. The internal standard, 3-nitroty-
rosine, can be quantified at 250 or 365 nm. The mobile
phase for electrochemical detection was 50 mM phos-
phoric acid, 50 mM citric acid, 20 mg/l EDTA, 100 mg/i
heptane sulphonic acid, 2 mM sodium chloride, with
the pH adjusted to 3.1 with potassium hydroxide, and
1% methano! added. For electrochemical detection, the
oxidation voltage was + 0.65V. Sample chromatograms
are illustrated in Figure 1.

Measurement of quinolinic acid

Fifty pl aliquots of aqueous quinolinic acid standard so-
lutions had 50 pl of a 500 nM aqueous solution of dipi-
colinic acid {a structural isomer of quinolinic acid)
added to them as internal standard. The standards
were lyophilised before tert-butyldimethylsilylation
was achieved by the addition of N-methyl-N-(tert-
butyldimethylsilyl)trifluoroacetamide (MTBSTFA) + 1%
tert-butyldimethyichlorosilane (TBDMCS) (20 pi) and
dry acetonitrile (20 pl) (18). The standards were vor-
texed for 30 s and then incubated at 70 °C for 2 h. After
cooling to room temperature, 2 pl of derivatised stan-
dards, still in derivatising reagent, were injected into
the gas chromatograph-mass spectrometer. The detec-
tion limit was approximately 20 pg.

Analysis was performed on a Finnigan ITS40 mass
spectrometer coupled to a Varian 3400 gas chroma-
tograph fitted with a fus%d silica capillary column
(30 m x 0.25 mm internal dlameter) coated with a non-
polar stationary phase (0.25 | pm DBS5). The helium flow
rate was 0.8 ml/min at 120 °C, with an initial pressure
pulse of 1.6 ml/min held for 2 min. The temperature
programme was as follows: 120 °C for 2 min, 20 °C/min
to 210°C, 1 min at 210 °C, 2 °C/min to 234 °C, 30 °C/min
to 300°C and 2min at 300°C. Analysis of tert-butyl-
dimethylsilyl (TBDMS) derivatives by gas chromatog-

. raphy-electron impact-mass spectrometry yields a pre-
dominant and characteristic [M-57]+ fragment ion,
resulting from the loss of one tert-butyl function,
[C(CH3)3], from the molecular ion. The sole moieties of
quinolinic acid derivatised were both carboxylic
groups. Figure 2 shows a typical mass spectrum of
quinolinic acid-TBDMS and its molecular fragmenta-
tion pattern. The predominant base peak of the spec-
trum was m/z 338, corresponding to the characteristic
[M-567]+ fragment ion. This was chosen for quantita-
tion. The other dominant ion fragment was m/z 147 in-

terpreted as [(CH3)3SiO+ = Si{CH3)2]. This was not
monitored since it was not derived from the TBDMS
function and did not contain any part of the parent mol-
ecule. For quantitation of the peaks the mass spec-
trometer was operated in selected-ion monitoring
(SIM) mode, and the area of the quinolinic acid-TBDMS
ion current peak area was compared to that of the in-
ternal standard ion current peak area, both at m/z 338.

Kynurenines and CNS Disorders

With methods such as these various groups have pro-
vided strong evidence for changes in the levels of
kynurenines in brain disorders, which suggest a poten-
tial contributory role in the symptomatology and
pathology of those disorders. The evidence has been
discussed in several recent reviews (5, 6), but in the fol-
lowing paragraphs, we summarise some of the main
features of the evidence to date.

AIDS-dementia complex

About 20% of patients with the acquired immunode-
ficiency syndrome (AIDS) develop marked central
nervous system (CNS) involvement, with cognitive de-
cline, motor dysfunction, and behavioural abnormali-
ties. A role for NMDA receptors has been proposed
and, consistent with this view, levels of quinolinate in
the cerebrospinal fluid (CSF)} are increased up to 20-
fold, correlating with the cognitive and motor dysfunc-
tion (19-21). The amount of quinolinic acid in the brain
parenchyma of human immunodeficiency virus (HIV)-
infected patients can reach 300 times those in CSF (22).
With treatment, quinolinic acid concentration declines
in parallel with neurological improvement.

In AIDS, cerebral quinolinic acid probably onglnates
from cells activated by the immune system as part of
the generalised inflammatory reaction to the viral inva-
sion (23). Quinolinic acid in CSF could not be attributed
to increased permeability of the blood-brain barrier.
Patients with HIV-1-associated encephalopathy had
even higher quinolinate levels {79.6 nM), especially in
patients dying less than 3 years after initial assessment
(24). Levels of quinolinic acid in post-mortem brain tis-
sue of AIDS patients were more than 20 times those in
controls. The pathogenic simian equivalent of HIV,
SHIV(89.6P), also raises quinolinic acid levels in the
CNS of monkeys (25, 26), with increases up to 400-fold

- basal levels (20, 25).

Sources of quinolinate

Human microgiia, blood macrophages, and mixed cul-
tures of human foetal brain cells can ordinarily convert
tryptophan, kynurenine, or 3-hydroxykynurenine into
quinolinic acid even when unstimulated (27). Inter-
feron-y activates indoleamine-2,3-dioxygenase (IDO),
kynurenine-3-hydroxylase, kynureninase and 3-hy-
droxyanthranilic acid oxygenase, and raises kynure-
nine levels to more than 40 pM; the levels of quinolinic
acid may reach 438 and 1410 nM in glia and macro-
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Figure2 A:Mass spectrum obtained by electron-impact ion-
isation of the di-TBDMS ester of quinolinic acid derived from
50 pl of a 1 #M quinolinic acid standard. The molecular frag-
mentation pattern of the base peak (m/z 338) is shown and is
derived from the loss of a [C{CH3)3] moiety from the molecu-

phages, respectively. Stimulation by tumour necrosis
factor-a {TNF-a) also promotes kynurenine metabo-
lism, and combinations of TNF-a and interferon-y have
been found to generate concentrations up to 16.7 yM of
quinolinic acid, far exceeding the concentrations
known to be neurotoxic {28).

The systemic administration of bacterial lipopoly-
saccharide increases quinolinic acid immunoreactivity
in the brain and lymphoid tissue within 24 h {29). The
cells staining most intensely were identified as den-
dritic cells and macrophages suggesting that quino-

lar ion m/z 395 [M+]. B: Selected ion (m/z 337-340) gas chro-
matogram of the TBDMS derivatives of quinolinic acid (50 p!
of a 250 nM solution; retention 748 s) and the internal stan-
dard (50 pl of a 500 nM solution; retention 807 s).

linic acid might be important in the regutation of im-
mune cell activity. Quinolinic acid immunoreactivity
was increased in monkeys infected with simian im-
munodeficiency virus (SIV) (30).

Using immuno-electron microscopy, Sung et al. (31)
demonstrated that quinolinic acid was associated with
the internal face of the plasma membrane of human
peripheral blood monocytes and macrophages. Treat-
ment with interferon-y increased the density of staining
but quinolinic acid-positive particles remained at-
tached to the cell membrane. These observations were






