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Abstract

3-Nitro-L-tyrosine synthesized from L-tyrosine by peroxynitrite, a product of superoxide and nitric oxide, was identified
for the first time in human brains. By quantitative analysis using high-performance liquid chromatography with multi-
electrochemical detectors, 3-nitro-L-tyrosine concentration in the gray matter was higher in the cerebrum than in the
cerebellum; 0.96 and 0.29 nmol/g wet weight, respectively. On the other hand, L-tyrosine concentration was not different.
3-Nitro-L-tyrosine in the brain may be used as an indicator of oxidative stress induced by reactive oxygen species and nitric

oxide.
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1. Introduction

Nitric oxide (NO) is produced in the endothelial
cells and neurons by nitric oxide synthetase and
plays important roles in humans under many physio-
logical and pathological conditions. It is known to
function as an endothelium-derived vascular relaxing
factor (EDRF) or to be involved in the signal
transduction in the brain. Recently NO itself or an
oxidant derived from NO were proposed to be
cytotoxic. NO contains an unpaired electron that can
combine with free radicals such as superoxide (O, ),
and NO and O, produce a strong oxidant, peroxy-
nitrite (ONOO ") in vivo [1]. This reaction is sug-
gested to be involved in the breakdown of NO/
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EDRF and to reduce vascular relaxation, and thus
might enhance tissue ischemia. On the other hand, an
O, -metabolizing enzyme, superoxide dismutase
(SOD), was reported to prolong the half-life of
NO/EDRF [2]. ONOO is a relatively long-living
oxidant with a half life of 1.9 s at pH 7.4, and can
diffuse into the cellular targets [3]. ONOO de-
composes into strong oxidants, hydroxyl radical
(OH-) and nitrogen dioxide [3], and ONOO ™ oxi-
dizes sulfhydryl residues in tissue proteins and
inhibits the function of enzymes such as the mito-
chondrial electron transport chain [4,5]. It was
reported that ONOO ™ mediates the oxidation of
lipoprotein, especially low density lipoprotein, in the
arteries and it was supposed to generate athero-
sclerosis [6,7].

ONOO™ might play a major role in ischemic
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injury by limiting vascular relaxation and direct
tissue damage. The brain is known to be especially
vulnerable to chronic ischemic injury, and ONOO
is supposed to be involved in some pathological
process by the above-mentioned mechanism. A
method for the quantitation of ONOO™ in the brain
is needed, however the direct detection of this
unstable molecule in human material has been
impossible so far.

Recently ONOO  has been reported to react with
L-tyrosine (L-Tyr) to produce 3-nitro-L-tyrosine
(NO,-Tyr) [8], and thus NO,-Tyr might be applied
as a marker for ONOO ™ mediated tissue damage in
humans. NO,-Tyr was detected in the atheroma
deposits of human coronary arteries by an immuno-
histochemical technique using anti-NO,-Tyr anti-
body [9]. However, quantitative analysis of NO,-Tyr
in the human brain has never been reported.

In this paper NO,-Tyr was identified in the human
brain for the first time and determined by high-
performance liquid chromatography (HPLC) with
electrochemical detection (ECD). The significance of
NO,-Tyr is discussed in relation to NO-mediated
oxidative stress in the brain.

2. Experimental

L-Tyr, NO,-Tyr and sodium octanosulfonate
(SOS) were purchased from Sigma (St. Louis, MO,
USA). Three persons without neurological diseases
were autopsied 15-30 h after death and the half
hemispheres were immediately stored at —80°C until
analysis. There were two males and one female and
their ages were 74, 68, and 45 years. Gray matter
and white matter of the cerebrum and the cerebellum
were punched out and used for analysis. The samples
were added to 10 volumes per wet weight of 100
mM perchloric acid containing 100 uM ethylene-
diaminetetraacetic acid disodium salt (EDTA) and
sodium metabisulfite, and sonicated by a Branson
sonicator for 30 s with a 50% duty cycle at a power
level of 20 W. Then the sample was centrifuged at
22 000 g for 10 min, and filtered through a Millipore
HV filter (pore size 0.45 pm). A 70-ul volume of
sample was applied to an HPLC apparatus. The
HPLC apparatus with an array of sixteen electrodes
for ECD (CEAS, ESA, Chelmsford, MA, USA) was

used for analysis [10]. Twelve of the sixteen elec-
trodes were set at 60 mV to 720 mV with 60 mV
intervals. The mobile phase was 90 mM sodium
acetate—35 mM citric acid buffer, pH 4.35, con-
taining 130 uM EDTA and 460 uM SOS. The
column used was a prepacked reversed-phase col-
umn, Inertsil ODS-3 (GL Science, Tokyo, Japan,
250X4.6 mm LD.). The flow-rate was 0.6 ml/min
and the temperature was set at 22°C. Peak identifica-
tion was performed from the retention time and the
reactivity to the two or more electrodes with differ-
ent voltages. To confirm the identification of the
NO,-Tyr, 35 pmol of authentic NO,-Tyr was spiked
into the samples. Using a different HPLC system, the
peaks in samples were identified as NO,-Tyr. The
mobile phase was 0.1 M sodium-phosphate buffer,
pH 3.0, containing 16.7% of methanol and 2 mM of
SOS and 100 M of EDTA, and the column used
was an Inertsil ODS-3 column (GL Sciences, Tokyo,
Japan, 150X4.6 mm 1D.. The flow-rate was 0.5
ml/ml. A coulometric electrochemical detector,
Coulochem-II (ESA) was used for the measurement.
The voltage of a guard cell, Model 5020, was set at
700 mV and that of first and second electrode of an
analytical cell, Model 5010, were set at 500 mV and
at 725 to 775 mV, respectively. Quantitation of the
compounds was performed by comparison of the
peak area to that of the standards.

3. Results

The synthesis pathway of NO,-Tyr from °t-
tyrosine reacted with ONOO ™~ is shown in Fig. 1.
Fig. 2A shows the typical chromatogram of
authentic standard solution (0.7 nmol) of L-Tyr
(arrow 1) and NO,-Tyr (arrow 2). L-Tyr reacted
widely with the electrodes 10-12 (600-720 mV) and
NO,-Tyr reacted with electrode 12 most strongly.
Fig. 2B is the chromatogram of a sample prepared
from human cerebrum gray matter. The peaks corre-
sponding to L-Tyr (arrow 1) and NO,-Tyr (arrow 2)
were identified. The detection limit of NO,-Tyr was
0.062 pmol (S/N=3). A 35-pmol amount of authen-
tic NO,-Tyr was added to the sample and it was
shown to co-elute with the peak. (Fig. 3A and Fig.
3B). The retention time and the relative ratio of the
peak areas detected with the electrode 12/11 were



W. Maruyama et al. / J. Chromatogr. B 676 (1996) 153-158 155

Superoxide  Nitric oxide

02. +NO
HoN COOH HoN COOH
N/ AN
fH ?H
Hy ONOQOO" Peroxynitrite Hy
OH NO,
OH OH
L-Tyr NO,-Tyr

Fig. 1. Synthesis of 3-nitro-L-tyrosine from L-tyrosine and peroxy-
nitrite.

29.98 min and 2.54 in the sample, which corre-
sponded with those of the standard, which were
29.52 min and 3.99. On the other hand, in the
cerebellum gray matter the amount of NO,-Tyr was
smaller than that in the cerebrum (Fig. 3C). The
concentration of L-Tyr and NO,-Tyr, and relative
concentration of NO,-Tyr/L-Tyr in the cerebrum and
the cerebellum are summarized in Table 1. The
concentration of L-Tyr was not different among the
four regions in the brain, while that of NO,-Tyr was
higher in the cerebrum than in the cerebellum, but
the difference was not statistically significant. The
concentration of NO,-Tyr was almost the same
between the gray and white matter in cerebrum and
cerebellum, respectively. The samples were analyzed
by another HPLC system using a Coulochem-II; the
retention time and the relative response set at 750
mV or 725 mV (750 mV/725 mV) were 28.87 min

Table 1
Concentrations of L-Tyr and NO,-Tyr in the human brain

and 2.07 for the samples, and 28.92 min and 2.21 for
the standard.

4. Discussion

Recently a HPLC—multi-ECD system was used for
analysis of neurotransmitters, such as biogenic
amines and neuropeptides, and amino acids, in
human serum, urine and cerebrospinal fluid [11].
This analysis system is an improvement on the
conventional HPLC-ECD system with a single detec-
tor. By use of an array of multi-ECD electrodes, the
peak can be identified more precisely, not only by
comparison of the retention time but also by the
reactivity to the two or more electrodes. In addition,
the contaminated compounds, which are oxidized
with lower voltages, can be oxidized coulometrically
and completely at electrodes set in a series of graded
oxidation voltages. The ‘‘screening’’ effects make it
easier to separate a compound from the concomitant
peaks, especially when the compound reacts against
the electrode with high voltage, like NO,-Tyr and
L-Tyr [10].

This paper is the first report to identify NO,-Tyr
in the human brain, and the concentration was
estimated to be about 960 nM and 280 nM for the
cerebrum and cerebellum, respectively. By using
HPLC with multi-ECD, the compound could be
identified easily with a minimum of sample prepara-
tion, and the detection limit was lower than in
previous reports. By HPLC with ultraviolet detec-
tion, the detection limit was reported to be 0.2 uM
(14 pmol/70 ul) [12] and by gas chromatography,
2.2 pmol [13]. The production of NO,-Tyr is depen-
dent on the concentrations of both L-Tyr and nitrat-

L-Tyr (nmol/g wet weight)

NO,-Tyr (nmol/g wet weight)

NO,-Tyr/L-Tyr (%)

Cerebrum

Gray matter 591+68 0.959+0.024
White matter 598110 0.962+0.017
Cerebellum

Gray matter 526x161 0.285+0.261
White matter 367+139 0.276+0.248

0.161+0.029
0.163+0.029

0.049+0.035
0.067+0.042

Each value represents mean+S.D. of triplicate measurements of three samples.
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Fig. 2. Chromatograms of standards and samples. (A) and (B) Chromatogram of authentic standard (70 pmol) of L-tyrosine (arrow 1) and
3-nitro-L-tyrosine (arrow 2). Full scale was set at 1 uA (A) or at 200 nA (B). (C) Chromatogram of 70 ul cerebral gray matter sample.
Peaks corresponding to L-tyrosine (peak 1) and 3-nitro-L-tyrosine (peak 2). Full scale was set at 100 nA. The amount of 3-nitro-L-tyrosine

was calculated to be 7.98 pmol.

ing agents [13]. In the human brain the vL-Tyr
concentration was calculated to be 350-600 uM
(Table 1). The concentration of ONOO™ has never
been determined, but the concentration of NO was
reported to be 100-400 nM in the endothelium and
smooth muscle [14] and that of O, might be much
lower [15]. The large difference in the concentration
of L-Tyr and these reactive oxygen species suggests
that the production of NO,-Tyr is dependent on the
production of ONOO~ from NO and O, . In this
study a higher concentration of NO,-Tyr was de-
tected in the cerebrum, suggesting that ONOO -
mediated oxidative stress may be more severe in the
cerebrum than that in the cerebellum. ONOO

might, therefore, be related to different vulnerability
in the brain regions by oxidative damage induced by
NO: and O, .

On the other hand, NO-mediated oxidative stress
has been suggested to be involved in the tissue
damage not only by ischemic injury but also in many
autoimmune diseases. ONOO ™ is suggested to be the
major product of activated macrophage-derived NO
[16], and NO synthesis was reported to increase in
experimental autoimmune encephalomyelitis in rats,
a model for multiple sclerosis in the human [17], and
in the model for insulin-dependent diabetes mellitus
[18). Recently it was reported that NO,-Tyr could be
detected in the serum and synovial fluid from some
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Fig. 3. Chromatogram of electrode 12 (720 mV). Arrow indicates peaks corresponding 3-nitro-L-tyrosine. (A) 70 ul of the sample prepared
from cerebral gray matter. The amount of 3-nitro-L-tyrosine was calculated to be 7.98 pmol. (B) The same cerebral gray matter sample
spiked with 35 pmol of 3-nitro-L-tyrosine. (C) 70 w1 of the sample prepared from cerebellar gray matter. The amount of 3-nitro-L-tyrosine

was calculated to be 3.28 pmol.

patients with rheumatoid arthritis, and its concen-
tration was ca. 0.5 uM, but it could not be detected
in the serum and synovial fluid from normal subjects

{12]. This newly-devised assay method of NO,-Tyr
might improve the diagnosis of these diseases and
the evaluation of therapeutic effects because of its
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high sensitivity and simple sample preparation. By
application of this method, a further study on NO,-
Tyr as an indicator of oxidative stress induced by
NO and O, in humans is planned.
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