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Abstract--Aromatic hydroxylation and formation of thiobarbituric acid-reactive substances occurred 
in a mixture of isonicotinic acid hydrazide (isoniazid) and catalase. Since these reactions were stimulated 
by phytic acid (a potent metal chelator), rather than inhibited, transition metal-catalysed hydroxyl 
radical generation was not implicated. Hydroxylation also occurred with isoniazid and phytic acid in 
the absence of catalase, albeit to a lesser extent. The independent effects of catalase and phytic acid 
are related to their abilities to catalyse isoniazid oxidation. In the presence of tyrosine, both the 
isoniazid/phytic acid system and authentic peroxynitrite generated dityrosine. Authentic peroxynitrite, 
as well as a phytic acid-mediated isoniazid oxidation product, have absorbance maxima at 302 nm. The 
yield of this isoniazid-derived product increased with pH and in the presence of a superoxide-generating 
system. A good correlation existed between absorbance at 302 nm and aromatic hydroxylation. Acid- 
induced decomposition of the 302 nm absorbance in the presence of superoxide dismutase led to the 
formation of a product absorbing in the same region as peroxynitrite-modified superoxide dismutase 
(350 nm at acid pH). Catalase catalysed peroxynitrite-mediated, as well as isoniazid/phytic acid- 
mediated tyrosine nitration, which was accompanied by Compound II formation (ferryl-catalase) in 
both cases. We postulate that peroxynitrite or a similar species is formed during isoniazid oxidation. 
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The metabolism of the anti-tubercular drug, 
isonicotinic acid hydrazide or isoniazidt (see Fig. 9 
for its structure), has been reported to produce 
hydrazine derivatives and free radicals which might 
contribute to the mycobactericidal activity of the 
drug or to its side-effects [1-3]. Spin-trapping 
evidence suggested that one of the most cytotoxic 
species, the hydroxyl radical ( 'OH),  is generated 
during peroxidase-catalysed oxidation of isoniazid 
[3]. In another study, isoniazid added to a crude 
extract of Mycobacterium tuberculosis, catalysed the 
hydroxylation of phenol [4]--a reaction which is also 
characteristic for "OH. The mechanism generally 
invoked for .OH production in a biological system 
requires the simultaneous presence of superoxide, 
hydrogen peroxide and a transition metal ion. 
Interactions of compounds such as hydrazines with 
haem-containing proteins may result in haem splitting 
[5-7]. Iron thus released, as well as traces of 
transition metal ions in buffer solutions, could be 
involved in Fenton-type "OH-generating reactions 
[71. 

Recently, we have observed aromatic hydroxy- 
lation during the myeloperoxidase-oxidase oxidation 

* Corresponding author. Tel. (021) 938-9111; FAX (021) 
931-7810. 

t Abbreviations: isoniazid, isonicotinic acid hydrazide; 
SOD, superoxide dismutase; TBARS, thiobarbituric acid- 
reactive substances; XO, xanthine oxidase. 

of isoniazid in a transition metal-independent fashion 
[8]. Thus, a cytochrome P450-1ike mechanism has 
been suggested. 

Although it is known from earlier work by 
Halfpenny and Robinson [9] that aromatic hydroxy- 
lation can be achieved with peroxynitrite in a 
chemical reaction at acid pH, this reaction has only 
recently been performed under more physiological 
conditions [10-12]. 

In this communication, we propose that an 
oxidative intermediate of isoniazid, reminiscent of 
peroxynitrite or a similar species, is involved in 
reactions frequently used to monitor generation of 
hydroxyl radical. To eliminate transition metal- 
catalysed "OH generation, we have utilized the 
unique metal-chelating properties of phytic acid 
[13]. We also show that catalase catalysed both 
peroxynitrite- and isoniazid-mediated tyrosine 
nitration. 

MATERIALS AND METHODS 

Reagents. Catalase (donor H20 2" hydrogen 
peroxidase oxidoreductase, EC 1.11.1.6; sp. act. 
65,000U/mg) from bovine liver, SOD (donor 
superoxide: superoxide oxidoreductase, EC 1.15.1.1; 
sp. act, 5000 U/mg) from bovine erythrocytes and 
XO (donor xanthine: oxygen oxidoreductase, EC 
1.1.3.22; sp. act. 1U/mg) from cows' milk were 
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Fig. 1. Hydrazide-mediated benzoate hydroxylation and formation of TBARS as a function of phytic 
acid concentration. Isoniazid or nicotinic acid hydrazide (200/~M in reaction) was added to mixtures 
containing 1 mM benzoic acid or 0.8 mM deoxyribose in 0.01 M phosphate buffer (pH7.4) in the 
absence and presence of 300 nM catalase. Fluorescence of hydroxylated benzoate was recorded after 
6-10 hr (excitation and emission at 305 and 407 nm, respectively). The deoxyribose-containing mixtures 
were treated as described in Materials and Methods. Curves: 1 and 3, isoniazid-mediated hydroxylation 
expressed in relative fluorescence units in the presence and absence of catalase, respectively; 2, 
isoniazid-mediated TBARS formation in the presence of catalase (the chromogen was read at 532); 4, 
nicotinic acid hydrazide-mediated hydroxylation in the presence of catalase. Each data point represents 

the mean +-- SD of four determinations. 

obtained from Boehringer Mannheim (Mannheim, 
Germany). Isonicotinic acid hydrazide (isoniazid), 
nicotinic acid hydrazide (niazid) and phytic acid 
(dodecasodium salt hydrate) were products of the 
Aldrich Chemical Co. (Milwaukee, WI, U.S.A.)  

Spectroscopic analyses. UV absorption analyses 
were performed on a Beckman DU 640 spectro- 
photometric system and fluorescence measurements 
made with a Perkin-Elmer LS50B luminescence 
spectrometer. 

Aromatic hydroxylation and the TBARS assay. 
Reactions were initiated by adding isoniazid (200/~M 
in reaction) to mixtures containing 300 nM catalase, 
1 mM benzoic acid and increasing concentrations of 
phytic acid in 100 mM phosphate buffer (pH 7.4). 
Formation of fluorescent hydroxylated benzoic acid 
derivatives was measured after 2hr  (excitation 
and emission wavelengths at 305 and 407nm, 
respectively) [14]. 

In the TBARS assay, reaction mixtures contained 
0.8 mM deoxyribose instead of i mM benzoic acid. 
Incubations were for 15 min at 37 ° and TBA [1 mL 
of 1% (w/v)] was then added, plus 1 mL 2.8% (w/v) 
trichloroacetic acid. The solution was incubated at 
100 ° for 10 min, cooled and the chromogen read at 
532nm. Appropria te  corrections were made to 
account for the presence of phytic acid in the assay 
mixtures. 

Preparation of peroxynitrite. Peroxynitrite was 
synthesized in a quenched-flow reactor from sodium 
nitrite and hydrogen peroxide [10, 15]; a 25-mL 
solution of 0.45 M NaNO2 was rapidly mixed with 
25 mL 0.3 M H2SO4 containing 1.17 mL 30% H202 
(-~0.45M) and then quenched in 50mL 1.25M 
NaOH while stirring rapidly. To increase the 
peroxynitrite yield and decrease the violence of this 

potential hazardous synthesis, all solutions were 
cooled prior to reaction. The concentration of 
peroxynitrite was determined spectrophotometrically 
at 302 nm (e = 1670 M/cm [10]). Peroxynitrite was 
also prepared by delayed quenching; i.e. NaOH was 
added when most of the O N O O H  have decayed. 
This preparation was used to assess the effects of 
peroxynitrite contaminants (H202, nitrite and 
nitrate) in reaction systems. 

RESULTS 

Aromatic hydroxylation, TBARS and dityrosine 
formation 

Figure 1 shows yields of hydroxylation (curve 1) 
and TBARS (curve 2) as a function of phytic acid 
concentration during isoniazid oxidation in the 
presence of catalase. Both curves have peaks at 
1 mM phytic acid and upward trends above about 
2 mM. In the absence of catalase, hydroxylation also 
occurred, but to a lesser extent and only at phytic 
acid concentrations above 1 mM (curve 3). It is 
also evident that hydroxylation can be mediated 
independently by catalase and by phytic acid. 
Nicotinic acid hydrazide, in the presence of catalase, 
was a relatively weak initiator of hydroxylation 
(curve 4). 

The fluorescence spectra of a tyrosine solution, 
treated with an isoniazid/phytic acid mixture or 
authentic peroxynitrite (Fig. 2), are consistent with 
the presence of dityrosine [12]. 

Spectral alterations during isoniazid oxidation 
Isoniazid has an absorbance peak at 262 nm (Fig. 

3; spectrum 1) with a trailing edge at the descending 
limb. On addition of phytic acid, a small red shift 
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Fig. 2. Isoniazid- and peroxynitrite-mediated dityrosine 
formation. Fluorescence spectra of the following incubation 
mixtures were recorded (excitation 320nm): 1, 200/~M 
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peroxynitrite in the same buffer. 3,200 pM tyrosine. 
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Fig. 4. Correlation between steady-state concentrations of 
the isoniazid-derived 302 nm--absorbing product formed 
at different pH values and end-point hydroxylation yields. 
Isoniazid (200/~M in reaction) was added to solutions at 
different pH values (100 mM phosphate buffer) containing 
5 mM phytic acid and 1 mM benzoic acid. Absorbances 
were recorded after 1 min (curve 1). End-point fluorescence 

(hydroxylation) were recorded after 6--10 hr (curve 2). 
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Fig. 3. Spectral alterations to the UV spectrum of isoniazid 
in 0.01 M phosphate buffer (pH 7.4) induced by phytic acid 
and gallic acid. Scans: 1,200/tM isoniazid; 2, 1 min after 
adding phytic acid (5 mM in sample cuvette); 3 and 4, after 
adding gallic acid additionally (100 and 200 #M in sample 

cuvette, respectively). 

occurred, while the trailing edge became a prominent 
shoulder at 302 nm (spectrum 2). Spectra 3 and 4 
show a positive correlation between gallic acid 
concentration and absorbance at 302 nm. Inclusion 
of gallic acid in the isoniazid/phytic acid system led 

to a considerable increase in the rate of superoxide 
generation (results not shown). 

Phytic acid-mediated oxidation of isoniazid was 
stimulated at alkaline pH. A close correlation existed 
between steady-state 302 nm absorbance and end- 
point aromatic hydroxylation yields (Fig. 4). 

UV absorption profiles of peroxynitrite and isoniazid 
oxidation products 

Figure 5A (curve 2) shows the UV spectrum of 
authentic peroxynitrite which has a peak at 302 nm 
[10]. Superimposed on this is curve 1, a difference 
spectrum showing the product formed during 
phytic acid-mediated isoniazid oxidation in 50 mM 
phosphate buffer (pH9.0) containing SOD. Spec- 
trum 3 was recorded after the pH of the reaction 
mixture had been adjusted to 6.5 with 1 M HC1. 
Bleaching of the 302 nm absorbance occurred with 
some recovery of the isoniazid spectrum at 260 nm. 
Of further interest is the increase in absorbance at 
the descending limb of curve 3, relative to curve 1. 
Subtracting scan 1 from scan 3, gives the difference 
scan of Fig. 5B. No absorbance increase at 350 nm 
occurred when SOD was omitted from the reaction 
mixture. 

Peroxynitrite- and isoniazid-mediated tyrosine metab- 
olism catalysed by catalase 

Addition of peroxynitrite to a solution of catalase 
in 50 mM phosphate buffer (pH 7.4) resulted in an 
immediate decrease in Sorer absorbance at 407 nm 
and a gradual blue shift (Fig. 6). Concomitantly a 
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Fig. 5. UV spectral comparison of peroxynitrite and products formed during isoniazid oxidation. (A) 
Curve 1, spectrum of the product(s) formed during phytic acid-mediated isoniazid oxidation at alkaline 
pH. The reference solution contained 200/~M isoniazid and 3 #M SOD in 50 mM phosphate buffer 
(pH 9.0). The spectrum was recorded after adding phytic acid (5 mM in cuvette). Curve 3, spectrum 
recorded immediately after adjusting the pH to 6.5 with 1 M HC1. Curve 2, spectrum of authentic 
peroxynitrite. (B) The reference solution was a mixture at pH 9.0 similar to that of spectrum 1 in A 
(i.e. after phytic acid had been added and steady-state reached within 1 min). The spectrum was 
recorded immediately after acidifying the solution (i.e. a spectrum equivalent to curve 3 minus curve 

1 in A) .  

peak at about 340 nm emerged which also gradually 
shifted towards lower wavelengths. In the presence 
of tyrosine (B), increases in absorbances around 350 
and 450 nm occurred, which are characteristic of 
nitrotyrosine formation. A competing reaction under 
these conditions will be the simultaneous phenoxyl 
dimerization. The o,o '-dityrosine which forms 
predominantly (see also Fig. 2) will contribute to 
absorbance increases in the 300 to 350 nm region. 

The kinetics of peroxynitrite-mediated benzoate 
hydroxylation (Fig. 7A) and nitrotyrosine formation 
(Fig. 7B) clearly show the stimulating effect of 
catalase. Absorbance at 440nm (nitrotyrosine 
formation) reached a maximum after about 10 min 
of reaction and then gradually decreased (Fig. 7B). 
This two-phase effect is also evident during aromatic 
hydroxylation in the presence of catalase (A; curve 
1). The initial rate of the reaction was constant up 
to about 10rain and then proceeded at a lower 
constant rate. 

Isoniazid, in the presence of phytic acid, induced 
an immediate decrease of the Soret peak of catalase 
at 405 nm which was followed by a gradual red shift 
to 424 nm and an isosbestic point at 415 nm (Fig. 
8A). Concomitantly, new bands at 534 and 567 nm 
appeared, while the peaks at 505 and 625nm 
disappeared. These spectral changes are charac- 
teristic for formation of Compound II [16, 17]. 

In Fig. 6, considerable catalase haem modification 
occurred in the presence of 25 #M peroxynitrite. 
Peroxynitrite preparations can be contaminated with 
nitrate, nitrite and hydrogen peroxide. To determine 
the effects of these contaminants in the catalase 
system, a preparation was made by delayed 
quenching to allow decay of most of the generated 
peroxynitrite (see Materials and Methods). Addit ion 
of an aliquot of this preparation, which contained 
only 2.5 #M peroxynitrite in the same volume used 
in Fig. 6, was considerably less destructive to the 
catalase haem (Fig. 8C). Generation of Compound 
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Fig. 6. Tyrosine nitration and spectral transformation of catalase induced by authentic peroxynitrite. 
(A) Peroxynitrite (40 ~L), prepared as described in Materials and Methods, was added to a concentration 
of 25 #M to both the reference cuvette, and sample cuvette, which contained 250nM catalase 
additionally. Scans were made immediately after peroxynitrite addition and then successively 1, 2, 4, 
6, 10, 15, 20 and 30 min after peroxynitrite had been added. (B) Same as in A, but the sample solution 

additionally contained 500 ~M tyrosine. 

II is evident from the formation of peaks at 534 nm 
and 567 nm and the gradual red shift of the Soret 
band (scans 3-7). The peak at 585 nm formed 
immediately after addition of the peroxynitrite (scan 
2) could be due to Compound III [18] formation 
which decayed within 1 min. Addition of hydrogen 
peroxide or nitrite (10 mM each), individually or in 
combination to a solution of 300 nM catalase, caused 
minimal haem loss and no Compound II could be 
detected (not shown). 

In Fig. 8B, spectra of reaction mixtures of catalase, 
isoniazid and phytic acid in 50 mM phosphate buffer 
(pH 7.4), incubated in the absence and presence of 
tyrosine, are shown. Spectrum 1 is that of a control 
mixture of catalase, tyrosine, phytic acid and 
isoniazid at zero time. The reference cuvette 
contained the same concentrations of phytic acid 
and isoniazid in buffer solution. Reaction and 
reference cuvettes were incubated overnight and the 

spectrum recorded (scan 2). The reaction mixture 
of scan 3 was similar to that of scan 2, but without 
tyrosine. Scan 2 has shoulders at about 350 and 
440 nm, which are absent in scan 3. Stimulation of 
dityrosine formation is also likely. The increase in 
absorbance near 300 nm (spectrum 2) will, at least 
in part, be due to formation of tyrosine polymers. 
It is difficult to verify this spectrofluorometrically, 
since the simultaneous presence of nitrotyrosine has 
a quenching effect on dityrosine fluorescence. 

To investigate further tyrosine metabolism, 
another experiment was conducted. Reaction 
mixtures containing catalase and phytic acid at 
pH 7.4 with and without tyrosine were incubated 
overnight. UV scans were made after adjusting the 
pH of both the reference solution (without tyrosine) 
and the sample solution (with tyrosine) to 5 (Fig. 
8D; scan 2). Scan 1 was recorded after adjusting the 
pH of the solutions to 11. The pH dependency of 



2038 J.M. VAN ZYL and B. J. VAN DER WALT 

1 . 5  

e- 1" 
o 

x 

2 
" 0  

~0.5 " 

O '  

0 

I I I ! I 
5 10 15 20 25 

Time (min) 
3 0  

E 
r" 

0 "d" 

O 
O 
e-  

. O  

8 

< 

0.03 

0.025" 

0.02' 

0.015" 

0.01' 

0.005'  

0 
0 

! ! I I I I 

5 10 15 20 25 30 

Time (min) 

Fig. 7. Effect of catalase on peroxynitrite-mediated aromatic hydroxylation and nitrotyrosine formation. 
Peroxynitrite to a concentration of 25/~M was added to solutions of 1 mM benzoic acid or 500/~M 
tyrosine in 50 mM phosphate buffer (pH 7.4) at zero time. Fluorescence of hydroxylated benzoate was 
recorded at 407 nm (A) and absorbance of nitrotyrosine at 440 nm (B). Scans: 1, in the presence of 

300 nM catalase; 2, in the absence of catalase. 

the absorbance of the product formed is consistent 
with the presence of 3-nitrotyrosine [19]; i.e. 
absorbance maxima of 350 nm (acid pH) and 430 nm 
(shoulder at 430 nm; alkaline pH). In the absence 
of catalase, no corresponding pH-dependent spectral 
modifications occurred (not shown). 

Superoxide requirement for benzoate hydroxylation 
The effect of superoxide on aromatic hydroxylation 

is depicted in Table 1. SOD inhibited hydroxylation 
of the control mixture by more than 50% (addition 
2). A XO-acetaldehyde superoxide-generating 
system, on the other hand, increased the hydroxy- 
lation yield nearly 40-fold (addition 3). SOD included 
in addition 3 suppressed the hydroxylation yield 
more than 10-fold (addition 4). The specific hydroxyl 
radical scavenger, mannitol, also suppressed 
hydroxylation. When 10 mM mannitol was included 
in addition 3 (addition 7), hydroxylation was 
inhibited by about 60%. 

D I S C U S S I O N  

Phytic acid, or myo-inositol hexaphosphoric acid 
(Ins-P6), is an abundant constituent of edible 
legumes, cereals, oil seeds, pollens and nuts [13]. It 
has several interesting features which make it a 
valuable tool in our investigations. By virtue of 
chelating free iron, phytic acid is a potent inhibitor 
of iron-driven hydroxyl radical formation [13]; it 
stimulates isoniazid-mediated superoxide generation 
[8]; it facilitates dissociation of oxygen from 
haemoglobin [13] and myeloperoxidase [8]. The 
latter property of phytic acid may well apply to other 
haem proteins, such as catalase. Phytic acid seems 
to be unique in its ability to affect the redox 
transformation of isoniazid [8] and to sustain haem 
spectral transformations in isoniazid-catalase systems 
(Fig. 8A), since other iron chelators, such as 
diethylenetriamine-pentaacetate (DTPA),  were 
without effect (results not shown). 

The increase in hydroxylation and TBARS 
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Fig. 9. Schematic representation of reactions used to monitor generation of hydroxylating and nitrating 
species during isoniazid oxidation. INH denotes isoniazid (isonicotinic acid hydrazide) and INHox its 
oxidation products (including superoxide). Our results suggest that the box in the scheme (upper left) 

can be replaced by peroxynitrous acid (ONOOH). 

formation as a function of phytic acid concentration 
(Fig. 1), strongly argues against the involvement of 
transition metal-catalysed "OH formation. Phytic 
acid has been shown to form a unique iron chelate 
which greatly accelerates Fe2+-mediated oxygen 
reduction yet blocks iron-driven "OH generation 
and suppresses lipid peroxidation [13]. Isoniazid- 
mediated hydroxylation (Fig. 1; curve 1) and TBARS 
formation (curve 2) in the presence of catalase had 
peak levels at i mM phytic acid and then increased 
again above about 2 mM. These results can be 
interpreted as follows: relatively low concentrations 
of phytic acid had a stimulating effect on catalase to 
promote isoniazid oxidation and thus hydroxylation 
and TBARS yields increased with phytic acid 
concentrations up to 1 mM. At higher phytic acid 
concentrations, catalase was increasingly inactivated 
due to the formation of compound II (Fig. 8A). 
Thus at high concentrations, phytic acid seems to be 
the only mediator of isoniazid oxidation. Compound 
II (ferryl catalase), however, was still capable of 
stimulating hydroxylation. This is suggested by the 
lower yields of hydroxylation in the absence of 
catalase (Fig. 1; curve 3) and the attainment of a 
plateau hydroxylation level at about 2.5 mM phytic 
acid. Of further interest is the fact that nicotinic acid 
hydrazide, the meta-isomer of isoniazid, was a 
relatively weak inducer of aromatic hydroxylation. 
We have recently shown that nicotinic acid hydrazide, 
in contrast to isoniazid, generated negligible amounts 
of O5 during its auto-oxidation [20]. Thus, a 
correlation between superoxide generation and 
aromatic hydroxylation might exist. Such a cor- 
relation is strengthened by the fact that a xanthine 
oxidase superoxide-generating system stimulated 
hydroxylation nearly 40-fold and that SOD sup- 
pressed hydroxylation (Table 1). 

During phytic acid-mediated oxidation ofisoniazid, 
the UV spectrum of the hydrazide showed an 
increase in absorbance at 302 nm (Fig. 3). With the 
additional presence of gallic acid, which increased 
the rate of superoxide generation, a further increase 
in 302 nm absorbance was noted. Furthermore, there 

was a good correlation between steady-state 
absorbance at 302 nm and end-point hydroxylation 
(Fig. 4). Our results thus suggest that superoxide is 
required to form the 302 nm-absorbing product, 
which decomposes to generate the hydroxylating 
species. 

The question about the nature of the hydroxylating 
species still remains open, since phytic acid prevented 
"OH generation in a possible iron-catalysed Haber-  
Weiss reaction. In a previous study we have suggested 
a cytochrome P450-1ike mechanism for hydroxylation 
during the myeloperoxidase-oxidase oxidation of 
hydrazines [8]. We cannot rule out a P450 
hydroxylation mechanism for the catalase-mediated 
oxidation of isoniazid (Fig. 1), although the 
catalase haem was much more resistant to redox 
transformation than myeloperoxidase. During mye- 
loperoxidase-catalysed oxidation of isoniazid, 
1.8 mM phytic acid was sufficient to transform all 
enzyme to its Compound Ill  form within 1 min [8]. 
With catalase, transformation to Compound II in 
the presence of 5 mM phytic acid and 200/tM 
isoniazid, still continued after 1 hr (Fig. 8A). In any 
case, a P450 mechanism cannot explain aromatic 
hydroxylation in the non-enzymatic system (Fig. 
1; curve 3). The fact that mannitol inhibited 
hydroxylation to some extent (Table I) suggests that 
"OH could be involved. 

Another mechanism for generation of a hydroxyl 
radical-like species, has been proposed [10]. Nitric 
oxide reacts with superoxide at close to a diffusion- 
controlled rate of (6.7 +- 0.9) x 109 i mol/sec [21] to 
form peroxynitrite (ONOO-)  which, on protonation, 
yields peroxynitrous acid: 

NO" + 0~- ~ O N O O -  (1) 

O N O O -  + H ÷ ~ ONOOH. (2) 
Peroxynitrous acid has been suggested to decompose 
into highly reactive hydroxyl radicals [10, 11]: 

O N O O H  ~ NO" + "OH. (3) 

However, more recent analyses based on thermo- 
dynamic considerations, preclude formation of free 
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"OH from O N O O H  [22]. It has been suggested that 
a transitory intermediate formed in the isomerization 
reaction of peroxynitrous acid to form nitrate, may 
be the active species responsible for "OH-like 
reactions: 

O N O O H  < - - - >  ~ N - O  .... O H - - - >  

H ÷ + NO3-. (4) 

Peroxynitrite can also decompose via a nitronium 
cation (NO~-) pathway which will be thermo- 
dynamically favoured in the presence of SOD or 
transition metals [19, 23]. The nitronium ion is a 
strong oxidant and nitrating agent [22]. Our results 
show that peroxynitrite-mediated tyrosine nitration 
was also catalysed by catalase (Figs 6B and 7B) and 
it is possible that the nitronium ion was also involved. 
The fact, however, that catalase also promoted the 
hydroxylation reaction (Fig. 7A) and that Compound 
II (ferryl catalase) was formed (Fig. 8C), suggests 
an alternative mechanism. Since peroxynitrite is a 
strong oxidant, it might oxidize catalase to its ferryl 
state, releasing nitrogen dioxide (NOj; reaction 3). 
Compound II thus formed can readily oxidize 
phenolics to phenoxyl radicals which then react with 
nitrogen dioxide to give nitrophenols [24]. Floris et 
al. [25] found that peroxynitrite reacted with 
peroxidases to form Compound II. In the case of 
catalase, however, the rate of decomposition of 
peroxynitrite, monitored at 302 nm, was unaffected. 
The reason for this negative result, in contrast to 
ours, is not known, but it may be mentioned that 
addition of 25 ttM peroxynitrite to catalase (Fig. 
6A), led to considerable haem modification and 
absorbance increases which can interfere with 
peroxynitrite monitoring at 302 nm. Peroxynitrite 
preparations can be contaminated with hydrogen 
peroxide, nitrite and nitrate. To determine the 
effects of these contaminants on haem destruction, 
a delayed-quenched preparation was made (i.e. in 
the synthesis, most of the peroxynitrite was allowed 
to decompose before quenching the reaction with 
NaOH). Figure 8C indicates that this preparation, 
which contained only 2.5 pM peroxynitrite in the 
same volume used in the more concentrated 
preparation described above, was considerably less 
destructive to the catalase haem. Furthermore, in 
contrast to the finding with the more concentrated 
peroxynitrite preparation, formation of Compound 
II could be observed with the delayed-quenched 
preparation. The results thus suggest that haem 
modifications observed in Figs 6A and 8C are due 
to peroxynitrite. These haem modifications could 
also not be reproduced by adding up to 10 mM of 
hydrogen peroxide or nitrite, individually or in 
combination, to native catalase. 

Several typical peroxynitrite-mediated reactions 
could be reproduced in the isoniazid/phytic acid 
system. These are summarized in the reaction scheme 
of Fig. 9. A variety of nitroso compounds that form 
effectively under neutral physiological conditions 
can be conveniently viewed as nitric oxide carriers 
[26]. These include the nitrosamines (or nitrosamides) 
which can be formed as oxidation products of 
hydrazines (or hydrazides) [27, 28]. Nitrosamides, 
which could be an intermediate in the oxidation of 

isoniazid, are unstable at physiological pH and can 
decompose to form nitric oxide [29]. 

The product formed during phytic acid-mediated 
oxidation of isoniazid has a spectrum similar to that 
of authentic peroxynitrite (Fig. 5A), which has a 
peak maximum at 302 nm [10]. Superoxide necessary 
to form peroxynitrite is produced during isoniazid 
oxidation and absorbance at 302 nm increases with 
an increase in the rate of superoxide generation (Fig. 
3). Peroxynitrite is stable in alkaline solutions, but 
decomposes readily at lower pH values [10]. We 
have also observed that bleaching of the 302 nm 
absorbance formed during isoniazid oxidation was 
favoured at acid pH (Fig. 5A). 

Peroxynitrite has been reported to mediate 
tyrosine nitration catalysed by SOD. This resulted 
in a stable yellow adduct of SOD with absorbance 
maximum of 356 nm at pH 6 [19]. Evidence for the 
formation of an absorbance peak at about 350 nm 
was obtained when isoniazid was oxidized in the 
presence of SOD at pH 9 (Fig. 5). Acidification of 
the solution led to bleaching of 302 nm absorbance 
and formation of 350 nm absorbance which coincided 
with that of peroxynitrite-modified SOD [19]. The 
pH dependency of the isoniazid/phytic acid/catalase- 
mediated tyrosine modification (Fig. 8B and D) 
suggests the presence of nitrotyrosine. In addition, 
stimulation of the isoniazid/phytic acid-mediated 
aromatic hydroxylation and TBARS formation by 
catalase and the concurrent generation of ferryl 
catalase, suggest a hydroxylation and nitration 
mechanism similar to that mediated by peroxynitrite. 

Nitric oxide is thought to be the bioregulatory 
factor in many different biological systems, such 
as vascular smooth muscle relaxation, platelet 
deaggregation and neural communication [30, 31]. 
A class of vasodilator drugs include numerous 
compounds of diverse structure, but one common 
chemical property among these compounds is their 
capability of generating nitric oxide under various 
conditions [32]. Of interest is that hydralazine (also 
a hydrazine) is a widely used peripheral vasodilator. 

It has been suggested that rodent macrophages 
produce nitric oxide as part of their cytotoxic 
armamentarium [33]. Since Mycobacterium tubercu- 
losis is phagocytosed by the macrophage, the 
mycobactericidal drug, isoniazid, may aid in 
augmentation of macrophage activity by generating 
peroxynitrite. The potent bactericidal activity of 
peroxynitrite has recently been reported [34]. The 
macrophage contains oxidative enzymes (including 
catalase), as well as a superoxide-generating capacity 
which could generate peroxynitrite or a similar 
species from isoniazid. In addition, isoniazid- 
sensitive mycobacteria contain a haem enzyme with 
peroxidatic and catalytic activity [35, 36] which 
could also be involved in isoniazid-mediated anti- 
mycobacterial activity. 

Acknowledgements--This research was supported by the 
Glaxo International Tuberculosis Research Initiative, The 
South African Medical Research Council and the University 
of Stellenbosch. We are grateful to Andr6 Kriegler for 
skilled technical assistance. 

REFERENCES 

1. Seydel JK, Schaper K- J, Wempe E and Cordes HP, 



2042 J. M. VAN ZYL and B. J. VAN DER WALT 

Mode of action and quantitative structure-activity 
correlations of tuberculostatic drugs of the isonicotinic 
acid hydrazide type. J Med Chern 19: 483-492, 1976. 

2. Hofstra AH, Li-Muller SMA and Uetrecht JP, 
Metabolism of isoniazid by activated leukocytes. 
Possible role in drug-induced lupus. Drug Metab Dispos 
20: 205-210, 1992. 

3. Sinha BK, Enzymatic activation of hydrazine deriva- 
tives. J Biol Chem 258: 796-801, 1983. 

4. Shoeb HA, Bowman BU Jr, Ottolenghi AC and Merola 
AJ, Evidence for the generation of active oxygen by 
isoniazid treatment of extracts of Mycobacterium 
tuberculosis H37Ra. Antimicrob Agents Chemother 27: 
404-407, 1985. 

5. Shoeb HA, Bowman BU Jr, Ottolenghi AC and Merola 
AJ, Peroxidase-mediated oxidation of isoniazid. 
Antimicrob Agents Chemother 27: 399-403, 1985. 

6. van Zyl JM, Basson K, Uebel RA and van der Walt BJ, 
Isoniazid-mediated inhibition of the myeloperoxidase 
antimicrobial system of the human neutrophil and the 
effect of thyronines. Biochern Pharrnacol 38: 2363- 
2373, 1989. 

7. Ferrali M, Signorini C, Ciccoli L and Comporti M, 
Iron release and membrane damage in erythrocytes 
exposed to oxidizing agents, phenylhydrazine, divicine 
and isouramil. Biochem J 285: 295-301, 1992. 

8. van der Walt B J, van Zyl JM and Kriegler A, Aromatic 
hyroxylation during the myeloperoxidase-oxidase oxi- 
dation of hydrazines. Biochem Pharmacol 47: 1039- 
1046, 1994. 

9. Halfpenny E and Robinson PL, The nitration and 
hydroxylation of aromatic compounds by pernitrous 
acid. J Chem Soc 939-946, 1952. 

10. Beckman JS, Beckman TW, Chen J, Marshall PA and 
Freeman BA, Apparent hydroxyl radical production 
by peroxynitrite: Implications for endothelial injury 
from nitric oxide and superoxide. Proc Natl Acad Sci 
USA 87: 1620-1624, 1990. 

11. Hogg N, Darley-Usmar VM, Wilson MT and 
Moncada S, Production of hydroxyl radicals from the 
simultaneous generation of superoxide and nitric oxide. 
Biochern J 281: 419-424, 1992. 

12. van der Vliet A, O'Neill CA, Halliwell B, Cross CE 
and Kaur H, Aromatic hydroxylation and nitration of 
phenylalanine and tyrosine by peroxynitrite. Evidence 
for hydroxyl radical production from peroxynitrite. 
FEBS Lett 339: 89-92, 1994. 

13. Graf E and Eaton JW, Antioxidant functions of phytic 
acid. Free Rad Biol Med 8: 61-69, 1990. 

14. Gutteridge JMC, Ferrous-salt-promoted damage to 
deoxyribose and benzoate. The increased effectiveness 
of hydroxyl-radical scavengers in the presence of 
EDTA. Biochem J 243: 709-714, 1987. 

15. Reed JW, Ho HH and Jolly WL, Chemical synthesis 
with a quenched-flow reactor--Hydroxytrihydroborate 
and peroxynitrite. J A m  Chem Soc 96: 1248-1249, 
1974. 

16. Browett WR and Stillman MJ, Magnetic circular 
dichroism studies on the electronic configuration of 
catalase compounds I and II.Biochim Biophys Acta 
623: 21-31, 1980. 

17. Jouve HM, Pelmont J and Gaillard J, Interaction 
between pyridine adenine dinucleotides and bovine 
liver catalase: a chromatographic and spectral study. 
Arch Biochern Biophys 248: 71-79, 1986. 

18. Keilin D and Hartree EF, Purification of horse-radish 
peroxidase and comparison of its properties with those 

of catalase and methaemoglobin. Biochem J 49: 88- 
104, 1951. 

19. Ischiropoulos H, Zhu L, Chen J, Tsai M, Martin JC, 
Smith CD and Beckman JS, Peroxynitrite-mediated 
tyrosine nitration catalyzed by superoxide dismutase. 
Arch Biochem Biophys 298: 431-437, 1992. 
van der Walt BJ, van Zyl JM and Kriegler A, Different 
oxidative pathways of isonicotinic acid hydrazide and 
its meta-isomer, nicotinic acid hydrazide, lntJ Biochem, 
in press. 
Huie RE and Padmaja S, The reaction of NO with 
superoxide. Free Rad Res Comrnun 18: 195-199, 1993. 
Koppenol WH, Moreno JJ, Pryor WA, Ischiropoulos 
H and Beckman JS, Peroxynitrite, a cloaked oxidant 
formed by nitric oxide and superoxide. Chem Res 
Toxicol 5: 834-842, 1992. 
Beckman JS, Ischiropoulos H, Zhu L, van der Woerd 
M, Smith C, Chen J, Harrison J, Martin JC and Tsai 
M, Kinetics of superoxide dismutase- andiron-catalyzed 
nitration of phenolics by peroxynitrite. Arch Biochem 
Biophys 298: 438-445, 1992. 
Priitz WA, M6nig H, Butler J and Land E J, Reactions 
of nitrogen dioxide in aqueous model systems: oxidation 
of tyrosine units in peptides and proteins. Arch Biochem 
Biophys 243: 125-134, 1985. 

25. Floris R, Piersma SR, Yang G, Jones P and Wever R, 
Interaction of myeloperoxidase with peroxynitrite. 
A comparison with lactoperoxidase, horseradish 
peroxidase and catalase.Eur J Biochem 215: 767-775, 
1993. 

26. Stamler SS, Singel DJ and Loscalzo J, Biochemistry of 
nitric oxide and its redox-activated forms. Science 258: 
1898--1902, 1992. 

27. Mirvish SS, Formation of N-nitroso compounds: 
chemistry, kinetics, and in vivo occurrence. Toxicol 
Appl Pharmacol 31: 325-351, 1975. 

28. Tatsumi K, Kitamura S and Sumida M, Formation of 
N-nitrosodiphenylamine from 1,1-diphenylhydrazine 
by rat liver microsornal preparations.Biochern Biophys 
Res Commun 118: 958--963, 1984. 

29. Shank RC, Toxicology of N-nitroso compounds. 
Toxicol Appl Pharmacol 31: 361-368, 1975. 

30. Lipton SA, Choi Y-B, Pan Z-H, Lei SZ, Vincent Chen 
H-S, Sucher NJ, Loscalzo J, Singel DJ and Stamler JS, 
A redox-based mechanism for the neuroprotective and 
neurodestructive effects of nitric oxide and related 
nitroso-compounds. Nature 364: 626-632, 1993. 

31. Ignarro LJ, Nitric oxide-mediated vasorelaxation. 
Thromb Haemost 70: 148-151, 1993. 

32. Ignarro JI, Heme-dependent activation of soluble 
guanylate cyclase by nitric oxide: regulation of enzyme 
activity by porphyrins and metalloporphyrins. Semin 
Hematol 26: 63-76, 1989. 

33. Marietta MA, Yoon PS, Iyengar R, Leaf CD and 
Wishnok JS, Macrophage oxidation of L-arginine to 
nitrite and nitrate: Nitric oxide is an intermediate. 
Biochemistry 27: 8706-8711, 1988. 

34. Zhu L, Gunn C and Beckman JS, Bactericidal activity 
of peroxynitrite. Arch Biochem Biophys 298: 452-457, 
1992. 

35. Devi BG, Shaila T, Ramakrishnan T and Gopinathan 
KP, The purification and properties of peroxidase in 
Mycobacterium tuberculosis H37Rv and its possible 
role in the mechanism of action of isonicotinic acid 
hydrazide. Biochem J 149: 187-197, 1975. 

36. Basson K, van Zyl JM and van der Walt B J, Isolation 
and characterization of the catalase-peroxidase enzyme 
of Bacille Calmette-Gu6rin: effect of isoniazid. S Af t  
J Sci 87: 507-513, 1991. 

20. 

21. 

22. 

23. 

24. 


