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Reactions of thiocyanate in the mixture of nitrite and hydrogen peroxide
under acidic conditions: Investigation of the reactions simulating
the mixture of saliva and gastric juice
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Abstract

Nitrite and SCN ™ in saliva can mixes with H,O, in the stomach. The mixing can result in the formation of ONOOH. It is not
yet known how salivary SCN ™~ reacts with ONOOH. An objective of the present study was to elucidate the reaction between
ONOOH and SCN'. In nitrite/H, O, systems at pH 2, SCN ™ inhibited the consumption of nitrite and the formation of NO; .
SCN' enhanced the decomposition of ONOOH and H,0, in HNO,/H,O, systems. Accompanying the reactions, sulfate was
formed, suggesting that ONOOH oxidized SCN . SCN inhibited the nitration of phenolics induced by HNO,/H,0,.
The inhibition is discussed taking SCN ™ -dependent reduction of ONOOH to HNO, into consideration. SCN ™ also inhibited
H,0,-induced consumption of nitrite and nitration of phenolics in acidified saliva. The result obtained in this study suggests
that salivary SCN~ can reduce ONOOH to NO, /HNO; inhibiting nitrating reactions in the stomach.

Keywords: Nirrous acid, peroxynitrous acid, saliva, SCN ~, SCN ~-dependent reduction of peroxynitrous acid

Abbreviations: HPA, 4-hydroxyphenylacetic acid; NO,HPA, 3-nitro-4-hydroxyphenylacetic acid

Introduction

Nitrate is normally contained in diet. Dietary nitrate is
absorbed from the small intestine into bloodstream
[1]. The nitrate in the bloodstream is actively taken
up by the salivary glands and secreted into mouth as a
component of saliva [2]. The concentration of nitrate
in saliva is about ten times higher than that in
circulating blood [3]. The nitrate secreted into mouth
is reduced to nitrite by buccal bacteria and the normal
concentration in human salivais 0.1 ~ 0.2 mM [4-6].
The concentration increases to 1 ~2mM when
nitrate rich diet is ingested [7]. In saliva, in addition
to nitrite, SCN ™~ (pKa = 0.9), which is formed during

detoxification of cyanide in human body, is also
contained. Cyanide is incorporated into human body
through smoking and ingestion of cyanogenic glyco-
sides as foods [8,9]. SCN  can also be generated from
isothiocyanates that are formed by hydrolysis of
glucosinolates contained in plants of Brassicaceae
[10—12]. The concentration of SCN  in saliva is
about ten times higher than that in plasma [13]
suggesting that SCN "~ is also actively taken up by the
salivary glands from bloodstream. Its concentration in
salvia is around 1 mM [13].

Approximately 1.51 of saliva (pH 7-8) is produced
in a day and the nitrite- and SCN ™ -rich fluid mixes
with acidic gastric juice (pH 2) at the proximal
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stomach. The mixing of saliva with gastric juice results
in the protonation of nitrite to nitrous acid
(pKa = 3.3) that can transform to NO, NO™', NO,
and N,O3. Thiocyanate is transformed to NOSCN by
nitrous acid, and the NOSCN formed can enhance
nitrous acid-induced nitrosation of amines [14—16].
Ascorbic acid, which is contained in gastric juice at a
concentration of about 0.1 mM [17-19], can reduce
nitrosating species NO™', N,O5; and NOSCN to NO
[16,20-22] and nitrating species NO, to NO, [23].
The reduction of NOSCN by ascorbic acid is
discussed to contribute to SCN -induced enhance-
ment of NO formation by HNO,/ascorbic acid
systems [16,24]. In addition to ascorbic acid, H,O,
is also contained in gastric juice at the concentration of
10-600 pM [25]. The formation of H,O, by gastric
epidermal cells and macrophages is enhanced when
infected by Helicobactor pylori [26,27].

Hydrogen peroxide in gastric juice can be trans-
formed to OH radicals by Fenton reaction [25] and the
H,0, can react with HNO, producing ONOOH
(pKa = 6.8) that is a potent oxidizing and nitrating
agent [23,28—-30]. ONOOH can also contribute to
nitrosation and hydroxylation [31-33]. It has been
reported that SCN ™ inhibits not only the nitration of 4-
hydroxyphenylacetic acid (HPA) that is induced by
HNO,/H,0O, but also Fenton reaction-dependent
hydroxylation of salicylic acid [29]. These results
indicate that SCN~ can affect the nitration and
hydroxylation under acidic conditions in the presence
of H,O,, but there seems to be no sufficient information
how SCN ' inhibits the nitration and hydroxylation in
the mixture of saliva and gastric juice. A main objective
of the present study is to elucidate the interactions
among HNO,, H,O, and SCN ™ under acidic con-
ditions. The result obtained suggests that SCN~ could
reduce ONOOH, which was formed by the reaction
between H,0, and HNO, to HNO, generating sulfate.

Materials and methods
Reagents

HPA, 4-nitrosophenol, 2-nitrophenol, 4-nitrophenol,
catechol, and Griess-Romijn reagent for nitrite were
obtained from Wako Pure Chemical Industries
(Osaka, Japan). 3-Nitro-4-hydroxyphenylacetic acid
(NO,HPA) and 1,2-dihydroxy-4-nitrobenzene were
from Aldrich (Milwaukee, USA). Catalase from
bovine liver was from Roche Diagnostics GmbH
(Mannheim, Germany).

Preparation of saliva

Mixed whole saliva (about 10 ml) was collected, when
required, from three volunteers by chewing parafilm at
about 10 a.m. after their informed consent had been
obtained. The saliva obtained was centrifuged at
20,000¢ for 5min and the supernatant was used as

saliva preparation. Concentrations of nitrite and
SCN' in the saliva preparation were determined
using Griess-Romijn reagent and Fe(III), respectively,
as reported previously [23].

Determination of concentrations of NO; /HNO,, NOJ
and SCN ~

Changes in concentrations of NO, /HNO, induced by
H,0,-dependent oxidation were determined using
Griess-Romijn reagent. The mixture to determine the
concentration of NO, /HNO, (1 ml) contained 0.1 ml
of 1% (w/v) Griess-Romijn reagent, 0.05 ml of sample
and 0.85ml of 50mM KH,PO,-50mM KCI-HCI
(pH 2.0). After the addition of sample, the mixture
was incubated for 10 min at 25°C. The concentration
of NO,/HNO, was estimated by measuring the
absorbance at 540nm using a standard curve for
0 ~ 0.3mM NaNO,. Preparation of samples was
described in the legend for figures.

We tried to separate and quantify NO;, SCN  and
NO,/HNO, by HPLC, and succeeded to separate
and quantify the above compounds with a Shim-pack
CLCg column (6 mm i.d.X 15cm) (Shimadzu,
Kyoto, Japan) under certain conditions. Then,
changes in the concentrations of the above com-
pounds were estimated at 210 nm using the above
column combined with a spectrophotometric detector
with a photodiode array (SPD-M10Avp) (Shimadzu).
The mobile phase used was a mixture of methanol and
25 mM KH,PO, (1:4, v/v), pH of which was adjusted
to 3.0 by 1 M H3POy, and the flow rate was 1 ml/min.

Measurements of oxidation product of SCN ~

As a final oxidation product of SCN was sulfate, we
studied whether sulfate was formed or not by HNO,/-
H,0,/SCN" systems using Ba(NO3),. Itis well known
that Ba®" is transformed to insoluble BaSO, in the
presence of sulfate. The reaction mixture (3 ml)
contained 1mM NaNO,, 1mM H,0,, ImM
NaSCN and 2mM Ba(NO3), in 50 mM KH,PO4—
50mM KCI-HCIl (pH 2). BaSO, formed was
measured by the increase in turbidity at 600 nm using
an UV-240 spectrophotometer (Shimadzu).

Measurement of H,O,

The concentration of H,O, was determined using an
oxygen electrode (Rank Brothers, Cambridge, UK).
The reaction mixture (1 ml) contained 0.1 or 0.2 mM
NaNO, and 0.2mM H,0, in 1ml of 50mM
KH,PO,-50mM KCI-HCI1 (pH 2.0). After incu-
bation for defined periods, 1 ml of 0.2 M Na,HPO,
was added to terminate the reaction between HNO,
and H,O, (final pH about 7) and then 2600 units of
catalase were added. The concentration of H,O,
remained in the reaction mixture was calculated from
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the amount of oxygen evolved. The combination
of oxygen electrode and catalase is commonly used to
determine the concentration of H,O,.

Nitration

Nitration of HPA was studied in the reaction mixture
(1 ml) that contained 1mM HPA, 0.1 mM NaNO,
and 0.1 mM H,0, in 50 mM KH,P0O,-50 mM KCIl-
HCI (pH 2.0). After incubation for a defined period,
25 pl of the reaction mixture was applied to an HPL.C
column. When the nitration was studied using saliva,
the reaction mixture (1 ml) contained 1 mM HPA and
0.1 mM H,O0, in the mixture of 0.5 ml of saliva and
0.5ml of 50mM KH,PO,-50mM KCI-HCI
(pH 1.3). The final pH was 1.80 ~ 1.83. After
incubation for a defined period, the reaction mixture
was filtered using a cellulose acetate filter (0.45 pwm;
Advantec, Tokyo, Japan), and 25 pl of the filtrate was
apply to an HPLC column. HPLC was performed at
room temperature using a Shim-pack CLC-ODS
column (6 mm i.d. X 15cm) (Shimadzu) combined
with a spectrophotometric detector with a photodiode
array (SPD-M10Avp) (Shimadzu). NO,HPA was
separated using a mixture of methanol and 25 mM
KH,PO, (pH 4.5) (2:5, v/v) as a mobile phase. Flow
rate of the mobile phase was 1 ml/min. NO,HPA,
which was separated by HPLC, was identified by
comparing the retention time (10.6 min) and absorp-
tion spectrum (peaks; 215, 275 and 357 nm) with
standard NO,HPA.

Nitration, nitrosation and hydroxylation of phenol by
NaNO,/H,0O, systems were also studied under acidic
conditions. The reaction mixture (1ml) contained
1mM phenol, 1mM H,0, and 1mM NaNO, in
50 mM KH,PO,-50mM KCI-HCI (pH 2.0). Pro-
ducts formed were also separated using a Shim-pack
CLC-ODS column. The mobile phase used was a
mixture of methanol and 25 mM KH,PO, (pH 4.5)
(1:1, v/v) and the flow rate was 1 ml/min. Catechol, 4-
nitrosophenol, 2-nitrophenol and 4-nitrophenol were
identified by comparing their retention times and
absorption spectra with standard reagents. Reaction
products in the above reaction mixture were also
analyzed by an LC/MS spectrometer combined with a
spectrophotometric detector with a photodiode array
(1100 LC/MSD SL, Agilent Technologies). The mobile
phase used was a mixture of acetonitrile and 5 mM
ammonium acetate (1:3, v/v), pH of which was adjusted
to 4.5 by acetic acid, and the flow rate was 1 ml/min.

Measurements of decrease in concentration of ONOO™/
ONOOH

Peroxynitrite (pKa = 6.8) was prepared by adding
0.4ml of 200 mM NaNO, to 2.4 ml of 16.7 mM H,O,
in 50mM KH,PO,-50mM KCI-HCI (pH 2.0).
About 1s after the addition of NaNO,, 2ml of 1M
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NaOH was added. The final pH was 13.1. The
concentration of ONOO " in the alkaline mixture was
estimated by adding 0.1 ml of the ONOO prep-
aration to 2ml of H,O (final pH 12.3). Molar
absorption coefficient used for the estimation was
1.76 mM 'cm ! at 300 nm [34].

Decrease in concentration of ONOO /ONOOH
was measured at 300nm using a 557 spectropho-
tometer (Hitachi, Tokyo, Japan) at pH values between
7.6 and 12.3. Reactions were started by adding 0.1 ml
of the ONOO ™ preparation to 2 ml of H,O or 50 mM
sodium phosphate (pH 7.2 ~ 7.7) in the presence of
0 ~5mM NaSCN. The initial concentration of
ONOO ™ was about 34 pM.

Data presentation

Since essentially the same result was obtained by two
experiments, averages of the experiments were
presented when reactions were performed in buffer
solutions. Averages with SDs (n=3 ~ 7) were
presented when saliva was used.

Results
Effects of SCN ~ on the consumption of nitrite

Figure 1 shows time courses of consumption of
NO, /HNO; in the presence and absence of H,O, in a
buffer solution at acidic pH values. The consumption
was slow at all pH values examined in the absence of
H,0, and no significant effects of SCN™~ on the
consumption were observed. The consumption of
NO, /HNO,, was significantly enhanced by H,O, at all
pH values examined. Rate of the consumption
increased as pH was decreased, suggesting that the
H,0,-dependent consumption of NO,/HNO, may
be due to oxidation of HNO, to ONOOH by H,0,.
SCN"™ (1 mM) inhibited the H,O,-induced consump-
tion of NO, /HNO,. This result suggests that SCN
reduced ONOOH to NO,/HNO,. Figure 2 shows
effects of concentrations of NaNO,, H,O, and SCN™
on the rate of consumption of NO,/HNO,. Rate of
the consumption increased as functions of NaNO,
(panel A) and H,O, (panel B). SCN~ (1 mM)
significantly inhibited the consumption independent
of the concentrations of NaNO, and H,0,. The
inhibition by SCN™ increased as a function of
concentration of SCN™ (panel C).

In the mixture of 0.5ml of saliva and 0.5ml of
50 mM KH,PO,-50mM KCI-HCI (pH 1.3) (final
concentrations of SCN  and nitrite, 0.347 = 0.050
and 0.077 £ 0.008 mM (mean * SD, n = 3), respect-
ively; final pH, about 1.8), no decrease in concen-
tration of NO,/HNO, was observed during
incubation for 10min. H,O, (0.1 mM) enhanced
the decrease, and time course of the decrease in
concentration of NO, /HNO, was similar to that at pH
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Figure 1. Inhibition of H,0,-dependent consumption of
NO,/HNO, by SCN". The reaction mixture (1ml) contained
0.1 mM NaNO, in 1 ml of 50 mM KH,PO,-50 mM KCI-HCI (pH
1-3). After incubation for defined periods in the presence and
absence of 0.1 mM H,0O, with or without 1 mM NaSCN, 0.05 ml of
the reaction mixture was withdrawn from the mixture to determine
the concentration of NO, /HNO,. A, no addition; A, NaSCN; O,
H,0,; @, H,O, + NaSCN. Upper panel, pH 1; middle panel; pH 2
and lower panel, pH 3.

2 in Figure 1. About 55% of the NO, /HNO,, which
was equivalent to 0.042 = 0.002mM NO, /HNO,,
was consumed during 10 min of incubation.

Reaction of SCN™ with ONOOH

If ONOOH, which is formed from H,O, and HNO,,
is reduced by SCN , SCN may enhance the

=
A € 100
Te)
=
=
e]
[0}
=
3
9]
c
[e]
(@]
5
Z
T
+
8\.
=z
= 0 0.1 0.2
NaNO, (mM)
=
B £ 100
©0
2 80t
©
[0}
E 60}
3
2
8 40 - +SCN~
5
£ 20
+
ION [l | | | |
0
= 0 0.1 0.2
H202 (mM)
C € 100
Te)
% 80 |
B
E 60
2
o
(@] 40
5
Z
T 20
+
8\.
S o0 | I | |
= 0 1 2
NaSCN (mM)

Figure 2. Effects of concentrations of NaNO,, H,O, and
NaSCN on the consumption of NO,/HNO,. Panel A: Effects
of concentration of NaNO,. The reaction mixture (1ml)
contained 0.1 mM H,O, and various concentrations of NaNO,
in 1ml of 50mM KH,PO,-50mM KCI-HCI (pH 2). ¢, no
addition; @, 1 mM NaSCN. Panel B: Effects of concentration of
H,0,. The reaction mixture (1ml) contained 0.1 mM NaNO,
and various concentrations of H,O, in 1 ml of the above buffer
solution. 0, no addition; @, 1 mM NaSCN. Panel C: Effects of
concentration of NaSCN. The reaction mixture (1 ml) contained
0.1mM NaNO,, 0.1mM H,0, and various concentrations of
NaSCN in the above buffer solution. After incubation for 5 min,
0.05ml of the reaction mixture was withdrawn form the mixture
to determine the concentration of NO, .

decomposition of ONOOH. Figure 3 shows time
courses of the decrease in concentration of ONOO /
ONOOH (pKa = 6.8) at various pH values. After the
addition of ONOO ™~ preparation to water (final pH
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Figure 3. Time courses of decomposition of ONOO /ONOOH.
One hundred pl of the ONOO™ preparation was added to 2ml of
H,0 or 50mM sodium phosphate (pH 7.6 and 7.4) and then
absorbance changes were recorded at 300 nm. Traces A-1 and -2
(in H,O; final, pH 12.3). A-1, no addition; A-2, 5mM NaSCN.
Traces B-1-B-3 [in 50 mM sodium phosphate (pH 7.6); final pH
8.5]. B-1, no addition; B-2, 1.5 mM NaSCN; B-3, 5mM NaSCN.
Traces C-1-C-3 [in 50 mM sodium phosphate (pH 7.4); final pH
8.0]. C-1, no addition; C-2, 1.5 mM NaSCN; C-3, 5mM NaSCN.
Arrows indicate the addition of the ONOO™ preparation. It took
about 3 s to start recording after the addition of ONOO .

12.3), absorbance increase, which was due to ONOO ™,
was observed at 300 nm and the increased absorbance
did not change during the incubation period (trace A-1).
SCN™ (5mM) did not significantly affect the
absorbance change of ONOO™ (trace A-2). When the
ONOO™ preparation was added to solutions of sodium
phosphate (final pH 7.6 ~ 9.3), absorbance decrease at
300 nm was observed and rate of the decrease increased
as pH was decreased. The addition of SCN ™ resulted in
the enhancement of the decrease in absorbance at all pH
values examined. Typical effects of SCN ™~ are shown in
traces B-1 ~ B-3 and traces C-1 ~ C-3 in Figure 3. The
result indicates that SCN ™ could enhance the
decomposition of ONOOH but not ONOO .

Formation of NO3 and consumption of SCN ~

Accompanying the formation of ONOOH by
H,O0,/HNO, systems, NO; should be formed
[35,36]. Then, effects of SCN on the formation of
NO; were studied (Figure 4). NO,/HNO, was
detected as a single broad peak at a retention time
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Figure 4. Formation of NO; and consumption of NO,/HNO,
and SCN . Upper panel: Separation of NO5, NO,/HNO, and
SCN™ by HPLC. Reaction mixtures were prepared using 50 mM
KH,PO,4-50mM KCI-HCI (pH 2). Trace A, immediately after the
preparation of 1 mM NaNO,; trace A-1, 3 min after the preparation
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Table I.  Effects of concentration of SCN™ on H,0,-induced consumption of NO, /HNO, and SCN ™ in NO, /HNO,/SCN" systems.

Concentration of SCN ™ * (1) NO, /HNO, consumed’

(2) NO5 formed’ (3) SCN™ consumedt 1+ 3)

(mM) (mM) (mM) (mM) (mM)
0 1.0 0.95 0 1.0

0.1 0.78 0.75 0.07 0.85
0.3 0.58 0.55 0.13 0.71
1.0 0.41 0.40 0.21 0.62

The reaction mixture contained 1 mM H,0,, 1 mM NaNO, and various concentrations of NaSCN in 50 mM KH,PO,-50 mM KCIl- HCl
(pH 2.0) as in Figure 5. The concentrations of NO, /HNO, consumed and SCN ™ consumed were calculated from the data in Figure 5;
* Initial concentration of NaSCN; 1LNO; /HNO, and SCN™ consumed and NO, formed by 1 mM H,O, after 9 min of incubation.

0f 9.5 min when an acidic solution of 1 mM NaNO, was
applied to the HPLC column immediately after the
preparation of the solution (Figure 4, upper panel; peak
3 in trace A). Incubation of the reaction mixture for
3 min, which contained 1mM H,0, and 1 mM
NaNO,, resulted in the decrease in the peak area of
NO, /HNO, and the formation of a new peak (peak 1 in
trace A-1). The retention time (3.1min) and the
absorption spectrum of the new peak were identical with
those of NO;, indicating the transformation of
NO,/HNO, to NO;. Time courses of formation of
NOj in the presence of 1 mM H,0O, and 1 mM NaNO,
in an acidic buffer are shown in Figure 4 (lower panels).
As the concentration of NO,/HNO, was decreased
(closed circles), the concentration of NO; increased
(open circles).

When the mixture of 1mM NaSCN and 1 mM
NaNO, was applied to the HPLC column, SCN "~
(retention time, 3.6 min) was separated from
NO, /HNO, (Figure 4, upper panel; peak 2 in
trace B). Incubation of the mixture for 3 min, which
contained 1mM H,0,, 1mM NaNO, and 1mM
NaSCN in an acidic buffer (pH 2), resulted in the
formation of NO; and the decrease in the concen-
tration of SCN " (trace B-1). The formation of NO;
and the consumption of NO, /HNO, decreased as the
function of concentration of SCN (Figure 4, lower
panels). The amount of NO,/HNO, consumed was
nearly the same as that of NO; formed independent of
the concentration of SCN . During SCN -depen-
dent inhibition of the formation of NO; and the
consumption of NO,/HNO,, the concentration of

A
<

of the mixture of 1mM NaNO, and 1mM H,0,. Trace B,
immediately after the preparation of the mixture of 1 mM NaNO,
and 1 mM NaSCN;j trace B-1, 3min after the preparation of the
mixture of 1 mM NaNO,, 1 mM H,0, and 1 mM NaSCN. Peak 1,
NOj; peak 2, SCN ; peak 3, NO, /HNO,. Lower panels: Time
courses of changes in concentrations of NO3, NO,/HNO, and
SCN". Changes in concentration of NO; and NO,/HNO,. The
reaction mixture (1 ml) contained 1 mM NaNO,, 1 mM H,0, and
various concentrations of NaSCN in 50mM KH,PO,-50 mM
KCI-HCI (pH 2). Closed symbols, NO,/HNO,; open symbols,
NO;.C and @, 0mM; O and B, 0.1 mM; A and A, 0.3 mM; < and
€, 1 mM NaSCN. Changes in concentration of SCN . The reaction
mixture contained 1mM NaNO,, 1mM H,0, and various
concentrations of NaSCN in 50 mM KH,P0O,-50mM KCI-HCI
(pH 2). C, 0.1 mM; [J, 0.3mM; A, 1 mM NaSCN.

SCN™ decreased (Figure 4, lower panels). Although
the decrease of the concentration of SCN ™~ was small,
this result suggests that SCN~ was oxidized by
HNO,/H,0, systems. Table I summarizes the data in
Figure 4. In the absence of SCN ™, 1 mM NO, /HNO,
was transformed to about 1mM NO; consuming
almost all H,O, added. As the concentration of SCN ™
was increased, sum of the amount of NO,/HNO,
oxidized to NO; and the amount of SCN ™~ consumed
decreased. For example, in the presence of 1 mM
H,0,, 1mM NaNO, and 1mM NaSCN, about
0.4mM HNO, was transformed to about 0.4mM
NO; and about 0.2mM SCN was consumed. This
result suggests that about 0.6 mM H,O, was used to
oxidize HNO, and SCN . As almost all H,O, added
seemed to be consumed during the reaction (this is
deduced from the data in the absence of SCN™ in
Table I), the data in Table I indicate that not all H,O,
added was used to oxidize NO, /HNO, and SCN " in
H,0,/HNO,/SCN " systems.

The results in Figure 4 confirmed the results in
Figures 1 and 2 that SCN  inhibited H,O,-induced
consumption of NO,/HNO,, which was observed
using Griess-Romijn reagent, and the results in
Figure 4 together the result in Figure 3 suggest that
SCN™ could reduce ONOOH. If SCN reduces
ONOOH to NO,/HNO,, oxidation products of
SCN" should be formed. Then, we studied whether
oxidizing products of SCN~ were formed or not in
H,0,/HNO,/SCN" systems.

Formation of oxidation products of SCN ~

It is known that an oxidation product of SCN  is
sulfate [38,39]. Then, we studied the formation of
sulfate in H,O,/HNO,/SCN" systems (Figure 5).
The production of sulfate was confirmed by the
formation of white precipitate when Ba(NOs3), was
present in the reaction mixture (pH 2) that contained
1mM NaNO,, 1mM H,0, and 1mM NaSCN. If
one of the above reagents was removed from the
reaction mixture, no apparent absorption increases
due to the formation of white precipitate were
observed. The result indicates that SCN~ was
transformed to sulfate. A lag period was observed for
the formation of white precipitate. This may be due to
slow aggregation of BaSOj,.
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5 min

P

Figure 5. Formation of sulfate from SCN ™. The reaction mixture
(2ml) contained 1 mM NaNO,, 1 mM H,0,, 1 mM NaSCN and
2mM Ba(NOs), in 50mM KH,PO,-50mM KCI-HCl (pH 2)
(trace A). An arrow in trace A indicates the addition of NaNO,.
Trace B, trace A without the addition of NaNO,; trace C, trace A
but the absence of H,0,; trace D, trace A but the absence of
NaSCN.

Decomposition of H,O,

During  H,0O,-dependent consumption of
NO,/HNO,, decomposition of H,O, is possible.
Then, changes in concentration of H,O, in the
reaction mixtures were studied in the presence and
absence of SCN ™ (Figure 6). Rate of the decrease in
concentration of H,O, was dependent on the
concentration of NO,/HNO,. In contrast to the
effect of SCN on the consumption of NO, /HNO,,
SCN' enhanced the decrease in concentration of
H,0,. When ratio of the initial concentration of H,O,
to that of NaNO, was 1, about 90% of H,O, was
decomposed during 5min of incubation in the
presence of ImM SCN . No significant decrease

200

160

120

Ho05 (uM)

80

40

Time (min)

Figure 6. Enhancement of H,O, consumption by SCN ™. The
reaction mixture (1 ml) contained 0.2 mM H,0, in 1 ml of 50 mM
KH,P0,-50mM KCI-HCI (pH 2). After incubation for defined
periods, 1 ml of 0.2 M Na,HPO, and 2600 units of catalase were
added successively to estimate H,O, remained. C, 0.1 mM NaNO,;
@®, 0.1mM NaNO, + ImM NaSCN; A, 0.2mM NaNO,; A,
0.2mM NaNO, + 1 mM NaSCN.
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of H,O, was observed in the absence of NO, /HNO,
independent of the presence and absence of SCN
(data not shown).

Nitration of phenolics

It has been reported that tyrosine and HPA are
nitrated in a mixture of nitrite and H,O, under acidic
conditions [27,28]. Table II shows that SCN
effectively inhibited the nitration of HPA induced by
0.1 mM NaNO, and 0.1 mM H,0, in an acidic buffer
solution (pH 2). Ascorbic acid also inhibited the
nitration. When 0.1 mM H,0, was added to the
mixture of 0.5ml of saliva and 0.5ml of the acidic
buffer (final pH, about 1.8), slow formation of
NO,HPA was observed.

As ONOOH could participate in hydroxylation and
nitrosation in addition to nitration [31-33], effects of
SCN' on nitration, hydroxylation and nitrosation of
phenol were studied at pH 2 (Figure 7). In an acidic
mixture of phenol and NaNO,, 4-nitrosophenol was
detected (peak 2 in trace B). No significant formation
of nitrated phenols was observed (peak 6, 4-
nitrophenol; peak 7, 2-nitrophenol). Peak 3 in trace
B was identified to be NO, /HNO, from its retention
time and absorption spectrum. SCN did not
significantly affect the nitrosation (compare trace C
with trace B). 2-Nitrophenol and 4-nitrophenol were
main products and 4-nitrosophenol and catechol
(peak 1) were minor products in the acidic mixture of
phenol, NaNO, and H,O, (trace D). In addition to
the above components, peak 5 (absorption maxima;
214, 242, 282 and 399 nm) was detected. Absorption
spectrum of peak 3 in trace D (absorption maxima;

Table II. H,0,-induced nitration of HPA in a buffer solution and
acidified saliva.

NO,HPA formed
(nM/4 min)

In buffer solution*

No addition 0.0

0.1 mM H,0, 5.6

0.1mM H,0, +1 mM SCN™ 0.4

0.1mM H,0, +0.1 mM ascorbic acid 0.0

0.1mM H,0, +1 mM SCN™ 0.1

+0.1 mM ascorbic acid

Acidified saliva®

No addition 0.0

0.1mM H,0, 0.17 = 0.06

*The reaction mixture (1 ml) contained 1 mM HPA and 0.1 mM
NaNO, in 50mM KH,PO,-50mM KCI-HCIl (pH 2.0). After
incubation for 4 min, the concentration of NO,HPA formed was
determined by HPLC. Values are average of two experiments; T The
reaction mixture (1 ml) contained 0.5ml of saliva and 0.5ml of
50mM KH,PO,-50mM KCI-HCI (pH 1.3). The pH of the
reaction mixture was about 1.8, and the concentrations of nitrite and
SCN™ in the reaction mixture were 0.11 = 0.07 and
0.34 £ 0.08 mM (mean * SD), respectively (n = 7). After incu-
bation for 4 min, the concentration of NO,HPA was determined by
HPLC. The value is mean = SD (n = 7).
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Figure 7. Effects of SCN~ on nitration, nitrosation and
hydroxylation of phenol. The reaction mixture (1 ml) contained
1 mM phenol in 50 mM KH,P0O,-50 mM KCI-HCI (pH 2). After
incubation for 4 min, 0.1ml of the reaction mixture was directly
applied to HPLC column. A, no addition; B, 1 mM NaNO,; C,
1 mM NaNO, + 1 mM NaSCN; D, 1 mM NaNO, + 1 mM H,0,;
E, 1mM NaNO, + 1mM H,0, + ImM NaSCN. Peak 1,
catechol; peak 2, 4-nitrosophenol; peak 3, nitrite (traces B, C and
E) or 3,4-dihydroxynitrobenzene (trace D); peak 4, phenol; peak 5,
isomer of 3,4-dihydroxynitrobenzene; peak 6, 4-nitrophenol; peak
7, 2-nitrophenol.

210, 242 and 348 nm) was different from that of
NO, /HNO,. SCN significantly inhibited the for-
mation of nitrated products catechol and peak 5, and
slightly enhanced the formation of 4-nitrosophenol
(trace E). Peak 3 in trace E was NO, /HNO,. This
result indicates that the component with absorption
maxima at 210, 242 and 348 nm trance D was also
inhibited by SCN .

When the reaction mixture for trace D in Figure 7
was analyzed in the mobile phase for LC/MS, peaks 3
and 5 were detected at retention times of 8.4 and
10.7 min, respectively. Molecular ion of the two
components was m/z 154 [(M-H) "]. The component
of peak 3 was identified to be 3,4-dihydroxynitroben-
zene (molecular weight, 155) by comparing retention
time and absorption spectrum with standard reagent.
The component of peak 5 was estimated to be an
isomer of 3,4-dihydroxynitrobenzene from its mol-
ecular ion. Inhibition of the formation of the nitrated
catechols by SCN~ was confirmed in the mobile
phase for LC/MS.

Discussion

It is known that HNO, reacts with H,O, producing
ONOOH under acidic conditions [28-30]. The
ONOOH formed is transformed to NO; + H" by
intermolecular rearrangement or decomposed to
‘NO, and ‘OH or other products including molecular
oxygen [30,35,36]. In acidic solutions (pH < 3), the
major product formed from ONOOH is NOj
+H'[35,36]. SCN™~ inhibited not only H,O,-
dependent decreases in the concentration of
NO, /HNO, but also H,0,-dependent formation of
NO; (Figures 1, 2 and 4). On the other hand, SCN™
was oxidized by HNO,/H,O, systems (Figure 4) and
SCN" enhanced the decomposition of ONOOH but
not ONOO ™ (Figure 3). The above results indicate
that SCN™ could reduce ONOOH to NO,/HNO,,
which might be formed by HNO,/H,O, systems at pH
2. Hydrogen peroxide-dependent enhancement of the
decomposition of NO,/HNO, was also observed in
acidified saliva. This result suggests that the formation
of ONOOH is possible in the mixture of saliva and
gastric juice if H,O, is present. The decrease in the
concentration of salivary nitrite (about 55% after
10 min of incubation) was smaller than that expected
from Figure 1 in a buffer solution (more than 70%
after 10 min of incubation) at pH 1.8. This might be
due to the reduction of ONOOH to NO, /HNO, by a
salivary reductant like SCN .

The concentration of SCN™ decreased when SCN ™
was inhibiting H,O,-induced formation of NO;
(Figure 4) and sulfate was formed in the HNO,/H,._
0O,/SCN " system (Figure 5). The result indicates that
SCN™ was oxidized to sulfate by ONOOH. The data
in Table I indicate that not all H,O, added was used to
decrease the concentration of NO,/HNO, and
SCN, and the data in Figure 6 shows that SCN "~
enhanced the decomposition of H,O,. Taking the
above results and oxidation of SCN ™ to sulfate into
consideration, we can deduce that H,O, was not only
used to oxidize HNO, to ONOOH but also used to
oxidize the oxidation intermediates of SCN . Possible
oxidation intermediates are HOSCN (pKa = 5.5) and
SCN- formed by the following reactions:

ONOOH + SCN™ + H" — HNO, + HOSCN (1)
ONOOH+SCN™ +H"—NO,+SCN-+H,0 (2)

The SCN- formed may dimerize to (SCN), that can
be hydrolyzed [37,38];

(SCN), +H,O0—HOSCN+SCN™ +H". (3)

If HOSCN is produced under acidic conditions,
HOSCN can react with H,0O, as following [39,40]:

HOSCN +H,0,—-HOOSCN+H,0 (4
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HNO, + H,0,

H,O

NO;~ + H*
Nitration etc.
/- SCN- + H*

Oxidation product of
SCN ~ (HOSCN?)

ONOCOH ——»

HNO, H,0,

H,O

S0,2-, HOCN

Figure 8. Possible reactions in the mixture of HNO,, H,0, and
SCN . For details, see text.

HOOSCN + H,0, — HSO} + H" + HOCN (5)
HSO; +H,0, + H" = S0 + 2H" + H,O (6)

If the above reactions proceed, consumption of small
amounts of SCN~ during the inhibition of H,0O,-
dependent oxidation of NO,/HNO, and SCN -
dependent enhancement of H,O, consumption can be
explained. HOCN formed by reactions (5) can be
hydrolyzed to carbon dioxide and ammonia. The
latter is transformed to ammonium ion under acidic
conditions. In addition to H,O,-dependent oxidation
of HOSCN, ONOOH-dependent oxidation of
HOSCN cannot be excluded although we did not
have any evidence for the reaction.

Nitration of HPA and phenol, which was induced by
H,0,/HNO, systems, was effectively inhibited by
SCN"™ in an acidic buffer solution (Table II and
Figure 7). If ONOOH oxidized phenolics, radicals of the
phenolics and -NO, are formed [30]. The two radical
species react each other generating nitrated phenolics.
SCN' can inhibit the ONOOH-dependent nitration by
scavenging the oxidant by reactions (1) and/or (2). It is
possible that ‘NO, formed by reaction (2) oxidizes
phenolics to the radicals that can react with another
molecule of 'NO, [41]. As SCN ™ has been reported not
to be effective enough to scavenge -NO, [42], effective
inhibition of nitration reactions by SCN ™~ (Table II and
Figure 8) suggests that reaction (2) seems not to be a
major reaction to scavenge ONOOH. If ONOOH
decomposes to ‘-NO, and ‘OH [30,36], ‘OH can oxidize
phenolics to the radicals. The radicals of phenolics may
react with ‘NO, producing nitrated phenolics. SCN

Reactions of thiocyanate 635

can inhibit the nitration of phenolics induced by ‘OH
and ‘NO, by scavenging ‘OH [30]. The result that
SCN' inhibited the hydroxylation of phenol to catechol
(Figure 7) suggests that SCN™ can scavenge ‘OH if the
radical is generated. When SCN™ scavenges ‘OH,
(SCN) ,, which can be hydrolyzed by reaction (3), may
be formed. As the mechanism for formation of nitrated
catechols, nitration of catechol and/or hydroxylation of
nitrated phenols are possible. Kinetical studies are
required to distinguish between the two reactions.

Nitrosation of phenol was induced by NO, /HNO,
(Figure 7). H,O, significantly inhibited the nitrosa-
tion, suggesting that H,O, suppressed the formation
of nitrosating species by reacting with HNO,. SCN™
enhanced the nitrosation of phenol in the presence of
both H,O, and HNO,. The amount of 4-nitrosophe-
nol formed in the SCN /H,O0,/HNO, system
(trace E) was similar to that of 4-nitrosophenol
formed in the SCN /HNO, system (trace C). This
result indicates that nitrosation of phenolics was not
significantly affected by H,0O, in the presence of
SCN.

Figure 8 summarizes reactions that may proceed in
the mixture of HNO,, H,O, and SCN . ONOOH
formed from HNO, and H,0, is reduced by SCN ™
producing HNO, and oxidation product of SCN .
H,0, seems to oxidize the oxidation intermediates of
SCN' to sulfate. The H,O,-dependent oxidation of
the oxidation intermediates of SCN™~ to sulfate may
contribute to the enhanced consumption of H,O,.
The SCN ™ -dependent enhancement of the decompo-
sition of H,O, can result in the inhibition of -OH
formation by Fenton reaction. It has been reported
that SCN inhibits hydroxylation of 2-hydroxyben-
zoic acid by H,O,/Fe(Il) in the presence of NO,/
HNO, [29]. SCN"™ strongly inhibited ONOOH-
induced nitration of phenolics. Rate of ONOOH-
induced nitration of HPA was quite slow in acidified
saliva. The slow nitration in acidified saliva suggests
that salivary SCN  can also participate in the
reduction of ONOOH that may be formed in the
mixture of saliva and gastric juice. The inhibitory
effects of SCN™ were comparable to those of ascorbic
acid, supporting that SCN~ was also a potent
inhibitor of the nitration in the stomach as well as in
the oral cavity [43]. In this way, SCN in the mixture
of saliva and gastric juice seems to have important
roles to protect stomach from oxidative damages by
reducing ONOOH and H,O, when H,O, formation
in the stomach is enhanced by infection etc.
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