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N�-nitro-L-arginine and its methyl ester inhibit brain synthesis of kyn-
urenic acid possibly via nitric oxide-independent mechanism. P. LUCHOW-
SKI, T. KOCKI, E.M. URBAÑSKA. Pol. J. Pharmacol., 2001, 53, 597–604.

The effect of nitric oxide synthase (NOS) inhibitors on the brain produc-
tion of endogenous glutamate receptor antagonist, kynurenic acid, was esti-
mated in vitro. Under standard incubation conditions N�-nitro-L-arginine,
but not N�-nitro-L-arginine methyl ester, up to 5 mM, or 7-nitroindazole, up
to 100 �M, inhibited de novo synthesis of kynurenic acid in cortical slices.
However, during prolonged incubation, N�-nitro-L-arginine methyl ester
also reduced the production of kynurenic acid. The substrate for NOS, L-ar-
ginine (up to 5 mM), did not influence kynurenic acid synthesis and did not
reverse the N�-nitro-L-arginine-evoked changes, suggesting that the ob-
served effects are not related to disturbed generation of NO. Enzymatic studies
revealed that N�-nitro-L-arginine and its methyl ester blocked the activity of
brain kynurenine aminotransferase (KAT) I. The activity of KAT II was
diminished only by N�-nitro-L-arginine. Kinetic analyses have shown that
N�-nitro-L-arginine and its methyl ester reduce V��� and increase K� of
KAT I, whereas N�-nitro-L-arginine diminishes V��� of KAT II. In conclu-
sion, we report that N�-nitro-L-arginine and its methyl ester impair brain
synthesis of kynurenic acid, probably via NO-independent mechanism, what
could contribute, at least partially, to the enhancement of neurotoxicity or
seizures observed in some experimental designs based on their use.
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Abbreviations: IC�� – inhibitory concentration,
the concentration of drug necessary to induce the
50% inhibition of kynurenic acid synthesis, KAT –
kynurenine aminotransferase, NMDA – N-methyl-
D-aspartate, NO – nitric oxide, NOS – nitric oxide
synthase

INTRODUCTION

Kynurenic acid, produced within the brain and
occurring there at nanomolar to micromolar concen-
tration, is the only known endogenous antagonist of
excitatory amino acid receptors [16, 18]. The pri-
mary target of kynurenic acid is the glycine site as-
sociated with the N-methyl-D-aspartate (NMDA)
receptor complex [16]. In the mammalian brain,
kynurenic acid is synthesized via an irreversible
transamination of its bioprecursor, L-kynurenine,
by kynurenine aminotransferases (KATs) I and II,
enzymes found predominantly in glial cells [9].

Altered metabolism of kynurenic acid may pos-
sibly lead to the enhanced glutamate neurotrans-
mission, and was suggested as a factor contributing
to the development of certain neuropathologies, in-
cluding nerve cell death and epilepsy [13]. Indeed,
the experimental application of non-selective ami-
notransferases inhibitor, aminooxyacetic acid, causes
quinolinate-like striatal neurodegeneration and sei-
zures in rodents [17, 19]. Moreover, the neuropro-
tective and anticonvulsant properties of kynurenic
acid were documented both in vivo and in vitro, and
novel approaches in the search for therapeutic agents
include the production of analogues or pro-drugs of
kynurenic acid [16].

Nitric oxide (NO) is gaseous messenger mole-
cule acting in a variety of peripheral organs and
within the brain [2]. To date, at least three distinct
isoforms of its biosynthetic enzyme, NO synthase
(NOS), have been described in the central nervous
system [2, 6]. These include two constitutive en-
zymes: neuronal (NOS-1; nNOS), detected mainly
in neurons, and at very low levels in astrocytes, and
endothelial (eNOS; NOS-3), localized preferen-
tially to endothelial cells, but found also in some of
hippocampal neurons. Third enzyme, called induci-
ble (iNOS; NOS-2), is expressed upon induction in
astrocytes, microglia, vascular smooth muscle and
endothelial cells [6]. It is believed that NO plays
a prominent role in modulation of various neuro-
logical, cardiovascular, reproductive and immunolo-
gical functions. While NO normally acts as a phy-

siological mediator, when excessively released it
might initiate the chain of events culminating in
brain injury [6].

Numerous congeners of L-arginine competing
for binding to the catalytic site of NOS, e.g. N)-
-nitro-L-arginine and its methyl ester, are common
experimental tools employed to study the role of
NO in the central nervous system [15]. However,
a number of investigations based largely on the use
of NOS inhibitors have yielded contradictory data.
Used in vivo NOS inhibitors appear neuroprotec-
tive [4], remain without effect [3], or enhance the
neurodegeneration and seizures [5, 10, 12, 22]. In
vitro, the excitotoxicity of glutamate receptor ago-
nists was shown to depend, at least partially, on the
release of NO [7, 21]. Others have failed to repro-
duce the involvement of NO-mediated events in
glutamate- or N-methyl-D-aspartate (NMDA)-in-
duced neurotoxicity [8, 11]. We have previously
shown that the agonists of metabotropic glutamate
receptors, able to alter intracellular phosphoinosi-
tide breakdown or cAMP/cGMP levels, thus caus-
ing changes similar to the NO-related effects, di-
minish the production of kynurenic acid in vitro
[20].

Therefore, in this study, we have aimed to evalu-
ate the effect of N)-nitro-L-arginine and its methyl
ester on the brain production of kynurenic acid.

MATERIALS and METHODS

Animals

Male Wistar rats, weighing 220–250 g, were
used. Animals were housed under standard labora-
tory conditions, at ambient temperature of 20°C,
with food and water available ad libitum. Experi-
mental procedures have been approved by the Lo-
cal Ethics Committee in Lublin and are in agree-
ment with European Communities Council Direc-
tive on the use of animals in experimental studies.

Materials

L-kynurenine (sulphate salt), kynurenic acid,
L-arginine, pyruvate, pyridoxal-5’-phosphate, 2-mer-
captoethanol, and cellulose membrane dialysis tub-
ing were obtained from Sigma (St. Louis, USA),
N)-nitro-L-arginine, N)-nitro-L-arginine methyl
ester and 7-nitroindazole were delivered by Re-
search Biochemicals Int. (Natick, MA, USA). 7-Ni-
troindazole was dissolved in Na CO* (0.5%, w/v).
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All HPLC reagents were obtained from Baker (Hol-
land), whereas other chemicals were purchased from
Sigma (St. Louis, USA).

Kynurenic acid synthesis in cortical slices

Kynurenic acid production in vitro was investi-
gated according to the method of Turski et al. [18]
and as previously described [20]. Briefly, animals
were killed by decapitation and their brains rapidly
removed from the skull. Cortical slices (1 × 1 mm
base) were prepared with McIlwain tissue chopper
and placed in culture wells (8 per each well) con-
taining oxygenated Krebs-Ringer buffer, pH 7.4.
After preincubation period lasting 10 min, slices
were incubated in the presence of 10 �M L-ky-
nurenine and solutions of the tested compounds, for
2 h at 37°C, in a final volume of 1 ml. At least
6 wells were used for each studied concentration.
The solutions of the tested compounds were added
to the incubation media at 10 min before L-kynu-
renine, in a volume of 50 �l. Control slices were in-
cubated in the presence of appropriate amount of
solvent. In experiments with combined application
of L-arginine and NOS inhibitor, the former com-
pound was added 30 min before the inhibitor. Upon
ending the incubation period, the incubation media
were rapidly separated from the tissue and applied
to the columns containing cation-exchange resin
(Dowex 50 W+; 200–400 mesh) prewashed with
0.1 M HCl. Columns were subsequently washed
with 1 ml of 0.1 M HCl and 1 ml of water. Kyn-
urenic acid was eluted with 2 ml of water. Eluate
was subjected to HPLC and kynurenic acid was de-
tected fluorimetrically (Varian HPLC system; ESA
catecholamine HR-80, 3 �m, C,� reverse-phase co-
lumn) according to the method of Shibata [14] (ex-
citation 344 nm; emission 398 nm). The mean con-
trol production of kynurenic acid in the presence of
10 �M L-kynurenine was 8.3 ± 0.3 pmol/1 h/well.

Determination of activity of kynurenine amino-

transferases I and II

The activities of KAT I and KAT II were as-
sayed according to the method of Guidetti et al. [9],
with modification. Briefly, cortical brain tissue was
homogenized (1:5; w/v) in 5 mM Tris-acetate buf-
fer, pH 8.0, containing 50 �M pyridoxal-phosphate
and 10 mM 2-mercaptoethanol. The resulting ho-
mogenate was dialyzed overnight at 8°C, using cel-
lulose membrane dialysis tubing, against 4 l of the
above buffer.

The enzyme preparation was incubated in the
reaction mixture containing 2 �M L-kynurenine,
1 mM pyruvate, 70 �M pyridoxal-5’-phosphate,
150 mM Tris-acetate buffer, at pH of 7.0 or 9.5, for
KAT II or KAT I, respectively (all given concentra-
tions are the final ones) and solution of the tested
drug with varying concentrations. Six replicates
were used for each concentration and each experi-
ment was repeated twice. Glutamine (final concen-
tration of 2 mM), the inhibitor of KAT I, was added
to the samples assaying KAT II activity. Blanks
contained the enzyme preparation that was heat-
-deactivated at 100°C for 10 min. The incubation
(37°C, 2 h) was ended by a rapid transfer of sam-
ples to an ice-bath and the addition of 50% trichlo-
roacetic acid (14 �l) and 1 M HCl (100 �l) to each
sample. Denaturated protein was removed by cen-
trifugation and the supernatant was applied to
a Dowex 50W+ column. Further procedures were
performed as described above. The mean control
activity of KAT I and KAT II in the presence of
2 �M kynurenine was 1.66 ± 0.05 and 0.75 ± 0.04
pmol/mg of tissue/h, respectively.

For inhibition studies, kynurenine concentra-
tion was much less than K� so that IC(! values of
N)-nitro-L-arginine and its methyl esther approach-
ed K� values. For the kinetic analyses, kynurenine
concentrations were within the range of 0.002 to
10.0 mM (KAT I) or 0.002 to 30.0 mM (KAT II).

Statistical analysis

The concentration of drug necessary to induce
the 50% inhibition of kynurenic acid synthesis
(IC(!) with 95% confidence limits was calculated
using the computerized linear regression analysis
of quantal log dose-probit function. The statistical
comparisons of results were performed using one
way ANOVA followed by the adjustment of p value
by the method of Bonferroni. K� and V��� values
were calculated by fitting a rectangular hyperbola
to the data according to Michaelis equation using
Prizm software.

RESULTS

Production of kynurenic acid in vitro

N)-nitro-L-arginine dose-dependently inhibited
de novo synthesis of kynurenic acid in cortical
slices during 2 h incubation period (Fig. 1A). The
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Fig. 1. The effect of N�-nitro-L-arginine (A), N�-nitro-L-arginine methyl ester, 7-nitroindazole (B) and L-arginine (C) on the pro-
duction of kynurenic acid (KYNA) in cerebral cortical slices. Slices (1 × 1 mm base) were placed in culture wells (8 per well) contain-
ing 1 ml of oxygenated Krebs-Ringer buffer, pH 7.4. Following 10 min (A, B) and 10 or 120 min (C) preincubation, the tissue was in-
cubated in the presence of 10 �M L-kynurenine and solutions of the tested drug, for 2 h (A, C) and for 2 or 6 h (B) at 37°C. Data are
mean values ± SD of six determinations. *** p < 0.001 vs control; ANOVA



IC(! concentration was 1.549 (1.309–1.833) mM.
In contrast, neither N)-nitro-L-arginine methyl es-
ter, up to 5 mM, nor 7-nitroindazole, up to 100 �M,
affected the production of kynurenic acid in corti-
cal slices (Fig. 1B). However, upon the prolonga-
tion of incubation to 6 h, it was revealed that N)-
-nitro-L-arginine methyl ester, known to act fol-

lowing its conversion to N)-nitro-L-arginine, also
reduced the formation of kynurenic acid (Fig. 1B).
The inhibition of kynurenic acid synthesis with
N)-nitro-L-arginine methyl ester (up to 5 mM) has
not reached 50% (Fig. 1B). L-Arginine, up to 5 mM,
did not influence the production of kynurenic acid
in cortical slices. Moreover, it did not reverse the

&--. , *!"/!! 601

.
�
".&�01"�"'0)&.&.2 &.3&4&�- 56.�02.&7 '7&� -6.�32-&-

Fig. 2. The influence of N�-nitro-L-arginine and its methyl ester on the activity of KAT I (A, C) and KAT II (B, D) in the brain. Data
are mean values ± SD of six determinations. Filled symbols represent data points that have reached statistical significance (p < 0.05;
ANOVA) vs control (100%). Tissue was incubated for 2 h, at 37°C, in the presence of the tested compound, 2 �M L-kynurenine,
1 mM pyruvic acid and 70 �M pyridoxal 5’-phosphate in 150 mM Tris-acetate buffer, pH 7.0 for KAT II and pH 9.5 for KAT I analy-
sis. Glutamine (at final concentration of 2 mM), the inhibitor of KAT I, was added to the samples assaying KAT II activity. Blanks
contained the enzyme preparation that was heat-deactivated at 100°C for 10 min. Newly synthesized kynurenic acid was quantified
fluorimetrically with HPLC



N)-nitro-L-arginine-evoked impairment
of kynurenic acid formation neither
following 10 min nor 2 h preincubation
period (Fig. 1C).

The effect of NOS inhibitors

on the activity of kynurenine

aminotransferases

Thus, the obtained results negated
the assumption that the effects induced
by N)-nitro-L-arginine could be rela-
ted to the impairment of NO genera-
tion. We hypothesized that N)-nitro-L-
-arginine might directly interfere with
the activity of kynurenic acid biosyn-
thetic enzymes. Indeed, N)-nitro-L-ar-
ginine was found to inhibit dose-de-
pendently the activity of KAT I with
IC(! of 341.0 (266.2–438.5) �M (Fig.
2A). N)-nitro-L-arginine diminished
also the activity of KAT II, however,
the degree of inhibition did not exceed
50% (Fig. 2B). Similarly, N)-nitro-L-
-arginine methyl ester was found to re-
duce the KAT I activity, displaying
IC(! of 421.0 (271.6–652.6) �M (Fig.
2C). However, N)-nitro-L-arginine me-
thyl ester (up to 5 mM) did not affect
the activity of KAT II (Fig. 2D).

Kinetic analyses performed with
0.25 mM N)-nitro-L-arginine revealed
that this NOS inhibitor significantly re-
duced the V��� of KAT I from 281.5 ±
4.4 to 203.1 ± 4.9 pmol of kynurenic
acid/mg of tissue/h (p < 0.001) and in-
creased its K� value from 0.45 ± 0.03
to 0.63 ± 0.05 mM (p < 0.001) (Fig. 3A).
In the presence of 0.5 mM N)-nitro-L-
-arginine methyl ester the V��� value
of KAT I was diminished from 284.7 ±
4.0 to 236.3 ± 3.5 pmol of kynurenic
acid/mg of tissue/h (p < 0.01), and the
K� value was increased from 0.43 ±
0.03 to 0.53 ± 0.03 mM (p < 0.01) (Fig.
3B). The V��� of KAT II assayed in the
presence of 1.5 mM N)-nitro-L-arginine
was significantly reduced from 175.6 ±
3.8 to 146.5 ± 4.2 pmol of kynurenic
acid/mg of tissue/h. However, the K�

value of KAT II was not altered by the
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Fig. 3. Kinetic analysis of the inhibitory effects exerted by N�-nitro-L-arginine
and its methyl ester on the activity of KAT I (A, B) and KAT II (N�-nitro-L-
-arginine only – C). Data are presented as a curve (rectangular hyperbola) show-
ing the rate of enzyme-catalyzed synthesis of kynurenic acid as a function of
L-kynurenine concentrations. Tissue was incubated for 2 h, at 37°C, in the pres-
ence of 0.25 mM N�-nitro-L-arginine or 0.5 mM N�-nitro-L-arginine methyl
ester, various concentrations of L-kynurenine (2 �M – 10 mM for KAT I, and
2 �M – 30 mM for KAT II), 1 mM pyruvic acid and 70 �M pyridoxal 5’-phos-
phate in 150 mM Tris-acetate buffer, pH 7.0 (KAT II) or 9.5 (KAT I). Glutamine
(at final concentration of 2 mM), the inhibitor of KAT I, was added to the sam-
ples assaying KAT II activity. Blanks contained the enzyme preparation that was
heat-deactivated at 100°C for 10 min. Newly synthesized kynurenic acid was
quantified fluorimetrically, with HPLC



presence of 1.5 mM N)-nitro-L-arginine (0.45 ±
0.03 vs 0.44 ± 0.04 mM) (Fig. 3C).

DISCUSSION

The above data indicate that NOS inhibitors,
N)-nitro-L-arginine and its methyl ester, may alter
the synthesis of endogenous antagonist of gluta-
mate receptors, kynurenic acid. N)-nitro-L-argini-
ne and its methyl ester, but not 7-nitroindazole,
have diminished the production of kynurenic acid
in cortical slices. Further enzymatic studies have
revealed that N)-nitro-L-arginine acts as an inhibi-
tor of kynurenic acid biosynthetic enzymes, KAT I
and II, whereas N)-nitro-L-arginine methyl ester
interferes only with KAT I activity, and displays
lower potency.

L-Arginine analogues, N)-nitro-L-arginine and
N)-nitro-L-arginine methyl ester, are broad-spec-
trum inhibitors of all three NOS isoforms, whereas
7-nitroindazole appears to be a selective inhibitor
of NOS-1 in vivo, and of NOS-1 and NOS-3 in
vitro [1, 15]. In the first set of experiments, N)-ni-
tro-L-arginine, but not its methyl ester, lowered the
production of kynurenic acid in cortical slices
during 2 h incubation period. This was surprising
because N)-nitro-L-arginine methyl ester is unsta-
ble in solution and undergoes hydrolysis yielding
pure N)-nitro-L-arginine [23]. Since the half-life
time of N)-nitro-L-arginine methyl ester hydroly-
sis is in a range of 4–6 h [23], we assumed that the
incubation time used by us might have been not
long enough. Indeed, after the elongation of incu-
bation time to 6 h, N)-nitro-L-arginine methyl ester
exerted inhibitory action. 7-Nitroindazole was inef-
fective in this experimental design, suggesting that
NO derived from constitutive NOS-1 or NOS-3 did
not participate in the regulation of kynurenic acid
synthesis. These data could imply that the observed
effect is related to the diminished formation of NO
by inducible NOS-2, susceptible to the action of
N)-nitro-L-arginine and its methyl ester. However,
it does not seem probable. Firstly, under standard in
vitro conditions used here, there is no inflamma-
tory, infectious or ischemic factor able to stimulate
the synthesis of NOS-2. Secondly, the concentra-
tions of both NOS inhibitors reducing the produc-
tion of kynurenic acid, are higher than those known
to affect NOS [1].

The role of NO in the action of N)-nitro-L-
-arginine and its methyl ester was further evaluated

using an endogenous NO donor, L-arginine. The
arginine-derived NOS inhibitors compete with L-ar-
ginine at catalytic site and this effect can be rever-
sed by the excess of L-arginine [15]. However, in
our study L-arginine neither abolished N)-nitro-L-
-arginine-evoked changes nor altered kynurenic
acid synthesis per se, what argues against the con-
tribution of NO itself to the observed phenomenon.

Therefore, we investigated whether the inhibi-
tion of kynurenic acid synthesis might result from
the direct, NO-independent, interference of the stu-
died substances with kynurenic acid biosynthetic
enzymes. Indeed, the enzymatic studies revealed
that N)-nitro-L-arginine inhibited the activity of
KAT I and KAT II, whereas N)-nitro-L-arginine di-
minished the activity of KAT II. The effectiveness
of both NOS inhibitors in reducing the synthesis of
kynurenic acid synthesis was higher in tissue
preparations designed for enzymatic studies than in
cortical slices.

Kinetic analyses have shown that N)-nitro-L-
-arginine and its methyl ester affect V��� and K�

values of KAT I, lowering the former and increas-
ing the latter one, respectively. This suggests the
mixed, perhaps allosteric, nature of KAT I inhibi-
tion. In contrast, N)-nitro-L-arginine diminished
V��� and did not influence the K� value of KAT II,
indicating that the inhibition of this enzyme occurs
probably in non-competitive manner.

In the view of the presented data it might be hy-
pothesized that the impaired synthesis of glutamate
receptor antagonist, kynurenic acid, may contrib-
ute, at least in part, to the reported enhancement of
neurotoxicity and seizures [5, 10, 12, 22], elicited
by the application of NOS inhibitors such as N)-
-nitro-L-arginine and its methyl ester. High doses
of these compounds used in vivo (25–250 mg/kg)
[5, 22] may yield brain concentrations high enough
to inhibit also kynurenic acid production. Further
studies will be conducted in order to evaluate the
effect of these NOS inhibitors upon central KYNA
synthesis under in vivo conditions.

In conclusion, N)-nitro-L-arginine and its me-
thyl ester, tool substances commonly used to probe
the biological role of NO, potently reduce the for-
mation of kynurenic acid via interference with its
biosynthetic enzymes. The mechanism of inhibi-
tion seems to be NO-independent.
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