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ABSTRACT. Oxidation of the anticancer anthracyclines doxorubicin (DXR) and daunorubicin (DNR) by
lactoperoxidase(LPO)A4®, and horseradish peroxidase(HRP)IH systems in the presence and absence

of nitrite (NO,™) has been investigated using spectrophotometric and EPR techniques. We report that
LPO/H,O,/NO,~ causes rapid and irreversible loss of anthracyclines’ absorption bands, suggesting oxidative
degradation of their chromophores. Both the initial rate and the extent of oxidation are dependent on both
NO,~ concentration and pH. The initial rate decreases when the pH is changed from 7 to 5, and the
reaction virtually stops at pH 5. Oxidation of a model hydroquinone compound, 2estdiutylhydro-
quinone, by LPO/HO, is also dependent on NO however, in contrast to DNR and DXR, this oxidation

is most efficient at pH 5, indicating that LPOJ/8,/NO,~ is capable of efficiently oxidizing simple
hydroquinones even in the neutral form. Oxidation of anthracyclines by HIRRINO,™ is substantially

less efficient relative to that by LPO#B,/NO,™ at either pH 5 or pH 7, most likely due to the lower rate

of NO,~ metabolism by HRP/KD,. EPR measurements show that interaction of anthracyclines and 2,5-
di-tert-butylhydroquinone with LPO/bD,/NO,~ generates the corresponding semiquinone radicals
presumably via one-electron oxidation of their hydroquinone moieties. The possible role ®fQhe
radical, a putative LPO metabolite of NQ in oxidation of these compounds is discussed. Because in
vivo the anthracyclines may co-localize with peroxidase®)41and NQ~ in tissues, their oxidation via

the proposed mechanism is likely. These observations reveal a novel, peroxidase- and nitrite-dependent
mechanism for the oxidative transformation of the anticancer anthracyclines, which may be pertinent to
their biological activities in vivo.

The anthracycline antibiotics doxorubicin (DXR, adria- clines is (are) still not well understood. One potential mech-
mycin)* and daunorubicin (DNR) are the most frequently anism is based on the ability of these agents to participate
prescribed anticancer agents. They are useful in the treatmenin electron-transfer processes, with the subsequent generation
of a number of malignancies including leukemia, non- of free radicals. This property results from the presence in
Hodgkin’s lymphoma, and breast cancd).(The clinical DNR and DXR of two very different types of redox-active
efficacy of these agents is, however, severely limited by dose-groups, namely, the quinone and hydroquinone moieties
dependent side effects, especially cardiotoxicity and develop-(Figure 1, rings C and B, respectively). While these groups
ment of drug resistance,(3). Although several modes of are both capable of generating free radicals, the mechanisms
action have been postulated, the exact molecular mechanismsesponsible are quite different.

responsible for the biological activities of the anthracy-  previous studies have shown that the quinone moiety of
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the Research Service of the Department of Veterans Affairs (M.L.M., & semiquinone _radical, which in the_ presence of oxygen gives
B.E.B.), and Research Grant AI34954 from the National Institutes of rise to superoxide and other reactive oxygen species (ROS)

Health (B.E.B.). (4—9). This reductive activation can be catalyzed by
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sulfonic acid); 1,4-DHB, 1,4-dihydroxybenzeng-ifydroquinone); . - . . .
DNR, daunorubicin; DXR, doxorubicin (Adriamycin); 2,5-DTBHQ, 2.5- Generation of ROS is considered to be especially important

di-tert-butylhydroguinone; EPO, eosinophil peroxidase; EPR, electron in development of anthracycline-dependent cardiomyopathy.

paramagnetic resonance; HRP, HRP-I, HRP-II, horseradish peroxidase Generation of free radicals by the second redox-active
and its compounds | and Il; hfsc’s, hyperfine splitting constants; LPO,

LPO-I, LPO-II, lactoperoxidase and its compounds | and Il; MPO, group, the hydroquinone moiety (Figure 1, ring B), can be
myeloperoxidase; ROS, reactive oxygen species. accomplished by its oxidation. In contrast to the reductive
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, oo 8 OH CH, HRP-I+ QH, — HRP-Il (P-Fé'=0) + Q"™ + 2HJE )
9 | 2
2 T CHR C—CH.
0GCOLE e O
T o e HRP-Il + QH, — HRP (P-F€'") + Q" + 2H" (3)
OCH; w0 HiC CH, OH
g where HRP (PFe'), HRP-I (P*—FeV=0), HRP-II
_ » e . (P—FeV=0), QH,, and Q~ represent HRP in the resting
g; gH gizgfngén(fggnycm) Z>-Di t(ezr’g_kgtTyéthgr)oqumone state, HRP compound I, HRP compound II, hydroquinone,

(DXR) and a semiquinone radical, respectively. P designates the
porphyrin moiety of the heme.

Despite many structural and functional similarities, HRP,

activation described above, oxidative metabolism of these & €nzyme of plant origin, differs markedly from the mam-
compounds has rarely been considered. It has been reportefnalian peroxidases (LPO, MPO, EPO), especially regarding
that in alkaline solutions the hydroquinone moiety of DXR substrate specificity and reactivity of _the|r respective com-
undergoes autoxidation, forming free radicals and leading Pounds | and Il. We were therefore interested to examine
to oxygen consumptionl@, 13). Another process that can ~ Whether anthracyclines could be oxidized by mammalian
lead to oxidation of anthracyclines is interaction with redox- peroxidases, as this can be pertinent to their activities in vivo.
active metal ions. It has been found that at physiological Inthe present work, we carried out detailed investigations
pH, both DNR and DXR form strong complexes with®fe  of the interaction of DNR and DXR with LPOA®,, and
(14—19), but only the DXR-F&* chelate leads to ROS examined the role of nitrite (N©) in these reactions. LPO
formation (16, 17, 19). However, generation of ROS by has been identified in breast tissued2,(33), in airway
DXR—Fe&*" chelates appeared not to involve the hydro- mucous 84), and in saliva and tear8%). In the presence of
quinone moiety. Rather, the hydroxyl group in the alkyl side H:0, the enzyme forms a similar reactive intermediate, LPO
chain at C9 in DXR appears to be responsible, since compound | (LPO-I), and its reactions with Qidan be
analogous DNRFé&* chelates, in which the ligand (i.e., described by equations analogous to those for the HRP
DNR) differs in only the structure of the side chain, were system (egs-13). NO,™ is included in this study because it
unable to generate RO36, 17, 19). is a recognized substrate for peroxidas&6—39) and
One particular mechanism through which hydroquinones because it is known to catalyze peroxidase-mediated oxida-
can give rise to reactive/cytotoxic products such as free tion of various biological targets, including other anticancer
radicals or electrophilic quinones is via oxidation by per- agents 40—46). In addition, NQ~ is present in the body,
oxidase/HO, systems. Such a mechanism may be particu- being produced in tissues by aerobic oxidatiort®, by
larly relevant in vivo (at sites of inflammation or cancer) anaerobic reduction of nitrate (NO, or delivered with the
where the anthracyclines can be exposed to various peroxi-diet. Because N® may co-localize with peroxidases,
dases, such as lactoperoxidase (LPO), myeloperoxidasederoxide, and anticancer agents in vivo, it is important to
(MPO), and eosinophil peroxidase (EPO). Phenolics and investigate its effects on oxidation of anthracyclines. Parallel
hydroquinones are classic examples of peroxidase substrategxperiments using HRP#®, were also performed. Our
(20—25). Anticancer agents such as mitoxantro@é, 27), results point to new and potentially important mechanisms
anthrapyrazoles2g), 5-iminodaunorubicinZ9), and 4-hy- of oxidative modification of anthracycline anticancer agents,
droxytamoxifen 80), all of which contain phenolic and/or ~ which may be pertinent to their biological activities.
hydroquinone moieties, undergo oxidative activation by HRP/
H,O,. In contrast, DXR and DNR appear to be resistant to MATERIALS AND METHODS
this type of metabolism29). While oxidation of highly
concentrated DXR (10 mg/mL in DMSO) to a free radical
was accomplished employing very large doses of HRP (10
mg/mL) (13), a more recent study showed that oxidation of
DXR, but not DNR, can be accomplished employing
micromolar concentrations of HRP in aqueous buff&l)
Peroxidative metabolism involves several steps, the first
of which is the interaction of peroxidase with®} to form

Ficure 1: Structures of anticancer anthracyclines and 2,5-DTBHQ.

ChemicalsDNR (hydrochloride form) was obtained from
the Drug Synthesis and Chemistry Branch, Developmental
Therapeutics Program, Division of Cancer Treatment and
Diagnosis, National Cancer Institute, NIH (Bethesda, MD).
Pharmaceutical preparation of DXR (hydrochloride form)
solution for injection (2 mg/mL) (Ben Venue Laboratories,
Inc., Bedford, OH) was purchased from The University of
2 ; CE s lowa Hospitals and Clinics Pharmacy (lowa City, 1A). Stock
a rgactlg/e |nt<:]rmed|§1te, :30“?90“”0' . ;NE'Ch Is 2 OX'?'Z'ng solutions of DNR (10 mM) were prepared in deionized water
tehqeuwr:sgr:/setoi ;e:lglirt]e?bﬁeeglljcgsﬁg:g czzotme ggﬁzﬁ?s.(rgduce nd stored at #C. 2,5-Ditertbutylnydroquinone (2,5-
baclf to the enzyme’s resting staté in t\F/)vo one-electron- TBHQ, 99%) (Aldrich) was dissolved in methanol (0.1 M).

LPO from bovine milk (EC 1.11.1.7) and HRP (Type VI,

transfer steps with the intermediacy of compound Il which £¢3 111 7) were from Sigma (St. Lous, MO).®4 (30%)
IS the product of the one-electron reduction of compound 1. ., 4 5 4ium nitrite were from Fisher Scientific (Fair Lawn,

During this catalytic turnover, two molecules of the reducing NJ). 2,2-Diazinobis(3-ethylbenzothiazoline-6-sulfonic acid)

substrate are oxidized to radicals. Equations31describe (ABTS) was purchased from Aldrich (Milwaukee, WI). Al

the typical peroxidative cycle for horseradish peroxidase : ; : ;
! . . ) chemicals were of the highest purity available. The concen-
(HRP) with hydroquinone (Qk as a reducing substrate: trations of stock solutions of 4, (exs0 = 39.4 M- cnrY),

. LPO (e412 = 1.12 x 10° M1 cm'3), HRP (a5 = 1.02 x
HRP (P-F€’") + H,0,—~ HRP-I (P""~F€"=0) (1) 105 M~ cm %), NO,~ (eass = 23 M-t cmY), and ABTS
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(€a40= 3.6 x 10* M~ cm™) were determined spectropho- virtually insensitive to changes in pH in the investigated pH
tometrically using appropriate extinction coefficients. Al- range 7.485.08 (Figure 7A,B). Upon reaction with LPO/
though anthracyclines tend to form dimers and higher ag- H,O,/NO,, 2,5-DTBHQ undergoes oxidation to a respective
gregates in aqueous solutions, at concentrations used in thigjuinone, 2,5-DTB quinone, with an absorption maximum at
study, 50uM or less, they are present mostly as monomers 260 nm. At acid pH, the product aggregates/polymerizes as
(18, 47). The extent of aggregation of anthracyclines is even evidenced by increased noncharacteristic absorption extend-
less at acidic pH, due to protonation of the amino group in ing into the visible region of the spectrum (Figure 7B). For
the daunosamine moiety Kp = 7.48, 48). Therefore, this reason, at all pHs the time course of the reaction was
dimerization of these agents should have only a minimal monitored at 260 nm (product accumulation).
effect on our results. Reaction of DNR withiNO,. Two milliliters of DNR (ca.
Peroxidative Actiity of LPO and HRPThe peroxidative 50 uM), in either pH 7.4 (0.1 M, phosphate) or pH 5.0 (0.1
activity of LPO and HRP was determined using an ABTS M, acetate) buffer, was transferred to a 10 mL plastic tube,
assay 49). In this assay, ABTS undergoes oxidation to a thatwas sealed with a rubber septum. With a gastight syringe,
relatively stable radical cation (ABTS which is character-  a desired volume of air-diluted dinitrogen tetroxide;Q¥,
ized by two intense absorption bands at 414 amyE& 3.6 99.5%, Aldrich) was injected into the headspace of the DNR
x 100 M~tcm™) and 660 nmdgeo= 1.2 x 10* M~ cm™). solution through the septum. To facilitate the reaction, the
Briefly, to ABTS (50 uM) in pH 7.0 buffer (50 mM, samples were vigorously mixed by vortexing. Dilution was
phosphate) containing, (50 uM) was added an aliquot  necessary to shift the equilibrium@,; < 2’NO; to the right
of LPO (or HRP), and the time course of absorption changesto expose the drug primarily to monomeriéO,. Dilution
at 660 nm was recorded. The initial rate of ABTS oxidation, also avoids complications due to the fact thaOreacts
measured as the initial slope of theso versus time traces, rapidly with water to form N@ and NG, and causes
was taken as a measure of enzyme activity. acidification, which affects the redox property of DNR. The
Spectrophotometric Measuremendsorption spectraof ~ pH of the samples checked before and after the reaction
aqueous solutions of DNR show a broad band centeredshowed only a small decrease, from 7.4 (5.0) for a nontreated
around 480 nm (Figure 2A, curv&. The position of this sample to 7.22 (4.88) for sample to which the largest amount
absorption maximum does not change appreciably in the pHof *NO, was added. We consider this drop in pH to affect
range used in this study, although its intensity increasesredox properties of DNR only minimally. Oxidation of DNR
slightly upon acidification as a result of increased content was measured by following changes in the absorption
of monomers at acid pH. Spectra of DXR are very similar spectrum of the drug. The amount*bfO, added to samples
to those of DNR. Because of this intense characteristic was determined by measuring [N@and [NO;~] in samples
absorption in the visible region, oxidation of DNR and DXR by using a chemiluminescence technique using a Sievers
was studied by following changes in their absorption spectra nitric oxide analyzer as describe8().
using a Hewlett-Packard diode array spectrophotometer EPR Measurement&PR measurements were conducted
model 8453. Measurements were performed in phosphateusing a Bruker EMX EPR spectrometer with 100 kHz
or acetate buffers (50 mM) in the pH range-84)7 at room modulation and equipped with a T\ cavity. Because of
temperature. Solutions of anthracycline in buffer of a given limited solubility in aqueous solutions, samples of anthra-
pH contained N@ and HO; at the desired concentrations, cyclines for EPR analysis~1 mM) were prepared in pH
and, unless otherwise stated, the reaction was initiated by7.0 buffer/MeOH (2:1 v/v) mixtures. For the same reason,
addition of LPO (or HRP) as the last component. Time course samples of 2,5-DTBHQ were prepared in pH 6.0/MeOH
measurements were carried out following changes in absor-(260:200 v/v) mixture. The reaction was initiated by addition
bance at 480 nm. Data were collected inr250s intervals of an aliquot of HO, as the last component. Next the sample
during continuous stirring of the sample in the cuvette (1 was transferred to an aqueous flat EPR cell, bubbled briefly
cm light path). The initial rates of oxidatiory;, were with N, gas, and positioned in the cavity, and scans were
determined from initial slopes of absorbance versus time executed promptly. All experiments were carried out at room
traces AAysd At (Using a linear regression fitting procedure), temperature.
and converted into M3 units by dividing by 11 500 M*
cm1, the molar absorptivity of DNR and DXR at 480 nm RESULTS
(18, 47). Plots were prepared using determined from fits I . _
with r > 0.99. In preliminary experiments, it was established (A) Oxidation of Anthracyclines by LPO/B,/NG,
that at pH 7.0 and at constant [LPO], 4Bt], and [NO, ], Requirement of NitritdWhen DNR (5Q:M) was incubated
Vi increased continuously when [DNR] changed from 0 to with H,O, (~1 mM) in the presence of nanomolar concen-
50 uM. At [DNR] >50uM, V; changed insignificantly (not  trations of LPO, very slow changes in absorption spectra
shown). Therefore, all experiments were carried out using were observed, suggesting that the compound is a poor
[DNR] not exceeding 5@M, as this concentration seems to peroxidase substrate (not shown). However, addition of
be a good compromise between the requirement that theNO,™ (1 mM) to a reaction mixture containing LPO (62 nM),
compound be present predominantly in the monomeric form H,O, (1 mM), and DNR (5Q«M) in pH 7.0 buffer caused a
and that; should be invariant with respect to small changes gradual decrease in the visible absorption band of the
in [DNR]. The same conditions were applied to DXR anthracycline, suggesting oxidation of the drug (Figure 2A).
samples. The loss of the 480 nm absorption was associated with the
Oxidation of 2,5-DTBHQ was studied using procedures formation of a new weak absorption maximum centered
similar to those applied for DNR. The absorption spectrum around 348 nm (Figure 2A), which can be attributed to an
of 2,5-DTBHQ shows a maximum at 288 nm, which is oxidation product. Isosbestic points were identified at 316



15352 Biochemistry, Vol. 40, No. 50, 2001 Reszka et al.

0.625
S \
0.500 | b A \
4 :
y 03751 i
g i
s I
£ |
5 0250 1 i
° d
<
0.125 | e
0.000 |- g — i
L L L 1 1 ] 1 1 1 1 Il J
300 400 500 600 0 S0 100 150 200 250 300
Wavelength (nm) Time (s)
1 O
0.6
0.5
0.4t
F03t
021
0.1}
0.0
L L —L L L L L NO; consumed, mM
0 50 100 150 200 250 300 L L L L L L
0.0 0.5 1.0 1.5 2.0 2.5
Time (s)
[NaNO,], mM

Ficure 2: (A) Absorption spectra observed during oxidation of L _

DNR by LPO/HO,/NO,~ at pH 7.0 (50 mM phosphate buffes), Ficure 3: Oxidation of DNR by LPO/HO/NO,™ at pH 7.0:
DNR (504M); b, 2 min after addition of N@ (1 mM) and HO, Dependence on [N£]. (A) Time course of absorption changes at
(1 mM) to samples; c—g, 15, 45, 75, 105, and 135 s after addition 480 nm during oxidation of DNR (4aM) by LPO (62 nM) and
of LPO (62 nM) to samplé. (B) Time course of absorption changes H202 (1 mM) at various [NQ"]: 0.125, 0.25, 0.50, 1.0, and 2.5
at 480 nm induced by sequential addition of04 (1 mM), LPO mM for traces a—e, respectively. Additional doses of NO

(62 nM), and NQ~ (1ImM) to DNR (50xM) in pH 7.0 buffer. (equimolar) were added as indicated by arrows (tracésandc).
(B) Initial rate of DNR oxidation)V;, plotted versus [N@]. Inset

L . h h f DNR oxidi N .

and ~365 nm indicating the presence of only two light- shows the percentage o0 oxidized versus;NConsumed

absp rbing chromophore;. , consistent with an earlier report that showed that ascorbate
Figure 2B shows the t|.me course Qf absqrpnon changes g cysteine are rapidly oxidized by LPQGYNO,™ (42).

at 480 nm recorded during sequential additions @O Effect of Nitrite ConcentrationTo further examine the

LPO, and N@ to a DNR sample. It shows that a rapid o S .

decrease in absorption of DNR is observed only after the role of NG;” in thg oxidation of DNR and DXR, the time

addition of NQ ™. The requirement for N© suggests that course F&Sb]sorpglon Chan%ﬁ;gf 48d0[£)”]' (vg{:ls re%(%jed at
; various ~] and constant an o] (Figure .

an LPO metabolite of N, presumablyNO,, may also be / The reaction was carried out at pH 7.0, because at this pH

involved. When DXR was incubated with the same LPO N . -
H.O./NO,~ h ; - - ical oxidation of DNR (ar_nd_l_)XR) is most efflc_lent_ (see below).
20:/NO," system, changes in absorption spectra identical | " - e o4 o0 e intial rate of DNR oxidatioxt, shows

to those recorded for DNR were observed (not shown). This h bolic-t d q Fi 3B). Th
is understandable because both these agents possess identichfYPErholic-lype dependence on [ND(Figure 3B). The
rate of DXR oxidation showed a dependence on §NO

chromophores (Figure 1) and should exhibit the same 7™~ .
peroxidative chemistry. No noticeable precipitate formed as similar to that determined for DNR (data not shown).

a result of the oxidation even when more concentrated Figure 3A also shows that at low [NQ after an initial
solutions of DNR (DXR) were used{364uM). This is in decrease, the absorbance versus time traces level (&acks
contrast to previous studies which showed that oxidation with before oxidation of DNR goes to completion, indicating that
concentrated pD, and sodium periodate leads to formation only a certain percentage of the DNR molecules were
of insoluble materials, consisting primarily of aglycons (from OXidized. That this effect was due to depletion of N@vas
DNR and DXR) and, in the case of DXR, of a carboxylic illustrated by showing that when a second dose of\@as
acid (at C9) derivative of the compourftl( 52). In all these =~ added the reaction resumed (Figure 3A, trages). This
oxidation products, the anthraquinone chromophore remainedrapid depletion of N@" in the investigated system suggested
intact 61, 52). that either N@~ does not redox cycle, or the process is
The oxidation of DXR and DNR was irreversible as relatively inefficient. A relationship between the percentage
addition of reducing agents such as ascorbate or cysteineé®f DNR oxidized versus N© consumed is shown in Figure
did not cause any recovery of the 480 nm absorption (not 3B (inset).
shown). However, addition of ascorbate or cysteine, prior Effect of HO, Concentration.Oxidation of DNR was
to the addition of LPO (or kDy), inhibited oxidation of the investigated at various [}@,] at pH 7.0 (Figure 4A). The
drugs in a concentration-dependent manner (not shown),initial rate of oxidation increased sharply when(®4] was



Oxidative Metabolism of Anticancer Agents Biochemistry, Vol. 40, No. 50, 200115353

|
05 | LPO o 06| LPO | pH
! 0.5
04l
041l
03]
2 203
< 2
02| <
02l
01t 0.1
0.0 00|
0 20 40 60 80 100 120 140 0 30 00 10 200 250 300
Time (s) Time (s)
-— 0.012 1
/ . i
8.0x107 | B - ] _ B
/ 100} . |
" 0.008
6.0x107 S 80y 008 -
Y g 60t
= gox107} Z 40 >
> g . 0.004 L
[ Z o
2.0x107 b 0 ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.000
-
H,0, consumed, mM . B
0.0 J. L : : L ! 1 1 1 1 1 1 A
00 02 04 06 08 10 50 55 60 65 70 75 80
[H,0,], mM pH

FiGure 4: Oxidation of DNR by LPO/HO,/NO,™: Dependence  Figure 5: Oxidation of DNR by LPO/HO,/NO,: Dependence
on [Hx0;]. (A) Time course of absorption changes at 480 nm on pH. (A) Time course of absorption changes at 480 nm during
observed during oxidation of DNR by LPOJB,/NO,~ at various interaction of DNR (5QuM) with LPO (46 nM), HO, (1 mM),
[H20;] at pH 7.0. [RO;] = 25, 99, 248, 497, and 996M for and NG~ (1 mM) at various pHs. The reaction was initiated by

tracesa—e, respectively. (B) Initial rateV;, plotted versus [kD;]. addition of LPO 60 s after the start of recording. Note that at pH
Inset: percentage of DNR oxidation versus,@4] consumed. 7.4 and 7.0 single doses of,8, and NaNQ sufficed to bring
[DNR] = 45uM, [LPO] = 47 nM, [NG,] = 1 mM. oxidation of DNR almost to completion. Additional doses gfd
and NaNQ were added at points “a” and “b”, respectively, in
increased from 0 to~0.3 mM, and at higher [bD] it samples at pH 6.5, 6.1, and 5.7. (B) Initial rates of DNR oxidation,

remained at an almost constant level (Figure 4B). The extentg}’ f\(/)irrSLri]SegI;a/ri éﬁgr(];t);essed Al s and represents the mean
of DNR oxidation also depended onj8;], as the oxidation '
ceased when ¥, was consumed (Figure 4A, tracasd). Second, the decrease in pH was associated with a dramatic
Based on data in Figure 4A, the difference between the initial decrease in the extent of DNR oxidation (Figure 5A).
and finalAsgo levels was used to calculate the percentage of Specifically, while oxidation at pH 7.4 and 7.0 proceeded
oxidized DNR and was plotted versus,® consumed almost to completion{97% at 300 and 200 s, respectively),
(Figure 4B, inset). It shows that under applied conditions the corresponding yields of oxidation at pH 6.5, 6.1, 5.7,
the percentage of oxidized DNR increases linearly with and 5.1 were, approximately, 60%, 28%, 11%, and 3.5%
respect to [HO,] up to ~0.5 mM, reaching~100% at 1 after 150 s, respectively (Figure 5A). The complete cessation
mM H0,. of the oxidation at acid pH, when only a small percentage
Effect of pH It has been shown that phenols and 1,4-DHB of DNR has reacted, was unexpected considering that both
can be oxidized directly by peroxidasegf¥ (in the absence  H,O, and NQ~ were present in large excess over DNR (1
of NO,") with rates that increase on going from acidic to versus 0.05 mM), and that LPO was still enzymatically
alkaline pH @0, 22, 23, 25). In contrast, peroxidases (HRP, active. When additional doses o§®h and NQ~ were added,
LPO, MPO) metabolize N© with rates that increase when the oxidation resumed (Figure 5A, points “a” and “b”,
the pH is changed from neutral to acidic valugs, 37, 39, respectively), suggesting that®, and NQ~ are consumed
40, 45). It was therefore of interest to examine the effect of faster at acid pH and without formation of sufficiently
pH on oxidation of anthracyclines. Figure 5A shows the time reactive intermediates. Essentially identical results were seen
course of absorption changes at 480 nm observed when DNRwith DXR.
reacted with LPO/KLD,/NO,~ in buffers of various pH. The Reaction of DNR withNG,. Because one possible LPO
results show that both the rate of DNR oxidation and the metabolite of N@ is the°*NO; radical, it was necessary to
extent of this process are strongly influenced by pH. First, examine whether the species can oxidize the anthracyclines.
on changing the pH from 7.0 to 5.9; decreases (Figure For this purpose, DNR was exposed to various amounts of
5B). But when the pH was increased from 7.0 to 84, *NO; gas at pH 7.4 and 5.0, after which absorption spectra
decreased (Figure 5A,B); was maximal at neutral pH. were measured. The spectra recorded at pH 7.4 (Figure 6)
From the plot in Figure 5B, the appareridp= 5.9 has been  are similar to those induced by LPO®BL/NO, . Figure 6
determined. Thisi§, is close to that reported earlier for an (inset) shows that the loss of absorption at 480 nm correlates
amino acid residue in LPO, probably the distal histidiag) ( well with the amount ofNO, added (measured as NQ.
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Ficure 6: Oxidation of DNR by"NO,. Typical spectra observed
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and 4.0 mM, respectively. The inset shows loss of the 480 nm
absorption measured at pH 7H)(and 5.0 @).
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This result suggests that if LPOJBE,/NO,~ generatesNO,,

it could contribute to DNR oxidation. Oxidation of DNR by
*NO, at pH 5.0 was substantially less efficient (Figure 6, ' ' I = = priy
inset), which is similar to the reaction carried out by the Wavelength (nm)

enzymatic system.

Ficure 7: Oxidation of 2,5-DTBHQ by LPO/LD./NO,~. (A)

(B) Oxidation of 2,5-DTBHQ by LPOA®,/NO,— Absorption spectra observed at pH 7.0 (50 mM phosphate buffer).
a, 2,5-DTBHQ (50uM); b, after addition of N@~ (250 uM) and

Results from experiments described above show thatLPO (62 nM) to sample; c—f, 15, 30, 60, and 90 s after addition
oxidation of DNR and DXR by LPO/D,/NO," is strongly of H,O, (250u4M) to sampleb. (B) Absorption spectra observed at

_ : - - .« pH 5.1.a, b, same as in panel A but at pH 54--g, 10, 20, 30,
pH-dependent. One possible explanation of this pH effect is 45, and 90's after addition of,8, (250 uM) to sampleb. Note

that ionization of the hydroquinone group in DNR and DXR  that spectrad—g represent those recorded after reaching the
changes in the pH range 5:0.4. lonization of hydroquinone  maximum. Insets in panels A and B: Time course of absorption at
groups might play a role because reduction potentials of 260 nm at pH 7.0 and 5.1, respectively, showing that the rapid
semiquinone/hydroquinone couples decrease on going fromexidation of 2,5-DTBHQ by LPO/ED, is dependent on the
acidic to alkaline pH %3). It has also been reported that Presence of N&.

*NO; reacts readily with a monoanion of 1,4-DHB, while it
does not react, or reacts very slowly, with nonionized 1,4-
DHB (54). Thus, if*NO- is involved, its role in oxidation of
DNR at acid pH would decrease. To find out whether the
observed dependence on pH is unique to DNR (DXR), we
studied oxidation of another hydroquinone compound, 2,5-
DTBHQ,? by LPO/H,O,/NO,~ (Figure 1). This compound
was chosen because we found that its oxidation by LPO/
H,O, alone is inefficient, presumably due to the presence of
two bulky tert-butyl groups that hinder access of the
hydroquinone moiety to the LPO heme. In this respect, the
compound mimics the behavior of the anthracyclines. 2,5-
DTBHQ autoxidizes slowly at pH 7.0, but the reaction is
stopped at acidic pH. In the absence of N(2,5-DTBHQ
undergoes a slow metabolism by LPQ®4, but addition

of NO,™ greatly enhances the process (Figure 7A,B, insets).
Figure 7A shows spectra recorded in intervals at pH 7.0.
Three isosbestic points (237, 278, and 306 nm) indicate that
oxidation of 2,5-DTBHQ gives rise only to one product, most
likely the respective quinone, 2,5-DTBQuinone, identified
by its strong absorption at 260 nm.

Measurements of the time course of absorption at 260 nm
as a function of pH revealed that the initial rate of
2,5-DTBHQ oxidation increases when the pH is changed
from 7.48 to 5.08 (Figure 8A,B); i.e. it parallels the rate of
the metabolism of N@ . From the sigmoid plot o¥; versus
pH, the apparentk, was determined to be 5.9 (Figure 8B).
Data in Figure 8 clearly show that LPO/BL/NO,~ readily
oxidizes 2,5-DTBHQ in the entire pH range studied with
the highest rate at pH 5. This result is opposite to that
observed with DNR and DXR. It shows that LPQ@®/NO,~
can oxidize hydroquinones efficiently even at acid pH, which
suggests that factors other than ionization of the hydro-
guinone moiety play a role in oxidation of the anthracyclines.

The dependence on pH of the oxidation of 2,5-DTBHQ
by LPO/HO,/NO;™ is also opposite to the pH dependence
of peroxidation of 1,4-DHB by MPO/KD; (25) and by LPO/
H,0, (23). Kettle and Winterbourn25) observed that rate
of the oxidation of 1,4-DHB increases when the pH increases
from 5 to 7.4, and is characterized by a distinct lag period.
They found that the lag phase was caused by reduction of
ferric MPO to ferrous MPO by 1,4-DHB benzosemiquinone
— : (formed in a reaction analogous to that given by eq 2), which

?1,4-DHB could not be used in this experiment because the o reacted with ©to form MPO compound 111 (oxyper-
compound is an excellent substrate for peroxidases and is rapidly _ . . .
oxidized by LPO/HO; in the absence of N©, and, therefore, the  0Xidase). Compound Ill of peroxidases is considered to be
catalytic role of NQ~ could not be unequivocally demonstrated. outside the normal peroxidase cycle, and its formation retards
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Ficure 8: Oxidation of 2,5-DTBHQ by LPO/bD./NO,: De-

pendence on pH. (A) Time course of absorption changes at 260 o ]

nm during interaction of 2,5-DTBHQ (50M) with LPO (46 nM), Ficure 9: Oxidation of DNR by HRP/KD, at pH 7.0. (A) Time

H»0, (2501M), and NQ~ (2501M) at various pHs (as indicated). ~ course of absorption changes at 480 nm during sequential addition

The reaction was initiated by addition ob®, 30 s after the start ~ 0f H20, (1 mM), HRP (0.18M), NO,~ (1 mM), and LPO (0.14

of recording. (B) Initial rates of the reactiow, plotted versus pH. ~ #M) to DNR (504M) in pH 7.0 buffer. Peroxidative activities of
HRP and LPO were equalized based on the initial rate of ABTS

: . oxidation (1.6uM/1 s), determined in separate experiments. (B)
recovery of ferric peroxidase and, consequently, slows down Spectra of DNR (36.4:M) at pH 7.0 in the presence of HRP (1

oxidation of substrates. We did not observe the lag phase,m), H,0, (1 mM), NaNG, (1 mM) recorded (froma to h) 0, 1,
during oxidation of 2,5-DTBHQ by LPOAD./NO,~ (Figure 3, 6, 10, 15, 20, and 25 min after, addition, respectively. The
8). Our results suggests that MOcan markedly modify ~ spectrum i” is HRP (1xM) only. The absorption peak at 420 nm

Wavelength (nm)

peroxidation of hydroquinones, possibly because, N represents HRP-II.

an excellent LPO substrate, and reacts rapidly with the less ) -

reactive forms of the enzyme LPO-Il and LPO-I8§| 55). Figure 9B shows absorption spectra from a system consisting

In contrast, 2,5-DTBHQ is unable to reduce LPO-II (data ©f PNR (36.4uM), HRP (14M), H-0; (1 mM), and NQ™

not shown). (1 mM) recorded over the period of 25 min. Two isosbestic
points were identified at 316 and 349 nm. The peak at 420

(C) Oxidation of Anthracyclines by HRP/E, nm (Figure 9B) formed after ¥, addition corresponds to

HRP-II (20). It persisted even in the presence of NO

Because HRP is frequently employed to study peroxidative indicating that reduction of HRP-II by NO must be a very
metabolism of drugs and other xenobiotics, and since 1,4-slow process. Indeed, the second-order rate constant deter-
DHB, phenols, and compounds possessing phenolic groupamined for this reaction at near neutral pH is quite low, 25
are typical HRP substrates, it was of interest to investigate (37) and 13.3 M s (38). When a similarly high concen-
the ability of HRP to oxidize the anthracyclines. In agreement tration of LPO was employed, oxidation of DNR proceeded
with an earlier report 29), we found that at nanomolar at a very low rate. The simultaneous presence of LPO-Il was
concentrations HRP was unable to efficiently catalyze evidenced by the characteristic absorption maximum at 430
oxidation of DNR (or DXR) by HO; either in the absence  nm, suggesting that interaction of LPO-II with DNR may
or in the presence of NO. Figure 9A shows the time course  be the rate-limiting step. However, in contrast to the HRP
of DNR oxidation recorded during sequential addition of system discussed above, addition of N@aused a rapid
H20., HRP, NQ", and LPO. Only after the addition of LPO  conversion of LPO-II to native LPO, and was concomitant
(last component) does the 480 nm absorbance decrease. lith a substantial decrease in the 480 nm absorption due to
should be emphasized that in this experiment, the concentraDNR oxidation (not shown). The NO-dependent transfor-
tions of peroxidases were adjusted so that peroxidative mation of LPO-II to ferric LPO has been observed in other
activities of both enzymes were the same based on ABTSsystems §5-57). The second-order rate constant for the
assay. reduction of LPO-Il by NG~ has been determined to be 3.5

In contrast, at high HRP concentrationsl(uM), HRP/ x 10° M~1 s71 (55). These values are substantially higher
H.O, slowly oxidized DNR, and although NO (1 mM) than that for the reduction of HRP-II by NO Results
increased the rate, it was still markedly less than that similar to those with DNR were also obtained with DXR
observed in the presence of a LPQDHNO,~ system. (not shown).
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Ficure 10: EPR spectra generated by oxidation of DNR (1.6 mM)
by LPO (~0.2 uM), H;0, (8.3 mM), and N@~ (8.5 mM) in pH -NaNO,

7.0/MeOH (2:1 v/v) mixture. (A) Complete system; (B) same as C
(A) but with nitrite omitted; (C) after addition of nitrite to sample NM/VMWMMWWWWW
(B); (D) same as (A) but with DNR omitted. Instrumental settings:

microwave power, 40 mW; modulation amplitude, 2 G; time D -LPO, -H,0,
constant, 82 ms; scan rate, 80 G/41.94 s. WMWWWWWWW

-LPO, +H,0,
(D) EPR Investigations WWWNWWMWMW

Free Radicals Formed by Oxidation of Anthracyclinés
examine whether oxidation of the anthracyclines by LPO/
H,O./NO,~ gives rise to free radical products, EPR measure-
ments were performed. Samples were prepared in pH 7.0 8.0 Gauss
buffer/MeOH (2:1 v/v) mixture to prevent aggregation of —

anthracyclines in concentrated solutionsl(mM). FiGURE 11: EPR spectra generated by oxidation of 2,5-DTBHQ
When DNR reacted with LPOA®; in the presence of (4.1 mM) by LPO (-0.25uM), H;0; (4.2 mM), and NQ™ (4.2

_ : - mM) in pH 6.0/MeOH (2:1 v/v) mixture. (A) Complete system;
NO,", the EPR signal shown in Figure 10A, was detected. (B) simulation of spectrum A using a hyperfine coupling constant

When either N@™ or DNR was omitted, no signal could be  4f 2,08 (2H); (C) same as spectrum A but with nitrite omitted; (D)
observed (Figure 10, spectra B and D, respectively); and same as spectrum A but with LPO and®4 omitted; (E) after
addition of NQ~ to a control sample initially without nitrite Edtliltlct)n of Hz?zl to ?tample D; (F) after addlt10n48f LC\(/) to S(?TF;!G

P H H P . Instrumental settings: microwave power, mWW; moaulation
(Figure 10B) restored the signal (Figure .100)' Alsa no signal amplitude, 1 G; time constant, 8 ms; scan rate, 80 G/41.94 s.
was observed when LPO or8, were omitted (not shown),
consistent with the requirement that the complete enzymatic p|scussION
system, including DNR and NO, is required to generate o ) . )
radicals from DNR. A spectrum similar to that in Figure 10A The major finding of this study is the observation that the
was detected when DXR reacted with LPGZM/NO,™ (not clinically important anthracyclines DXR and DNR undergo
shown). These anthracycline-derived radicals decay mostox'df‘t'on_v"'f‘ a mechanism dependent on LPGOK and
likely by disproportionation to form the parent compound NO2 - This is a novel oxidative mechanism of metabolic
and a di-quinone-type product(s). It has been reported thattransformation, an alternative to the more frequently studied

semiquinone radicals generated by pulse radiolytic oxidation reducgve pal’ghway of activation of these agents. ;
of structurally related compounds such as 1,4-dihydroxyan- _Anthracyclines appeared to be poor substrates for LPO/

; ; : H,O,. This conclusion is based on the observation that the
thraquinones and naphthazarin (1,4-dihydroxy-5,8-naphtho-' 2~2* °’ )
; ; : Co absorption spectra of DNR and DXR do not change in the
quinone) decay, forming respective di-quinongg, 69). presence of kKD, and LPO (nanomolar concentrations),

Free Radicals Formed by Oxidation of 2,5-DTBHTD suggesting that oxidation of their hydroquinone moiety via
compare the oxidative generation of radicals from anthra- yeactions analogous to those given by egs 2 and 3 must be
cyclines to that from other simple .hydroquinones, we exposedyery slow. The inability of the LPO/KD, system alone to
2,5-DTBHQ to LPO/HO,/NO;". Figure 11A shows an EPR  oxidize the compounds is likely due to the restrictive nature
spectrum of the 2,5-DTBHQ semiquinone observed from a of the heme center in LP@0, 61). In contrast to 1,4-DHB,
such system in a pH 6.0/MeOH (260:200 v/v) mixture. The an unsubstituted hydroquinone, which is readily oxidized by
spectrum is a triplet with the intensity ratio of 1:2:1, due to PO and MPO 23-25), anthracyclines are relatively bulky
interaction of the unpaired electron with two equivalent ring compounds and may be unable to access the active sites in
hydrogens, and the hyperfine coupling of 2.08 G (2H). No a way that would permit their oxidation. Although access to
further resolution due to interaction of the unpaired electron the heme is less restricted in HRP compared to LPO, HRP/
with hydrogens of theert-butyl groups could be detected. H,O,was equally inefficient in oxidation of DNR and DXR.
The generation of this radical was fully dependent on the However, both enzymes, when used at high concentrations
simultaneous presence of the hydroquinone, LP,Hand (~1 uM), caused slow oxidation of the anthracyclines via a
nitrite, as confirmed by control measurements in which each process which involves, primarily, LPO-I or HRP-I, since
of these components was omitted (Figure +H]}. LPO-II and HRP-II could be readily detected during the
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reaction. This suggests that interaction of DNR and DXR described by eq 8, in which NO is recovered and the
with the enzymes in the form of compound Il is rate-limiting. hydroquinone is converted in a semiquinone radical.

NO,~ dramatically enhances the oxidizing capacity of
LPO/H,O.. NO;™ is a small molecule with high affinity to ‘NO, + QH, =~ NO, + Q" +2H" (8)
the heme center in LPG62). NO,~ binds to the enzyme
with a dissociation constant of 2.43 mM at pH 582) and The generation of semiquinone radicals is expected because
20 mM at pH 7.0 88), indicating that the interaction between *NO, is a one-electron oxidant known to react via electron
the ion and the enzyme is stronger at acid pH than at neutralabstraction4, 63). Thus, if LPO/HO./NO, /hydroquinone
pH. The oxidation of N@~ by LPO/H0O; is usually described  generatesNO,, it can contribute to DNR (DXR) oxidation.
by a typical peroxidase cycle in which LPO-I is reduced by  To explain the observed pH dependence of the oxidation
two NO,~ molecules in two one-electron-transfer steps of DNR, DXR, and 2,5-DTBHQ by LPO/D,/NO,, it is
recovering native LPO and producing tWO; radicals (eqs ~ necessary to consider the following three factors: (1) the
4-6) (38): effect of pH on ionization and redox properties of anthra-

cyclines and 2,5-DTBHQ; (2) the effect of pH on the LPO

LPO+ H,0,— LPO-I (4) metabolism of N@; and (3) the effect of pH on the redox
potential of theNO,/NO,~ couple.
LPO-I+NO, — LPO-Il +°NO, (%) With respect to the first factor, the observed dependence
of the oxidation by LPO/KO,/NO,~ of DNR and DXR on
LPO-Il + NO, — LPO+ 'NO, (6) pH suggests that ionization of a group witkjo~ 6 strongly

affects the oxidation. The group is most likely the distal
A similar mechanism has been proposed for the oxidation histidine residue in LPO2Q). In the pH range 5.67.0
of NO,~ by HRP/HO; (36, 37) and MPO/HO; (39) systems. (Figure 5B), the relationship is similar to that found for other
Oxidation of NQ~ by LPO/H,0O, is a fast process. At pH 7,  hydroquinones and phenolic compounds and shows similar
the rate constants for the reaction of NQvith LPO-I and pKa (20, 22, 25). The K, for the first ionization of the
LPO-II (egs 5 and 6) have been determined to-i€ and hydroquinone moiety in DNR and DXR has been reported
3.5 x 10* M~1 s71, respectively 88). Recently a different  to be in the range89.6 (12 48, 64, 65), with values~9.6
mechanism has been proposed forJNOxidation by LPO/ being more frequently quoted. The hydroquinone group in
H,0.. Based on the observation that in the presence of NO 1,4-dihydroxyanthraquinones, close structural analogues of
LPO-I was converted into native LPO, without the apparent DNR and DXR, ionizes with K, of 9.1 (8). The K, ~
formation of any transient absorption from LPO-II, it was 9.6 would indicate that in the pH range-3.4 the hydro-
deduced that N@ undergoes direct oxidation to nitrate, quinone moiety in anthracyclines exists in nonionized form.

NOs™, in one step, without formation of th#O, radical Interestingly, deprotonation of naphthazarin (1,4-dihydroxy-

(eq 7) 65). The rate constant for this reaction has been naphthoquinone, a compound comprised of rings B and C
determined to be 2.3 10/ M1 st at pH 7.2. of anthracyclines, Figure 1) occurs with a markedly lower
pKa of 7.8 (66). This, and the conflicting data regarding the

LPO-1+ NO, —LPO+ NO; (7 pKa for anthracyclines, does not allow us to exclude the

possibility that at near neutral pH, DNR and DXR could be

The same study confirmed the ability of LPO-II to oxidize partially ionized and therefore more susceptible to oxidation.
NO;™ to °NO; (reaction 6) §5). Thus, the catalytic role of  An interaction between the OH group at C6 in DNR (DXR)
NO,~ could result from its rapid metabolism to the highly and the ammonium group in daunosamine might contribute
reactive'NO, radical or, alternatively, from the fast reduction to this ionization. The possibility of such an interaction has
of LPO-II to native LPO, which re-enters the peroxidative been postulated earlier based on subtle changes in the
cycle, forming the more reactive LPO-I. A simultaneous absorption spectra of DXR observed at various pH values
operation of these two mechanisms is also possible. (64). lonization of the hydroquinone group in DNR (DXR)

In contrast to LPO/KD,, oxidation of NG~ by HRP/HO, might be especially important for oxidation BMO,, as it
is much slower. Previous studies have reported rate constantfias been shown that the species reacts more readily with
for reaction of NQ~ with HRP-I (analogous to reaction 5) ionized than with neutral phenolic§4, 63). The lower rates
to be 6.7x 1* M~1s! (pH 6.93) 37) and 4.5x 1M1 of DNR oxidation observed at pH 7.4 and 8.0 (Figure 5)
s (pH 7.0) @8), and those for reaction of NOwith HRP- could be due to markedly slower metabolism of NGt
Il (analogous to reaction 6) to be 25&s™* (pH 6.83) @7) these pHs. The combined effect of these factors, each of
and 13.3 M! s (pH 7.0) 38). Thus, oxidation of N@" which influences the reaction in opposite directions, is that
by LPO/H,0; is approximately 3 orders of magnitude faster oxidation of anthracyclines by LPO#./NO,™ is efficient
than by HRP/HO,. We found that HRP/BD./NO,~ was only in a narrow pH range, around pH 7.
unable to oxidize DNR (and DXR) at low (nanomolar) HRP ~ The K, for ionization of 2,5-DTBHQ is likely to be-10,
concentrations, although at comparable LPO concentrationssimilar to that of 1,4-DHB, and therefore in the pH range
oxidation by LPO/HO,/NO,~ was very efficient (Figure 9A).  studied, the compound exists in nonionized form. The
Given the above, the probable reason LPSOMNO,™ is reduction potentials of 2,5-DTBHQ are expected to be close
considerably more effective than HRBG#NO,~ in oxida- to those of 1,4-DHB {3).
tion of the anthracyclines is the markedly faster metabolism Regarding the second factor, the effect of pH on,NO
of NO,~ by LPO/H,0O,. metabolism, it is known that oxidation of NOby peroxi-

We have also shown thaWO, can react directly with  dases/HO, is pH-dependent. The rate constants for the
DNR, causing its oxidation (Figure 6). The reaction can be interaction of HRP-I and HRP-II with N© at pH~6 were
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Scheme 1: Proposed Mechanism for Oxidation of Anthracyclines and 2,5-DTBHQ by LD, 2

NO;” 7 NOGy” NGO,
271 3
LPO+Hy0p —> LPOI —2 »  [po-l ———» LPO A

DNR and DXR Di-quinone
o CH, OH CH, Hs
Gy Ly Gy
+2Ht
2 HC 3 s BQ s+ HG CH; C
H,C— HC§ HCY
CH,; O- H; OH CH; O

2,5-DTBQuinone

aSu” denotes the sugar moiety in DNR and DXR. The broken arrow in panel A (path 1) is to emphasize that the exact mechanism of the
conversion of N@™ to NO;~ (direct one step, through NGO, or peroxynitrite) is not known.

reported to be 6.5 10°and 1.8x 1(0®? M~1s%, respectively  may stabilize the hydroquinone group, rendering it more
(37), or roughly 10 times higher than at pH 7. Similar resistant to oxidation. This hypothesis is supported by the
dependence of rate constants on pH was observed forobservation that 5-iminodaunorubicin, a DNR analogue in
oxidation of NQ~ by MPO compounds | and 1139). It is which the oxygen at C5 (Figure 1) has been replaced by an
likely that the rate of interaction of LPO-I and LPO-Il with  electron-donating imino group=NNH), readily undergoes
NO,  at acid pH is higher compared to neutral pH. As to oxidation by HRP/HO,, even in the absence of NO(29).
the third factor, it is expected that due to the loW,gor The proposed mechanism for the oxidative metabolism of
ionization of HNQ, 3.35, in the investigated pH range the DNR, DXR, and 2,5-DTBHQ is depicted in Scheme 1A. It
redox potential of theNO,/NO,™ couple remains virtually  shows that N@ and anthracyclines compete for LPO-I, and
constant, close to 1040 m\67). their oxidation leads to N@ (path 1) and a semiquinone
All these data taken together suggest that the observedradical from the agents along with LPO-II (path 2). In the
dependence of oxidation of DNR and DXR on pH may be next step, N@ reduces LPO-II to native LPO, forming con-
due to the unique redox properties of anthracyclines, rathercomitantly theNO; radical (path 3). Reaction 0RO, with
than to these other factors. Although no data on redox DNR (DXR) yields NG~ and an oxidized drug (path 4).
potentials of hydroquinone moieties in DNR, DXR, or related  The formation of the anthracycline- and 2,5-DTBHQ-de-
anthracycline analogues (i.e., naphthazarin, or 1,4-dihydroxy-rived radicals was confirmed by EPR measurements (Figures
anthraquinones) are available, we speculate that they shouldLO and 11). The semiquinone radicals decay most likely by
be markedly higher than those for simple hydroquinones (i.e., disproportionation to the parent compound and the respective
1,4-DHB or 2,5-DTBHQ). This could be because in DNR quinone, as shown in Scheme 1 for radicals from DNR
and DXR the hydroquinone moiety is directly coupled to (DXR) (panel B) and from 2,5-DTBHQ (panel C). Formation
the highly electrophilic quinone group (Figure 1, rings B of 2,5-DTBquinone has been confirmed by its characteristic
and C, respectively). This should increase the reduction absorption spectrum with a maximum at 260 nm (Figure 7).
potential of the hydroquinone group above that of 1,4-DHB Recent studies have shown that this pattern of decay is
or 2,5-DTBHQ. Thus, in anthracyclines, the quinone moiety characteristic of semiquinones formed by pulse radiolytic
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oxidation of 1,4-dihydroxyanthraquinones and naphthazarin, (44, 46), given the known ability of LPO to catalyze two-
which disproportionate rapidly (rate constarts0° M~* s™%) electron oxidationZ0, 23, 72) and oxygen-transfer processes
to the respective parent compounds and di-quinone-type(73), and the fact that both nitronium and peroxynitrite can
products $8, 59). Importantly, di-quinones are strong give rise to nitrate. Thus, the exact nature of the species
electrophiles and therefore are potentially cytotoxic, if involved in NQ~ depletion and in the metabolism of
produced in vicinity of important biological targets. Our anthracyclines by LPOAD./NO,™ is not, as yet, unambigu-
observation that reducing agents were unable to recover theously established.
original absorption of the drugs suggests that the di-quinone  Other mechanisms via which NOcould be depleted are
products do not accumulate, but undergo further reactionspossible. One mechanism involves nitration of anthracyclines,
that lead to degradation of their chromophores. The naturebut it would account for only a small decrease in NO
of these products requires further study. Results of our concentration, given that in some samples,N®as present
preliminary mass spectrometry experiments did not reveal in large excess over DNR (e.g., 250 and BOONO;~ versus
formation of any single major metaboliteRecent reports 43 uM DNR, tracesb andc in Figure 3A, respectively).
that 3-methoxysalicylic acid has been identified among Another possible reaction is dimerization*bfO,, a process
products of photochemically oxidized DXR confirm that known to proceed with a high rate constant (4.3.0° M~!
oxidation of anthracyclines may lead to extensive degradations2, 54, 63). The resulting dimer (bD,) hydrolyzes to nitrate
of their anthraquinone skeleto6g 69). (NO3;™) and NQ™. Although the recovered NO could re-

Experiments usingNO, gas have shown thalNO, can enter the reaction cycle, all nitrite will eventually be depleted,
oxidize DNR. Oxidation of hydroquinones bMO, should providing that HO, is still present. This reaction oNO,
lead to recovery of N@ (eq 8 and path 4 in Scheme 1, may be especially relevant in the presence of pdid,
panel A). However, the observation that NOcan be substrates, such as DNR and DXR at acid pH.
depleted prior to complete oxidation of the agents by LPO/  The oxidative metabolism of anthracyclines is an alterna-
H>O./NO,~ suggests thatNO, may play only a minor role tive to the widely accepted reductive mode of activation and
in the drug’s oxidation. Based on data in Figure 3A and may be pertinent to the biological activity of these agents in
Figure 4B, we estimate that at pH 7, 1 molecule of DNR vivo. LPO has been identified in breast tissugg, 33), in
was oxidized per approximately 20 NOmolecules me-  airway mucosa34), and in some body fluids36). Spec-
tabolized and 1720 molecules of KO, consumed. The  troscopic investigations have shown that in LPO the heme
reaction of NQ~ via path 1 may be the most effective drain  and its environment are similar to those in other heme-based
through which NG@™ is consumed. This pathway could be peroxidases 44, 75). It is therefore likely that reactions
especially important at acid pH, at which the ion’s affinity catalyzed by LPO may also be supported by related enzymes
toward LPO is increased and, consequently, the percentagesuch as EPO and MPO. MPO is secreted by activated
of DNR(DXR) molecules interacting with LPO-I could phagocytes at sites of inflammation and bacterial infections
dramatically decrease. This could explain why at pH 5.0 all (76, 77), and a recent study identified EPO in human breast
NO,~ was consumed, causing only a minimal oxidation of cancer tissues7g). This, together with the recent finding
DNR (DXR) (Figure 5). Interestingly, we observed that that NG~ accumulates in breast cancer tissu@9, 80),
oxidation of 2,5-DTBHQ was fast even at pH 5.0 suggesting suggests that the occurrence of reactions described in this
that this compound was able to compete effectively with study in vivo is feasible. Nitrite itself is cytotoxic, especially
NO,~ for LPO-I, even at this low pH. In the suggested at acid pH 45, 81, 82), but its antibiotic activity is markedly
mechanism of the oxidative metabolism of anthracyclines enhanced in the presence of LPO, MPO, or EPO enzymes
(Scheme 1), a step that is required for nitrite catalysis is the (45). In addition, several studies point at the role DXR may
formation of LPO-II. This can occur, presumably only, play in *NO production and possible participation ®fO
through reduction of LPO-I by DNR (DXR) or 2,5-DTBHQ.  (or *NO-derived products) in DXR biological activitie83—
It may be that the reason DNR and DXR were oxidized less 85). Oxidatively modified anthracyclines may also play a
efficiently at acid pH is that in acidic solutions they are role in cardiotoxicity since it has been found that DXR
unable to reduce LPO-I to LPO-II. In contrast, 2,5-DTBHQ treated with HRP/KD, inactivates creatine kinas81), an
can perform the reduction even at pH 5.0. enzyme involved in ATP generation and contractile function

The question remains whether the reaction yieldsNO in the heart.
directly in one step, or through reactive intermediates such In summary, this study demonstrates a novel oxidative
as free or enzyme-bound nitronium (MQ or peroxynitrite mechanism of metabolic transformation of anthracycline
anticancer antibiotics, which is dependent on LPQO4

3We have measured mass spectra (electrospray ionization andand NQ~. Because anthracyclines may co-localize in tissues
MALD')fCifogNggoaqﬂ DNR ?Xidirzled b()j/ thPO/sz/NOz;fir?]éT:Cﬂgr ons in various pathological situations, including inflammation and
(Mt)" of miz 528 (parent molecule), 383 (aglycon), 363 (aglycon  C2NCET in which elevated levels of NO peroxidases, and
with aromatized ring A), 337, 321, which are characteristic of Peroxides have been reported, the likelihood of reactions
fragmentation of an intact DNR7Q, 71). In the sample containing  described in this study occurring in vivo is high. Thus, our
oxidized '?(Nde' rde'ative p?jak "c‘jtetﬂsn.ies f(;rSiggsm”Z 3%1 aqd A363_ [observations may be pertinent to the biological activities
Vn\fzriigegjaeunxés;ncwirﬁg)sae{sagbser\?elc(i) ri]naa sam|c\)l;lé\jl Scoantzienr;n.g J‘Xiﬁ’{z‘e% .(anti.cancer and/or Cf’ir(_ZliOtOXIC) of the anthracycllng ant|b|ot|cs
DNR. Molecular ions from corresponding Naadducts were also  In Vvivo. However, it is not known whether oxidation of
detected since samples were prepared in sodium phosphate buffer. Nanthracyclines leads to enhanced biological activity or

peaks indicating formation of nitrated DNR were detected. Molecular [ ; ; A
ions atm/z 427 and 471 were detected only in the sample containing whether it is merely a mechanism of their detoxification. In

oxidized DNR, but no unambiguous assignment could be made at 8Ny case, it can be hypothesized that;N€ould be exploited
present. to modulate biological activities of anthracycline agents.
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Although the present study has focused on the role of nitrite
in the oxidative metabolism of anthracyclines, we foresee
that other physiologically relevant molecules might also be
capable of catalyzing these transformations. Work is currently
in progress to address these various possibilities.
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