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SUMMARY

Mitoxantrone (1,4-dihydroxy-5,8-bis{2-[(2-hydroxyethyl)amino-
Jethyi}amino-9,10-anthracenedione; MXH,) is a novel antican-
cer agent that is useful in the treatment of leukemia and breast
‘cancer. In contrast to other anthracenedione-based agents,
this drug causes fewer side effects, mainly because it is resis-
tant to metabolic reduction. We investigated the interaction
between MXH, and inorganic nitrite (NO, ™) in aqueous solu-
tions and found that this drug undergoes acid-catalyzed oxi-
dation by nitrite. The rate of this reaction measured versus
[NaNO,] at constant pH or versus pH at constant [NaNO,] was
found to be directly proportional to the actual HNO, concen-
tration, indicating HNO, to be the major oxidizing species.
Involvement of ‘NO and/or NO,' radicals as minor oxidants is

suggested based on the dependence of the rate of oxidation on
the presence of air. Spectrophotometric and electron paramag-
netic resonance analyses indicate that early products of the
reaction are identical to those generated by oxidation of MXH,
by a horseradish peroxidase/hydrogen peroxide system. The
major product is hexahydronaphtho[2,3-flquinoxaline-7,12-di-
one, which is formed by intramolecular cyclization of one alky-
lamino side chain in the oxidized, diiminoquinone MX(N) form of
the drug. This study shows that MXH, effectively scavenges
HNO, and possibly other nitrogen oxides. Because these re-
active forms of nitrogen may be present in vivo, this property of
the drug may be relevant to its biological or perhaps anticancer
activities.

MXH, (1,4-dihydroxy-5,8-bis{2-[(2-hydroxyethyl)amino]-
ethyl}amino-9,10-anthracenedione) (Fig. 1) is a novel anthra-
cenedione-based anticancer agent that is effective against
certain types of malignancies, especially leukemia and breast
cancer (1, 2). The drug shows markedly diminished cardio-
toxicity compared with that of the more widely used antican-
cer agents adriamycin and daunorubicin (2-5) while still
retaining anticancer activity. It is therefore an attractive
alternative drug in cancer chemotherapy.

The exact mechanism of action of MXH,, is unknown, al-
though it has been linked to the ability of the drug to bind to
DNA (6) and to inhibit DNA and RNA synthesis (7). In
contrast to other quinone-based anticancer agents, MXH,
does not readily undergo metabolic reduction and does not
redox cycle (8, 9). Recent evidence shows that the biological
activity of the drug may be due to oxidative activation. It has
been reported that HRP/H,0,, cytochrome P450, and myelo-
peroxidase/H,0, oxidize MXH, (10-14) to a metabolite,
which has been identified as MH, (hexahydronaphtho{2,3-
flquinoxaline-7,12-dione) (Fig. 1), formed by intramolecular
nucleophilic addition of the side-chain amino group to the
ring C7 atom (12). This structural transformation of the drug
chromophore renders its oxidation an irreversible process.

The major metabolite MH,, is a redox active compound. It
can be readily oxidized by HRP/H,0, and then reduced to

MH,, by good electron donors such as ascorbate (11). Thus, it
seems that the oxidative transformation of MXH, contains
irreversible as well as reversible steps, as described by eq. 1.

-2 cyclization -2
MXH, —> MXH;** (oxidized) === MH, == MH,;?* (1)

+2e

We studied the reactions of MXH, in the presence of NO, ™ as
a function of pH and found that in acidic solutions the drug
undergoes oxidation. HNO, has been identified as the most
important oxidizing species. The rationale behind this study
is that (i) MXH, is administered intravenously to cancer
patients (2) and therefore it may interact directly with blood
components. (ii) The pH of many cancer cells is acidic. Al-
though the pH values in various malignant tumors are in the
range of 6.0-6.5 (15), values as low as 4 and 3 were reported
for solid tumors (16). (iii) In this acidic environment, NO,~
exist partially as HNO, [pK, (HNO,/NO, ™) = 3.35] (17). The
primary source of nitrite in vivo is the diet. Another source of
the nitrite may be aerobic oxidation of 'NO (18). ‘NO is
produced metabolically by various types of cells and by acti-
vated macrophages and neutrophils in the blood (18, 19). (iv)
HNO, is a potent oxidant known to react with phenols, hyd-
roquinones, and aromatic amines (20-22). These functional

ABBREVIATIONS: HRP, horseradish peroxidase; EPR, electron paramagnetic resonance; MXH,, mitoxantrone.
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Fig. 1. Structures of MXH, and its cyclized oxi-
dation product, MH,.
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Fig. 2. Absorption spectra of MXH, (0.1 mm) measured
at pH 3.4 (unbroken), 5.5 (dashes), 6.0 (dots), 7.1 (dash/
dot), and 8.1 (dash/dot/dot). (UV cell light path, 0.4 cm).
Inset, absorption spectra of MXH, at pH 4.0 in phthalate
and acetate buffers (0.1 m).

i 1 A 1 " 1
300 400 500 600
Wavelength (nm)

groups are present in the MXH, structure (Fig. 1). It is
therefore likely that reactions of MXH, with HNO, that we
describe could model some intracellular processes of the drug
in vivo.

Materials and Methods

MXH, (the dihydrochloride form) was obtained from the Drug
Synthesis and Chemistry Branch, Developmental Therapeutic Pro-
gram, Division of Cancer Treatment, National Cancer Institute (Be-
thesda, MD). Sodium nitrite (99.9%) and HRP (Type VI) were from

Sigma Chemical (St. Louis, MO). H,0, (30%; Fisher Scientific, Fair .

Lawn, NJ) was diluted, and its concentration was determined spec-
trophotometrically at 240 nm using molar absorptivity of 39.4 M~!
cm™'. Stock solutions of MXH, (11 mM) and nitrite (1 M) were
prepared in deionized water. Measurements were performed in ace-
tate and phthalate buffers (0.1 M) for the pH 3.4-6.0, and in phos-
phate buffers (0.05 M) for pH 7.1 and 8.1. Absorption spectra were
measured in a quartz cuvette (0.4-cm light path) using Hewlett-
Packard diode array spectrophotometer model 8451A (Palo Alto,
CA).

Kinetic measurements were carried out by measuring the time
course of the absorbance at 662 nm corresponding to the absorption
maximum of the monomeric form of the drug. The rates of the
oxidation of MXH, were calculated directly from the experimental
kinetic runs (see Fig. 5A). Because the kinetic runs began at different
levels depending on pH, the rates were also calculated taking into
account differences in the initial concentrations of monomers. This
was accomplished by deconvoluting the experimental absorption
spectra of MXH,,, obtained at pH 3.4-6.0, in the 450-750-nm range

800

using Microcal Origin (version 3.5; Northampton, MA). The best fits
were obtained using four gaussian curves,! and the peak heights at
662 nm were normalized to that at pH 3.4 (100% monomer). Rates
calculated using these two approaches gave identical results.

EPR measurements were carried out using a Varian E-109 Cen-
tury Line EPR spectrometer (Palo Alto, CA) operating at 9.5 GHz
with 100 kHz modulation. Samples were transferred to an aqueous
flat quartz EPR cell, and the first scan was started <1 min after the
start of the reaction (i.e., the addition of nitrite). Subsequent scans
were executed at defined time intervals. Values for g factors of the
MXH,-derived radicals were determined versus a standard (Fremy’s
salt, g = 2.0055) in a capillary attached to the EPR cell.

Results

Absorption Spectra

The UV/VIS absorption spectra of MXH, measured in so-
lutions of varying pH are shown in Fig. 2. The compound has
two absorption maxima in the visible region, at 662 nm and
612 nm, and a shoulder around 570 nm. The optical proper-
ties of the drug are concentration and pH dependent (23, 24);
this is because the drug molecules show a strong propensity
to form dimers especially at or near neutral pH. With more
acidic solutions, the absorption maximum at 662 nm in-
creases (Fig. 2), which corresponds to an increase in the
concentration of the monomeric form of the drug. Spectral

! The curves were centered at 662, 610, and 569 nm. The A, of the fourth
peak was pH dependent, ranging from 537 to 5563 nm.
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Fig. 3. Absorption spectra of MXH, (0.1 mm) at pH 4.0 (aerated phtha-
late buffer, 0.1 m). A, In the presence of NaNO, (5 mm). a, Before NaNO,
addition. b—d, Recorded at 1-min intervals. e, Observed after sodium
ascorbate addition (excess) to sample d. B, Spectra observed during
oxidation of MXH, (0.1 mm) by HRP/H,0,; [HRP] = 10 ug/ml, [H,0,] =
1.5 mm. a, MXH, and H,0, before HRP addition. b, After HRP addition.
¢, After ascorbate (excess) addition to sample b.

lines measured in acetate buffers at pH 3.4-6.0 show an
isosbestic point at A,,, = 682 nm (Fig. 2), confirming that in
this pH range MXH, exists predominantly in monomeric and
dimeric forms. We noticed that in phthalate buffers, the
concentrations of monomers tended to be higher compared
with those in acetate buffers at the same pH (Fig. 2, inset).
Nevertheless, reactions of the drug with nitrite in acetate
and phthalate buffers occurred with similar rates and af-
forded identical products.?

Interaction of MXH, with NO,™

The reaction of MXH, with nitrite was studied by measur-
ing the absorption spectrum of the drug as a function of pH,
nitrite concentration, and time of reaction. EPR experiments
were carried out to determine whether the reaction of MXH,
with nitrite gives rise to free radical products. The results
were compared with those from parallel experiments, in
which the drug was oxidized by HRP/H,O, under otherwise
identical conditions.

Spectrophotometric study. The addition of NaNO, to
MXH, in acidic buffers caused the absorption maxima of
MXH, at 612 and 662 nm to decrease. Simultaneously, the
color of the solutions turned from blue to magenta. Fig. 3A
shows the corresponding absorption spectra recorded during
successive intervals at pH 4.0 (phthalate buffer). These spec-

2 Absorption spectra produced by treating MXH, with HNO, in acetate and
phthalate buffers of the same pH showed some differences. Similar differences
were observed when MXH, was oxidized by HRP/H,0, in these buffers. How-
ever, the spectra of MXH, reacting with HNO, and with HRP/H,O, in phtha-
late buffer are identical. Also, the spectra from MXH,/HNO, and MXH,/HRP/
H,0, in acetate buffer are similar.

tral changes indicate that the drug undergoes oxidation be-
cause similar behavior was observed when MXH, was
treated with an enzymatic oxidation system, HRP/H,0,, at
pH 4.0 (Fig. 3B). When ascorbate, a reducing agent, was
added to the MXH,, solution treated with nitrite, strong new
absorption bands developed, with A, at 590 and 638 nm
(Fig. 3A, e). A similar spectrum was observed when ascorbate
was added to the sample containing MXH, oxidized with
HRP/H,0, (Fig. 3B, c). Therefore, the ascorbate-generated
absorption spectra in Fig. 3, A and B, are assigned to MH,,
the reduced form of the MXH,, oxidation product (11, 12).

Fig. 4 shows spectra of MXH, in acetate buffer, pH 5.5,
recorded before and after the addition of nitrite and HRP/
H,0,. In general, the oxidation of MXH, in acetic and phtha-
late buffers proceeded in a similar manner, with the major
difference being that in the former buffers the spectra of the
reduced product, MH, (Fig. 4A, d; Fig. 4B, e), have only one
well-developed maximum at 588 nm and a shoulder at 636
nm. This is in contrast to the spectra in phthalate buffers,
which showed two maxima (Fig. 3). Thus, it seems that in
acetate buffers, molecules of the newly formed MH, chro-
mophore are extensively dimerized. These observations are
in agreement with earlier reports on MXH, oxidation by
HRP/H,0, (11, 12).

We note that after the reaction with ascorbate, the inten-
sities of the bands at 588 nm at pH 5.5 in the MXH,/NaNO,
and MXH,/HRP/H,0, systems (Fig. 4, A and B) were very
similar, suggesting that in both samples the amounts of
accumulated oxidation products were almost the same. The
same pattern was observed at pH 4.0 (Fig. 3, A and B). From
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Fig. 4. Absorption spectra observed during oxidation of MXH, (0.1
mM) at pH 5.5 (aerated acetate buffer, 0.1 M) using (A) NaNO, and (B)
HRP/H,0,. a, Before oxidation. A, b and ¢, Recorded 1 and 2 min after
nitrite addition. [NaNO,] = 46.7 mm B, b-d, Recorded 60, 120, and 150
sec after initiation of the reaction with HRP. [HRP] = 2.5 ug/mi; [H,0,]
= 210 um. Spectra d (A) and e (B) were observed after the addition of
an excess of ascorbate to the oxidized MXH, solutions.
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Fig. 5. Effect of pH on the oxidation of MXH,. A, Time course of the
absorbance at 662 nm of MXH, recorded at varying pH; [NaNO,] =
constant (9.8 mm). B, Dependence of the rate of MXH,, oxidation on the
HNO, concentration. Oxidation of MXH, (0.1 mm) was followed by
measurement of the decrease in absorbance at 662 nm. Arrow, time of
the addition of nitrite (10 ui of 1 M NaNO,). The [HNO,] concentration
was calculated using the formula: [HNO,] = [H*] [TV(K + [H*]), where
([T] = [HNO,] + [NO,7)) is total nitrite concentration (9.8 mm), and K is
the HNO, ionization constant [pK, (HNO,/NO,~) = 3.35).

this we infer that the major reaction pathway in the presence
of nitrite is MXH, oxidation and that other reaction routes,
such as nitration or nitrosation of the drug molecules, are
less important (vide infra).

The kinetics of drug oxidation was measured by following
the decay of the absorption at 662 nm at varying pH values;
we found that the rates increase sharply as the acidity of the
solution increases (Fig. 5A). Because in acidic solutions NO,~
may partially exist as HNO, (eq. 2) [pK, (HNO,/NO,™) =
3.35 (17)), this observation suggested that

NO,” + H* 2 HNO, (2)

HNO, may be involved in MXH, oxidation. To verify this
hypothesis, we determined the rates of MXH, oxidation at
different pH values and related them to HNO,, concentration
at the respective pH values.® The concentrations of HNO,
were calculated using the known concentrations of NO,~
(added in the form of NaNO,), the actual pH of the buffer,
and the acid pK, value of 3.35. When the initial rates of MXH,
oxidation were plotted versus the HNO, concentrations cal-
culated for a given pH value at constant [NaNO,], a linear

3 Because the content of the monomers and the corresponding absorbance at
662 nm increase as the acidity in solutions increases, the kinetic runs mea-
sured in buffers of different pH started from different levels (Fig. 5A). These
differences in the initial concentration of monomers were taken into account
when calculating rates of the oxidation of MXH, as described in Materials and
Methods.
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Fig. 6. Oxidation of MXH, (0.1 mm) by nitrite at pH 4.0 measured as
decrease of the drug absorbance at 662 nm. A, Kinetic runs a-f were
recorded at [NaNO,] of 0.98, 2.4, 4.9, 9.8, 19.4, and 47.2 mm ([HNO,] =
0.8, 1.96, 4.0, 8.0, 15.9, and 38.6, respectively). Arrow, time of the
addition of NaNO,. B, Dependence of the rate of MXH, oxidation on
[HNO,] at constant pH 4.0.

relationship was obtained (Fig. 5B), consistent with the hy-
pothesis that HNO, is involved.

Fig. 6 shows the kinetics of MXH,, oxidation recorded at a
constant pH of 4.0 but at various NaNO, concentrations. The
rates of oxidation, determined from the kinetic runs in Fig.
6A, are linearly dependent on [HNO,] (Fig. 6B). This further
confirms that HNOQ, is involved in MXH,, oxidation.

The rate of drug oxidation depends on the presence of
oxygen and is lower in nitrogen-saturated buffer than in
air-saturated samples. For example, in a system containing
MXH, (0.05 mM) aAND NANO, (24 MM), the absorption at 668
nm decreased by ~78% in 80 sec in an air-saturated pH 4.0
buffer (phthalate) versus 54% in a N,-purged buffer. This
suggests that in addition to HNO,, other transients derived
from HNO, may be involved in the drug oxidation. Possible
candidates are NO," and ‘NO radicals, which can be formed
according to eqs. 3 and 4. In aerated solutions, the concen-
tration of the strongly oxidizing NO,  species may be higher
than that in air-free samples, on the basis of eq. 5.

2 HNO, 2 N,0; + H,0 3)
N,0; 2 'NO + NO;’ 4)
2°NO + O, = 2 NO,’ (5)

NO, radicals have been shown to oxidize phenols and hydro-
quinones and to react with aromatic amines (25-27). Also,
nitric oxide has the potential to produce radicals from phe-
nolic compounds (28, 29). It is therefore likely that MXH, is
oxidized not only by HNO, but also, although to a smaller
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extent, by NO,’ and possibly 'NO radicals. This aspect of the
MXH, chemistry is under investigation.

EPR measurements. It has been reported that oxidation
of MXH, by HRP/H,0, generates drug-derived radicals as
demonstrated by the detection of an EPR signal (11). We
found that the interaction of MXH, with nitrite in acidic
solutions also leads to free radical products. Fig. 7A shows
EPR signals recorded in intervals from a sample containing
MXH, (1 mM) and sodium nitrite (10 mM) at pH 3.9. The
amplitude of this signal gradually increased over a period of
several minutes and then started to decrease. The line width
of this signal was ~12.5 G, and its g value was determined to
be 2.0032. Change in modulation amplitude or microwave
power had no effect on the resolution of the spectra.

The EPR signal observed during oxidation of MXH, by
HRP/H,0, at pH 3.9 is shown in Fig. 7B. Its g value was
2.0032, and its line width was ~11.7 G. Thus, the two signals
are very similar. This suggests that radicals produced by
these two oxidizing systems are also similar or perhaps even
identical, at least during the early stages of the reaction. This
seems reasonable because HNO,, NO,’, and HRP/H,,0, func-
tion as one-electron oxidants, and therefore oxidation of
MXH, by these systems could result in the formation of the
same radicals. Prolonged reaction of MXH, with HNO, may,
however, yield nitrosated products (vide infra), which may
then give rise to different radical species. It is likely that the
small difference in line widths of the EPR signals produced
through oxidation of the drug by nitrite and by HRP/H,0,
(Fig. 7) may have this origin.

Discussion

We studied reactions between MXH, and nitrite anion in
acidic solutions and found that the drug undergoes acid-
catalyzed oxidation by nitrite, with HNO, as the most impor-
tant oxidizing species. This conclusion is supported by the

I 20 min

14 min
8 min

2 min

MXH, + HRP/H,02

Fig. 7. EPR spectra of MXH,-derived radicals generated by oxidation
of the drug at pH 3.9 by (A) nitrite (A) and (B) an HRP/H,O, system.
[MXH,] = 1 mm, [NaNO,] = 10 mm, [HRP] = 50 ug/ml, and [H,0,] = 1
mM. The spectra in A were recorded at 6-min intervals. Reactions were
carried out in aerated solutions. Spectrometer settings were microwave
power, 5 mW; modulation amplitude, 1.65 G; receiver gain, 5 x 10
time constant, 0.125 sec; and scan rate, 4 min/100 G. Arrow, directions
of changes.

Fig. 8. A, Oxidation of MXH, and the MXH,-derived semiquinone rad-
ical MXH(O)' by HNO,. B, Disproportionation of MXH(O)' radicals gen-
erates MXH, and a 1,4-quinone form, MX(O), of the drug.

excellent correlation between the rate of MXH, oxidation and
the HNO, concentration (Figs. 5 and 6).

Results of our UV/VIS and EPR measurements suggest
that oxidation of MXH, by HNO, and HRP/H,0, proceeds
through the same stages, yielding the oxidized metabolite,
MH,2*, as the major oxidation product, and that other pos-
sible processes such as nitrosation or nitration are less im-
portant.*

The oxidative transformation of MXH, to MH, is a highly
complex multistep process involving irreversible as well as
reversible stages, during which one-electron oxidation prod-
ucts, free radicals, and two-electron oxidation products, qui-
nones, and quinone imines can be formed. MXH, molecules
possess two types of reactive centers that can be attacked by
HNO,: the hydroquinone and the secondary amine (aromatic
and alkyl)® moieties (20-22). The proposed pathway for the
oxidation of MXH, by HNO,, is a two-step process that in-
volves, first, the oxidation of the hydroquinone moiety to a
semiquinone radical, MXH(O)', and, second, the oxidation of
this radical by another HNO, molecule to MX(0), a 14-
quinone form of the compound (egs. 6 and 7; Fig. 8A). This
mechanism is similar to that proposed for the oxidation of
hydrobenzoquinone by HNO, (21). Alternatively, the
MXH(O)' radicals may be disproportionate to MXH, and
MX(O) (eq. 8; Fig. 8B).

MXH, + HNO, - MXH(O)' + 'NO+H,0 (6)
MXH' + HNO, — MX(O) + 'NO + H;0 )
2 MXH' & MXH, + MX(O) €)

The MXH,-derived radical may also react with 'NO and NO,’
radicals produced in situ to yield nitrosation and nitration
products, respectively. The 1,4-quinone MX(O) is a strong

“ Products of the reaction of MXH, with HNO, are identical to those pro-
duced by the oxidation of the drug by HRP/H,0, only in the very early stages
of the reaction. Mass spectra of samples in which MXH,, reacted with HNO, for
15 min showed an ion with m/z = 470, suggesting the formation of a nitrosated
product, presumably MH;2*—N==0. It is known that in the presence of HNO,,
secondary amines undergo nitrosation to N-nitrosoamines.

6 Ametantrone, a MXH, analog that lacks the two OH groups in ring A (Fig.
1), also reacted with HNO, (not shown).
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electrophile and may react with exogenous electron donors,

Guch a8 ascerbate or thiels (11=13), but in their absence, it
undergoes intramolecular nucleophilic addition to form the
cyclized product MH, (12, 13). This may occur through the
intermediacy of the 6,8-diiminoquinone resonance form
MX(N), in which the cyclization process is promoted by an
electron-deficient C7 atom (Fig. 9) (12).

It is known that oxidation of MH, can also produce free
radicals (12). Therefore, the observed EPR signal (Fig. 7) may
contain radicals derived from both MXH, and MH,. The
MXH_-derived radicals will dominate during the early stages
of drug oxidation, in which MXH,, either is the only substrate
or is present in large excess, but as the reaction progresses
and MH, accumulates, radicals from the latter compound
will become dominant. Thus, depending on the particular
reaction conditions as determined by the ratio of [MXH,] to
[oxidant], pH, and aeration, oxidation of MXH, may give rise
to a mixture of radicals with a varying proportion of semiqui-
none radicals derived from MXH, and MH, species. In a
situation in which [oxidant] > [MXH,], full conversion to
MH, or MH,2* is expected.

The reaction of MXH, with HNO, is biologically relevant
because this acid may be present in vivo. HNO, is cytotoxic
and carcinogenic (30, 31). It causes mutations through
deamination of DNA bases (32), oxidizes phenols and hydro-
quinones (20, 21), and causes nitrosation of secondary
amines (22). The possible sources of HNO,, in vivo are nitrite
from the diet or that produced in situ by cells from NO (19)
and oxygen (eqs. 5-3). Recently, it was suggested that 'NO
may exert protumor and antitumor activities depending on
its local concentration (33). It is known that the cytotoxic
action of 'NO can be enhanced by the presence of oxygen or
superoxide through the formation of more reactive species,
such as NO,, HNO,, and peroxynitrite (ONOO™). These
reactive nitrogen species are involved in the tumoricidal and
antibacterial action of macrophages (18, 19, 34), but they also
may be harmful to host tissues.

Our study shows that MXH, reacts with HNO, and per-

OH O H\ﬁ’j

0O O
Mm _— ).
2Ht
N SNHR H +N"""NHR

MX(0) MX(N)
oH of OH oﬂm
w2 { NH-R
-
MH,
R AOH

Fig. 9. Equilibrium between the 1,4-quinone and 5,8-diiminoquinone
forms of the oxidized MXH, and the possible mechanism of the forma-
tion of the cyclized product, MH,.

1617

haps with 'NO and ‘NO, radicals and suggests a possible

hiologieal role for the drig as a seavanger of theas highly
reactive nitrogen species. Thus, MXH,, which is adminis-
tered intravenously, may react directly with the nitrogen
species produced by blood components. It is likely that this
property may be responsible, at least in part, for the biolog-
ical activity of the drug in vivo. However, further studies are
needed to establish whether these reactions are pertinent to
the anticancer activity of the drug. The recent discovery of
nitric oxide synthase activity in breast cancer cells (35) and
the presence in these cells of acidic vesicles (pH = <4) (36)
indicate that all conditions that are necessary for the forma-
tion of HNO, are present in this tumor tissue. These obser-
vations are in line with the supposed mechanisms of the
biological and, possibly, anticancer action of MXH,.

In conclusion, MXH; undergoes oxidation by nitrite ions in
an acid-catalyzed process to give MH,, a product that is
identical to that generated by oxidation of MXH, by HRP/
H,0,. HNO, has been identified as the most important oxi-
dizing species, but reaction of the drug with 'NO and NO,’
radicals has not been excluded. Because HNO, and the NO
and '‘NO, radicals can be produced in vivo in the acidic
environment of tumor cells, our results suggest a new and
potentially important role for MXH, as a scavenger of these
reactive nitrogen species.

Oxidation of Mitoxantrone by Nitrous Acid
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