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Abstract—Hydralazine caused site-specific DNA damage in the presence of Cu(II), Co(II), Fe(III), or
peroxidase/H,0,. The order of inducing effect of metal ions on hydralazine-dependent DNA damage
[Cu(Il) > Co(II) > Fe(III)] was related to that of accelerating effect on the O, consumption rate of
hydralazine autoxidation. Catalase completely inhibited DNA damage by hydralazine plus Cu(II), but
hydroxyl radical (¢ OH) scavengers and superoxide dismutase did not. On the other hand, DNA damage
by hydralazine plus Fe(IIT) was inhibited by catalase and ®OH scavengers. Hydralazine plus Cu(II)
induced piperidine-iabile sites predominantly at guanine and some adenine residues, whereas hydralazine
plus Fe(I11) caused cleavages at every nucleotide. Activation of hydralazine by peroxidase/H,0, caused
guanine-specific modification in DNA. ESR-spin trapping experiment showed that ®OH and superoxide
are generated during the Fe(IIl)- or Cu(II)-catalysed autoxidation of hydralazine, respectively, and
that nitrogen-centered radical is generated during the Cu(II)- or peroxidase-catalysed oxidation. The
generation of nitrogen-centered radical was also supported by HPLC-mass spectrometry. The results
suggest that the guanine-specific modification by the enzymatic activation of hydralazine is due to the
nitrogen-centered hydralazyl radical or derived active species, whereas ®OH participates in DNA
damage by hydralazine plus Fe(III). The mechanism of hydralazine plus Cu(II)-induced DNA damage
is complex. The possible role of the DNA damage induced by hydralazine in the presence of Cu(II)

or peroxidase/H,0, is discussed in relation to hydralazine-induced lupus, mutation, and cancer.

Hydralazine, an aromatic hydrazine derivative, has
been widely used in the long treatment of
hypertension [1], but induces a disease with
autoimmune features resembling SLE+ [1,2].
Various methods have revealed that SLE patients’
sera contain antibody against DNA [3-5]. In the
metabolism of hydralazine, although N-acetylation
is the major metabolic pathway, N-acetyl derivatives
have not been considered to be reactive metabolites.
A main predisposing factor for hydralazine-induced
SLE is slow acetylator phenotype [2].

Several hydrazine derivatives, including hydrala-
zine, have been shown to be mutagenic and
carcinogenic [6]. Two epidemiological studies suggest
an association between exposure to hydralazine and
incidence of cancer [7, 8], although recent study has
shown no increased risk with relatively short-term
use of hydralazine [9]. In 1978, Toth reported an
increased incidence of lung tumors in mice treated
with hydralazine [10], which has been confirmed by
Drozdz et al. [11]. Hydralazine has been proved to
be mutagenic in bacterial test systems without rat
liver S-9 activation [12-15].

Regarding the molecular mechanism of hydrala-
zine-induced SLE, mutation, and cancer, it can be
speculated that hydralazine causes DNA damage by
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t Abbreviations: SLE, systemic lupus erythematosus;
DTPA, diethylenetriaminepentaacetic acid; SOD, superox-
ide dismutase; DMPO, 35,5-dimethylpyrroline-N-oxide;
DMPO-OH, hydroxyl radical adduct of 5,5-dimethyl-
pyrroline-N-oxide; POBN, a~(4-pyridyl 1-oxide)-N-tert-
butylnitrone.

some mechanisms other than N-acetylation or S-9
activation. However, the activation mechanism
remains to be clarified. We examined the induction
of DNA damage by metal- or peroxidase-catalysed
activation of hydralazine using P 5’ end-labeled
DNA fragments of defined sequences, and found
that in the presence of Cu(Il), Co(II), Fe(III), or
peroxidase/H,0,, hydralazine causes DNA damage.
The site specificity of the DNA dama_e was different
from site specificity proposed previously by Dubroff
and Reid [16]. The mechanism of the DNA damage
was investigated by UV-visible, ESR and HPLC-
mass spectrometries.

MATERIALS AND METHODS

Materials. Restriction enzymes (Aval, Xbal, Pst)
and T, polynucleotide kinase were purchased from
New England Biolabs. [y-3*P]-ATP (6000 Ci/mmol)
was from New England Nuclear (Du Pont). CuCl,
and other metallic chlorides, ethanol, tert-butyl
alcohol, and sodium formate were from Nacalai
Tesque, Inc. (Kyoto, Japan). DTPA and batho-
cuproinedisulfonic acid were from Dojin Chemicals
Co. (Kumamoto, Japan). Peroxidase (260 units/mg
from horseradish) was from Toyobo Co. (Osaka,
Japan). SOD (3150 units/mg from bovine erythro-
cytes) and catalase (45,000 units/mg from bovine
liver) were from the Sigma Chemical Co. (St. Louis,
MO). Hydralazine hydrochloride, phthalazine,
phthalazinone, and POBN were from Aldrich
Chemical Co. (Milwaukee, WI) DMPO was from
Labotec Co. (Tokyo, Japan).

905



906

Preparation of P 5' end-labeled DNA fragments.
DNA fragments were prepared from plasmid pbcNI
which carries a 6.6-kilobase BamHI chromosomal
DNA segment containing human c-Ha-ras-1 pro-
tooncogene [17,18]. Singly labeled 261-base pair
fragment (Aval* 1645 - Xbal 1905), 341-base pair
fragment (Xbal 1906 - Aval* 2246), 98-base pair
fragment (Aval* 2247 - PstI 2344), and 337 base-pair
fragment (PstI 2345 - Aval* 2681) were obtained
according to the method described previously
[17,18]. The asterisk indicates **P-labeling and
nucleotide numbering starts with the BamHI site
[19].

Analysis of DNA damage induced by hydralazine.
The standard reaction mixture in a microtube
(1.5 mL Eppendorf) contained 0.5 mM hydralazine,
metal ion or geroxidase/ H,0,, sonicated calf thymus
DNA and [**P]DNA fragment in 200 uL of 10 mM
sodium phosphate buffer (pH 7.9) containing 5 uM
DTPA. After the incubation for the indicated
duration at 37°, the DNA fragments were heated at
90° for 20 min in 1 M piperidine where indicated and
treated as previously described [17, 18].

The preferred cleavage sites were determined
by direct comparison of the positions of the
oligonucleotides with those produced by the chemical
reactions of the Maxam-Gilbert procedure [20] using
a DNA sequencing system (LKB 2010 Macrophor).
A laser densitometer (LKB 2222 UltroScan XL) was
used for the measurement of the relative amounts
of oligonucleotides from treated DNA fragments.

Measurements of UV-visible spectra and oxygen
consumption during the autoxidation of hydralazine.
UV-visible spectra were measured at 37° with a UV-
Vis-NIR recording spectrophotometer (Shimadzu
UV-365). Oxygen consumption by the autoxidation
of hydralazine was measured in a thermostated (25°)
water-jacketed glass vessel, fitted with a Clark
electrode (Gilson) according to the method described
previously [21].

ESR spectra measurements. ESR spectra were
measured at room temperature using a JES-FE-3XG
(JEOL, Tokyo, Japan) spectrometer with 100 kHz
field modulation according to the method described
previously [22,23]. Spectra were recorded with a
microwave power of 16 mW and a modulation
amplitude of 1.0 or 0.4 G. The magnetic fields were
calculated by the splitting of Mn(II) in MgO
(AH; 4= 86.9 G). DMPO and POBN were used as
radical trapping reagents. The yield of singlet oxygen
was measured by using 2,2,6,6-tetramethyl-4-
piperidone [23].

HPLC-mass spectra measurements. HPLC was
carried out on a LC-6A HPLC system (Shimadzu,
Kyoto, Japan) using a Cosmosil 5C;g packed column
(4.6 mm i.d. X 150 mm, Nacalai Tesque). Elution
was undertaken at a flow rate of 1 mL/min with a
linear gradient of acetonitrile from 10 to 50%
(0 ~ 10 min) followed by 50% (10~ 40min) in
aqueous ammonium acetate (50mM). Where
indicated, the HPLC eluate was routed directly into
a LCMS-QP1000 quadrupole mass spectrometer
(Shimadzu), fitted with thermospray interface. A
mass range 150-500 was scanned every 2sec and
data were acquired by an Shimadzu PAC200 data
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system. The ion chamber was kept at 250° and the
vaporizer temperature varied between 137 and 142°.

RESULTS

Cleavages of **P-labeled DNA fragments induced
by hydralazine in the presence of metal ions or
peroxidase/H,0,. The extent of DNA damage was
estimated by gel electrophoretic analysis. Figure 1A
shows the effect of metal ions on hydralazine-
dependent DNA damage. No oligonucleotide was
observed with hydralazine alone (lane 2), showing
that hydralazine itself is not a DNA-damaging agent.
Cu(II), Co(II) and Fe(IIT) induced DNA damage in
the presence of hydralazine (lanes 3-5), whereas
Ni(II), Mn(II), Zn(IT), and Cd(II) showed little or
no effect under the present conditions (lanes 6-9).
Metal ion alone induced little or no DNA damage.
The order of ability to induce DNA damage with
hydralazine was Cu(II) > Co(II) > Fe(III). DNA
damage was also observed during peroxidase/H,0,-
catalysed oxidation of hydralazine (Fig. 1B, lane 1).

Figure 2 shows the effect of concentration of
hydralazine on metal ion-mediated DNA damage.
In the case of Cu(Il), the DNA damage was
maximum at 0.5 mM hydralazine and little at 5 mM
(Fig. 2A). On the other hand, the Fe(III)-
mediated DNA damage increased with increasing
concentration of hydralazine (Fig. 2B). The effect
of concentration of hydralazine on Co(II)-mediated
DNA damage was similar to that in the case of
Cu(1I).

Even without piperidine treatment, oli-
gonucleotides were formed by hydralazine plus
Cu(II) (Fig. 2A), Co(II) or Fe(III) (data not shown),
suggesting the breakages of deoxyribose-phosphate
backbone. The amounts of oligonucleotidesincreased
with piperidine treatment in the case of Cu(Il),
Co(II), and Fe(IIl). Since altered base is readily
removed from its sugar by the piperidine treatment,
it is considered that the base alteration and/or
liberation were induced by hydralazine plus Cu(II),
Co(II) or Fe(III).

Effects of scavengers on DNA damage induced by
hydralazine plus Cu(I1) or Fe(III). Figure 3A shows
the effects of SOD, catalase and hydroxyl radical
(®#OH) scavengers on hydralazine plus Cu(Il)-
induced DNA damage. Addition of ®OH scavengers
(ethanol, tert-butyl alcohol), and SOD did not inhibit
DNA damage, although sodium formate inhibited
it. Catalase inhibited the DNA damage, suggesting
the involvement of H,O,. On the other hand,
hydralazine plus Fe(III)-induced DNA damage was
inhibited by tert-butyl alcohol, sodium formate, and
catalase. Ethanol showed some inhibitory effect.
SOD showed little effect (Fig. 3B).

Since hydralazine is supposed to be auto-oxidized
to generate H,0,, the extent of DNA damage by
hydralazine plus Cu(Il) was compared with DNA
damage by H,0, plus Cu(II). Hydralazine plus
Cu(Il) caused DNA damage more efficiently than
H,0; plus Cu(Il) (data not shown). The addition of
a Cu(I)-specific chelating agent, bathocuproine,
completely inhibited DNA damage by hydralazine
plus Cu(II). DTPA inhibited DNA damage induced
by hydralazine in the presence of Cu(II) or Fe(III)
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Fig. 1. Autoradiogram of ¥P-labeled DNA fragments incubated with hydralazine in the presence of
metal ions or peroxidase/H,0,. (A) The reaction mixture contained the P 5' end-labeled 261-base
pair fragment, 5 uM per base of sonicated calf thymus DNA, 0.5 mM hydralazine, metal ion, and 5 uM
DTPA in 200 gL of 10 mM sodium phosphate buffer at pH 7.9. (B) The reaction mixture contained
the 3P 5’ end-labeled 341-base pair fragment, and 5 uM DTPA in 200 uL of 10 mM sodium phosphate
buffer at pH 7.9. Where indicated, 0.5 mM hydralazine, 0.5 unit peroxidase and/or 5 mM H,0, were
added. After the incubation at 37° for the indicated durations, followed by the piperidine treatment,
the treated DNA fragments were electrophoresed on an 8% polyacrylamide, 8 M urea gel (12 X 16 cm),
and the autoradiograms were obtained by exposing X-ray film to the gel. (A) Lane 1, no metal, no
hydralazine, 60 min; lane 2, no metal, 60 min; lane 3, 20 uM CuCl,, 10 min; lane 4, 100 uM CoCl,,
60 min; lane 5, 100 uM FeCl;, 60 min lane 6, 100 uM NiCl,, 60 min; lane 7, 100 uM MnCl,, 60 min; lane
8, 100 uM ZnCl,, 60 min; lane 9, 100 uM CdCl, 60 min. (B) Lane 1, hydralazine + peroxidase/H,0,;
lane 2, peroxidase/H,0,; lane 3, hydralazine + H,0,.
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(data not shown), indicating that metal bound to
DNA is necessary for the DNA damage.

Site specificity of DNA damage induced by
the metal- or peroxidase-catalysed activation of
hydralazine. For the measurement of relative
intensity of DNA cleavages, 2P 5’ end-labeled DNA
fragment incubated with hydralazine in the presence
of peroxidase/H,0, followed by the piperidine
treatment, was electrophoresed and the auto-
radiogram was obtained as shown in Fig. 4.
Autoradiograms were scanned with a laser den-
sitometer (Figs 5 and 6). The DNA cleavage sites
were determined by using the Maxam-Gilbert
procedure [20]. In the presence of peroxidase/H,0,,
hydralazine induced piperidine-labile sites strongly
at every guanine residue (Figs 4 and 5B). Hydralazine
plus Cu(II) induced piperidine-labile sites pre-
dominantly at guanine and some adenine residues
(Figs SA and 6A). The site specificity was different
from that of DNA cleavage induced by H,O, plus
Cu(II) reported previously [17]. The DNA cleavage
by hydralazine plus Fe(IIT) occurred at positions of
every nucleotide (Fig. 6B).

Oxidation of hydralazine in the presence of metal
ions or peroxidase/H,0,. Figure 7 shows changes in
the UV-visible spectrum of hydralazine in the
presence of Cu(Il) with time. When Cu(Il) was

added to a buffer solution containing hydralazine,
the absorption of hydralazine decreased. The spectral
change was biphasic with the fast phase in the first
7 min followed by the slow phase. When hydralazine
of the concentration smaller than that of O, dissolved
in the air-saturated buffer was used, only the fast
phase was observed. The addition of catalase
prompted the autoxidation. HPLC experiment
showed that hydralazine was auto-oxidized to form
phthalazine (80%), phthalazinone (15%), and
unknown oxidative products in the presence of
Cu(Il). The addition of catalase resulted in the
increase of phthalazine yield and the decrease of
phthalazinone yield. When peroxidase/H,0, was
added instead of Cu(Il), hydralazine was oxidized
to form phthalazine (12%), phthalazinone (6%),
and several unknown oxidative products. In the
presence of Fe(IIl), hydralazine was very slowly
auto-oxidized but the oxidation products were similar
to those in the case of Cu(II). One of the unknown
products of Cu(II)-catalysed autoxidation showed
mass spectrum with molecular ion at m/e 274
(M+1), and therefore might be identified as
a dimerization product of phthalazine and 1-
aminophthalazine. LaCagnin et al. reported that the
dimerization product was also produced during the
peroxidase-catalysed oxidation of hydralazine [24].
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Fig. 2. DNA cleavage induced by various concentrations of hydralazine in the presence of Cu(Il) or
Fe(III). The reaction mixture contained the ®P 5’ end-labeled 261-base pair fragment, the indicated
concentration of hydralazine, metal ion, and 5 uM DTPA in 200 uL of 10 mM sodium phosphate buffer
at pH 7.9. (A) 20 uM CuCl, and 25 uM per base of sonicated calf thymus DNA was added and incubated
for 10 min; (B) 100 uM FeCl; and 5 uM per base of sonicated calf thymus DNA was added and incubated
for 60 min. After the piperidine treatment (lanes 1-6), or without the piperidine treatment (lanes 7-
11), the DNA fragments were analysed by the method described in the Fig. 1 legend. Lane 1, 0 mM;
lane 2, 0.2 mM; lane 3, 0.5 mM; lane 4, 1 mM; lane 5, 2 mM: lane 6, SmM; lane 7, 0.2 mM; lane 8,
0.5 mM; lane 9, 1 mM; lane 10, 2 mM; lane 11, 5 mM.
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Fig. 3. Effects of SOD, catalase, and ®OH scavengers on DNA cleavage induced by hydralazine in the
presence of Cu(ll) or Fe(III). (A) The reaction mixture contained the 2P 5’ end-labeled 337-base pair
fragment, 50 uM per base of sonicated calf thymus DNA, 0.5 mM hydralazine, 20 uM CuCl,, scavenger,
and 5 M DTPA in 200 uL of 10 mM sodium phosphate buffer at pH 7.9. (B) The reaction mixture
contained the *P5’ end-labeled 261-base pair fragment, 5 uM per base of sonicated calf thymus DNA,
0.5 mM hydralazine, 100 uM FeCl,, scavenger, and 5 uM DTPA in 200 pL. of 10 mM sodium phosphate
buffer at pH 7.9. After the incubation at 37° for 10 min (A) or 60 min (B), followed by the piperidine
treatment, the DNA fragments were analysed by the method described in the Fig. 1 legend. Lane 1,
no scavenger; lane 2, 30 units of SOD; lane 3, 30 units of catalase; lane 4, 0.8 M ethanol; lane 5, 0.8 M
tert-butyl alcohol; lane 6, 0.2 M sodium formate.
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Fig. 4. Site specificity of DNA cleavage induced by
hydralazine in the presence of peroxidase/H,0, The
%P 5' end-labeled 337 base-pair fragment (Pstl 2345 -
Aval* 2681) in 200 uL of 10 mM sodium phosphate buffer
at pH7.9 containing 5uM DTPA was incubated with
0.5 mM hydralazine and 0.05 unit peroxidase/2 mM H,0,
at 37° for 90 min. After the piperidine treatment, the DNA
fragment was electrophoresed on an 8% polyacrylamide,
8M urea gel using a DNA-sequencing system and the
autoradiogram was obtained by exposing X-ray film to the
gel (lane 1). The lanes T + C and G represent the patterns
obtained for the same fragment after cleavage by the
chemical methods of Maxam and Gilbert [20].

With hydralazine autoxidation, Cu(II) strongly
accelerated the O, consumption approximately equal
to hydralazine concentration. In the case of the
Co(II)-catalysed autoxidation of hydralazine, O,
consumption was biphasic with faster initial phase
extending until about one-half O, per hydralazine
was consumed. Fe(III) auto-catalytically accelerated
the O, consumption. Ni(II) showed less effect than
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Fig. 5. Comparison of site specificity of DNA cleavage
induced by hydralazine in the presence of Cu(Il) and
peroxidase/H,0,. (A) The P 5' end-labeled 98-base pair
fragment (Aval* 2247-Pst12344) in 200ul of 10 mM
sodium phosphate buffer at pH 7.9 containing 5 uM DTPA
and 50 uM per base of sonicated calf thymus DNA was
incubated with 0.5mM hydralazine plus 20 uM CuCl, at
37° for Smin. (B) The same labeled fragment and 5 uM
per base of sonicated calf thymus DNA was incubated with
0.5 mM hydralazine plus 0.05 unit peroxidase/2 mM H,0,
at 37° for 90 min. After the piperidine treatment, DNA
fragments were analysed as described in the Fig. 4 legend,
and the relative amounts of oligonucleotides produced
were measured by scanning the exposed X-ray film with a
laser densitometer. The horizontal axis, the nucleotide
number of human c-Ha-ras-1 protooncogene starting with
the BamHI site [19].
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Fe(III). Mn(II) showed little effect. The order of
catalytic ability in hydralazine autoxidation was
Cu(IT) > Co(II) > Fe(III) > Ni(II) > Mn(II).
Production of free radicals by hydralazine in the
presence of peroxidase/H,0, or metal ions. Spin
trapping method was used to detect free radicals
produced during the autoxidation of hydralazine.
Figure 8A shows that when DMPO was incubated
with hydralazine in the presence of peroxidase/
H,0,, 18 line spectrum was produced. The spin
adduct (ay=15.0G, ayp = 16.6 G, anp =2.6G)
can be assigned to the adduct of nitrogen-centered
radical with DMPO by reference to the reported
constants [25-27]. In order to estimate the reactivity
of the nitrogen-centered hydralazyl radical with
deoxyribonucleotide, the inhibitory effect of deoxy-
ribonucleotide on the formation of the DMPO
adduct was examined. Addition of dGMP and dAMP
inhibited the formation of the DMPO adduct (spectra
A2 and A3), and dTMP and dCMP showed less
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Fig. 6. Comparison of site specificity of DNA cleavage
induced by hydralazine in the presence of Cu(Il) and
Fe(IIT). (A) The P 5’ end-labeled 341-base pair fragment
(Xbal 1906 - Aval* 2246) in 200uL of 10mM sodium
phosphate buffer at pH 7.9 containing 5 M DTPA and
S50uM per base of sonicated calf thymus DNA was
incubated with 0.5 mM hydralazine plus 20 uM CuCl, at
37° for 5min. (B) The same labeled fragment and 5 uM
per base of sonicated calf thymus DNA was incubated with
0.5 mM hydralazine plus 100 uM FeCl; at 37° for 60 min.
After the piperidine treatment, DNA fragments were
analysed as described in the Fig. 5 legend.
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Fig. 7. Changes in UV-visible spectrum of hydralazine plus

Cu(II) with time. Spectra were measured using 2mm

quartz cuvette. Sodium phosphate buffer (20 mM) at pH 7.9

containing 0.5 mM hydralazine and 5 yM DTPA was kept

at 37°. After the addition of 20 uM CuCl,, spectrum was

measured immediately, and spectral tracing was recorded
every 5 min.
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Fig. 8. ESR spectra of the radical adducts of DMPO
produced by hydralazine in the presence of peroxidase/
H,0, or metal ions. Spectrum Al, the sample (100 uL)
contained 0.5 mM hydralazine, 0.025 unit of peroxidase,
2 mM H,0; and 5 uM DTPA in 50 mM sodium phosphate
buffer at pH 7.9; spectrum A2, 0.1 M dGMP was added,;
spectrum A3, 0.1 M dAMP was added; spectrum A4,0.1 M
dTMP was added; spectrum AS, 0.1 M dCMP was added,;
spectrum B, the sample (100uL) contained 2 mM
hydralazine, 20uM CuCl, and 5uM DTPA in 20 mM
sodium phosphate buffer at pH 7.9; spectrum C, the sample
(100 uL) contained 2 mM hydralazine, 100 uM FeCl, and
5 uM DTPA in 20 mM sodium phosphate buffer at pH 7.9.
After the addition of 146mM DMPO followed by
incubation at 25° for 5 min (A) or without incubation (B,
C), aliquots of the solution were taken in a calibrated
capillary, and ESR spectra were measured at room
temperature as described in Materials and Methods.

inhibitory effect (spectra A4 and AS). On the other
hand, when Cu(II) was added instead of peroxidase/
H,0,, another type of signals appeared (Fig. 8B).
The signals (an=14.2G, ayp =11.1G, ayy =
1.3G) can be assigned to the superoxide radical
(03) adduct of DMPO [28]. Figure 8C shows an
ESR spectrum of a spin adduct observed when
DMPO was added to a buffer solution containing
hydralazine and Fe(III). The spin adduct (ay = ag =
14.8 G) can be reasonably assigned to DMPO-OH
by reference to the reported constants [22,23].
Catalase completely inhibited the yield of DMPO-
OH.
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Fig. 9. ESR specira of the radical adducts of POBN
produced by hydralazine in the presence of peroxidase/
H,0, 0r Cu(Il). Spectrum A1, the sample (100 ul) contained
0.5 mM hydralazine, 0.025 unit of peroxidase, 2 mM H,0,
and 5uM DTPA in 20 mM sodium phosphate buffer at
pH 7.9; spectrum A2, 0.1 M dGMP was added; spectrum
A3, 0.1 M dAMP was added; spectrum A4, 0.1 M dTMP
was added; spectrum A5, 0.1 MdCMP was added; spectrum
B1, the sample (100 uL) contained 0.5 mM hydralazine,
20 uM CuCl, and 5 uM DTPA in 20 mM sodium phosphate
buffer at pH 7.9; spectrum B2, 4 mM hydralazine was used
instead of 0.5mM hydralazine. After the addition of
100 mM POBN followed by incubation at 25° for 14 min
(A) or immediately after the addition of 200 mM POBN
(B), aliquots of the solution were taken in a calibrated
capillary, and ESR spectra were measured at room
temperature as described in Materials and Methods.

Figure 9A shows the 3 X 4 line ESR spectrum
obtained by incubation of POBN with hydralazine
in the presence of peroxidase/H,0,. The dominant
splitting is a N triplet (ay =14.8G) and the
secondary splittings consist of a quartet with the
intensity ratio close to 1:2:2:1. The quartet is
considered tooriginate from the combinedinteraction
with one “N nucleus and one proton with splitting
constants, ayeg) = ay = 1.7G. Incubation of
hydralazine with either peroxidase or H,O, produced
no or little free radicals. Addition of dGMP and
dAMP inhibited the formation of the POBN adduct
(spectra A2 and A3), and dTMP and dCMP showed
less inhibitory effects (spectra A4 and AS5). When
Cu(IT) was added instead of peroxidase/H,0,, a
spectrum different from that of nitrogen-centered
radical appeared (spectrum B1). The formation of
the spin adduct (ay = 14.7 G, ay = 1.6 G) was not

BP 41:6/7-E
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inhibited by SOD, excluding the possibility of the
adduct of Oj;. For the present it can not be
identified by reference to the reported constants
[28]. When a greater amount of hydralazine was
added, a mixture of nitrogen-centered radical adduct
and the unidentified adduct was observed (spectrum
B2).

The adduct, which was separated from the reaction
mixture of POBN and hydralazine in the presence
of Cu(Il) by HPLC, showed mass spectrum with
molecular ion at m/e 354 (M+1). The molecular
ion is that expected for POBN-trapped nitrogen-
centered hydralazyl radical, if a hydrogen joins in
the ionization process. Another adduct of POBN
showing mass spectrum with molecular ions at m/e
324 (M+1) was isolated. The molecular ion may
be assigned to POBN-trapped carbon-centered
phthalazinyl radical.

DISCUSSION

The present results show that hydralazine causes
DNA damage in the presence of Cu(II), Co(II), or
Fe(IMI). Neither Ni(II), Mn(II), Zn(II), nor Cd(II)
showed any effect under the present conditions.
Order of inducing effect on hydralazine-dependent
DNA damage was Cu(II) > Co(II) > Fe(III). The
order was consistent with that of catalytic ability in
hydralazine autoxidation. Activation of hydralazine
by peroxidase/H,0, also caused DNA damage.
Although high concentration of hydralazine was
reported to bind to and alter the tertiary structure
of native DNA [29, 30], the present results show
that hydralazine itself does not cause DNA damage.

In previous papers, we proposed that ®OH causes
cleavages at every nucleotide with a little stronger
cleavages at positions of every guanine and thymine
[22]. Singlet oxygen causes alteration of guanine
[31}. In the case of Cu(II) plus H,O,-induced DNA
damage, piperidine-labile sites are thymine and
guanine residues [17]. The present results revealed
that hydralazine plus Fe(III) caused cleavage at
every nucleotide, whereas hydralazine plus Cu(II)
induces piperidine-labile sites predominantly at
guanine and some adenine residues. The site
specificity of hydralazine plus Fe(III)-induced DNA
damage can be explained by the attack by ®eOH.
The site specificity of hydralazine plus Cu(Il)-
induced DNA damage cannot be explained by ®OH,
singlet oxygen or Cu(II) plus H,O,. It is noteworthy
that enzymatic activation of hydralazine caused
guanine-specific alteration. Although the site speci-
ficity is similar to that of DNA damage by singlet
oxygen, singlet oxygen was not detected by ESR
during the oxidation of hydralazine by peroxidase/
H,0,.

In an attempt to interpret the mechanism of DNA
damage induced by hydralazine in the presence of
peroxidase/H,0,, we examined the kind of active
species. ESR-spin trapping experiment showed that
nitrogen-centered radical is generated during the
peroxidase-catalysed oxidation of hydralazine.
Therefore, it can be speculated that the nitrogen-
centered hydralazyl radical causes guanine-specific
modification. However, since the nitrogen-centered
hydralazyl radical was shown to reactive not only to
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dGMP but also to dAMP, alternative mechanism
can be considered. Since it is known that
benzenediazonium ion binds specifically to guanine
residues in DNA [32], there remains a possibility
that the diazonium ion derived from nitrogen-
centered hydralazyl radical causes guanine-specific
modification.

ESR-spin trapping experiments using DMPO
detected ®OH during the Fe(IIl)-catalysed autox-
idation of hydralazine. DNA damage by hydralazine
plus Fe(III) was inhibited by ®OH scavengers. The
results support the idea that hydralazine reacts with
Fe(III) bound to DNA to generate ®OH causing
DNA damage. On the other hand, O; adduct of
DMPO and the adduct of nitrogen-centered
hydralazyl radical with POBN were observed during
the Cu(Il)-catalysed autoxidation of hydralazine.
Although the nitrogen-centered radical or its derived
species may participate in the DNA damage
especially in guanine modification, other active
species can be considered. Catalase inhibited
hydralazine plus Cu(Il)-induced DNA damage,
whereas SOD did not. The results indicate that H,O,
plays an important role in the production of active
species causing the DNA damage and that the DNA
damage is not due to O3. The inhibitory effect of
bathocuproine suggests that Cu(I) also plays and
important role. It can be speculated that Cu(l) is
produced by the reaction of Cu(II) with hydralazine.
Hydralazine produces O; as a consequence of the
autodixation, and then the Cu(II) would rapidly
react with O3;. This would also result in an
appreciable amount of Cu(I) being present compared
to Cu(II). Our previous work suggested that Cu(I)
bound to DNA reacts with H,O, to give ternary
Cu(I)-peroxide complex which causes DNA damage
[17]. Interaction of Cu(I) and DNA has been also
reported by Priitz et al. [33]. Therefore, there arises
a possibility that hydralazine intercalates to DNA
and subsequently Cu(I) plus H,0, reacts readily
with the relaxed DNA.

On the basis of the present results we summarized
a possible pathway of Cu(II)-catalysed oxidation of
hydralazine as shown in Fig. 10. Phthalazine and
phthalazinone have been shown to be the metabolites
of hydralazine by microsomal enzymes requiring
NADPH [34]. The present HPLC experiments
showed that in Cu(Il)-catalysed autoxidation of
hydralazine, phthalazine and phthalazinone are main
and minor product, respectively. The predominant
yield of phthalazine can be explained by assuming
that Cu(I) promotes the phthalazinyl radical
formation from diazonium ion as in the case of the
catalytic function of cuprous salts in Sandmeyer
reaction [35]. The formation of phthalazinyl radical
was suggested by HPLC-mass spectrometry. The
inhibitory effect of catalase on the phthalazinone
formation suggests that phthalazine is produced via
carbon-centered phthalazinyl radical and that
phthalazinone is formed by the reaction of
phthalazinyl radical with H,0,. These raise a
possibility that an intermediate ‘X’ formed by the
reaction of phthalazinyl radical with H,O, causes
DNA damage. In the case of peroxidase-catalysed
oxidation of hydralazine, the production of phthal-
azine and phthalazinone may be through the same

NHNH,
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|
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Fig. 10. A possible pathway of Cu(II)-catalysed autoxidation
of hydralazine.

pathway. The unknown products of the reaction are
thought to be due to the inefficiency of peroxidase
in catalysing the reactions from hydralazyl radical to
phthalazinyl radical and consequent side reactions.
Further researchis necessary to identify active species
in Cu(Il)- or peroxidase-catalysed hydralazine-
induced DNA damage.

Regarding the molecular mechanism of hydrala-
zine-induced SLE, mutation, and cancer, it can be
speculated that the reactivity of hydralazine itself is
more important than those of its metabolites.
Hydralazine induced mutation in bacteria without
exogenous S-9 metabolic activation system [12-15]
and metabolites of hydralazine were neither
genotoxic in mammalian cells nor mutagenic in
bacteria [14]. In addition, McQueen et al. reported
that DNA damage was produced by hydralazine in
hepatocytes from slow acetylator rabbits but not in
those from rapid acetylators [36]. Of particular
interest in this regard, is the report of an increased
incidence (five cases) of carcinoma in 116 patients
treated with hydralazine: four of the five cases
occurred in a small group of 24 patients who had
developed toxic manifestations [7]. Most of the 24
patients seem to be slow acetylators [2]. It can be
speculated that the metabolism of hydralazine in
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slow acetylators includes mainly degradation to
phthalazine through the intermediate of nitrogen-
centered free radical and carbon-centered free
radical. It is noteworthy that during the Cu(II)- or
peroxidase-catalysed oxidation, hydralazine gen-
erates free radicals, and these free radicals or the
derived active species participate in site-specific
cleavage of isolated DNA. Since it was reported that
copper exists in nuclei and plays a key role in
determining the DNA quaternary structure [37-39],
the possibility of Cu(Il)-mediated hydralazine-
induced DNA damage in vivo can be considered.
On the other hand, the metabolic activation of
hydralazine may be catalysed by enzymes similar to
horseradish peroxidase, such as prostaglandin H
synthase, since several laboratories reported that the
prostaglandin H synthase can trigger metabolic
activation of chemicals including carcinogens in vitro
[40], and probably in vivo [41, 42]. Although whether
hydralazine-induced DNA damage in vivo is metal-
or peroxidase-mediated remains to be clarified, the
DNA damage induced by the non-S-9 activation of
hydralazine may be relevant for the expression of
the mutagenic and carcinogenic properties of
hydralazine. The fact that antibodies to chemically
modified DNA is induced is of interest in relation
to hydralazine-induced SLE [43, 44]. Antibodies to
DNA with unusual conformation were observed in
patients with SLE [45,46]. In addition, Weisbart
et al., suggested a strong association between
antiguanosine antibodies and the major mani-
festations of procainamide-induced SLE [47]. Thus,
the present results led us to the idea that the
hydralazine causes DNA damage by non-S-9
activation leading to the alteration of DNA
conformation followed by the formation of anti-
nuclear antibody.
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