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Abstract

The interaction of doxorubicin with Fe(Ill) ions and nicotinamide (NA) has been followed by square-wave voltammetry, cyclic
voltammetry and UV —VIS. spectroscopy techniques at aerobic and anaerobic conditions. Fe(Ill)—doxorubicin complex gives a 1-electron
reversible step at — 0.494 V and a shoulder at 580 nm. Further, the Fe(IlI)—doxorubicin complex was found to be more stable at aerobic
conditions. In the presence of NA, an intermediate (NA—Fe(Ill)-DQ) forms at —0.462 V under aerobic conditions. Because of the
formation of this intermediate, nicotinamide may reduce the cardiotoxic effect of doxorubicin and cause to its detoxification.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Doxorubicin (also called adriamycin [1], Scheme 1) is an
anthracycline antibiotic. It is a potent antineoplastic agent
that is active against a wide range of human cancers [2].
However, its cardiotoxicity limits the clinical use.

Metal ions play an important role in altering the bio-
chemical properties of the anthracyclines, and indicate a
new direction in the pursuit of chemotherapeutic efficacy
and lowering toxicity of these drugs. The binding of metal
ions may cause a significant influence on the redox property
of these drugs [3—6]. Iron is an important metal in that it
participates in the action of drug functioning as a redox
center, which can free radicals in the presence of dioxygen
under reducing conditions and damage cell components [7].
Doxorubicin can be reduced to semiquinone form by bio-
logical reducing agents such as NADH and NADPH. Super-
oxide and hydrogen peroxide can be produced via dioxygen
receiving electron from the semiquinone. This event occurs
in the presence of transition metal [8]. It is important that the
concentration of the metal (iron and copper) ions be kept at
a minimum. Transition metals may simultaneously bound to
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biomolecule and dioxygen and may often act as a bridge
between molecule and dioxygen [8]. Therefore, it is very
important to investigate the structure and characteristic of
the metal—doxorubicin complexes. Several papers have
described the doxorubicin—Fe(Ill) or Fe(Il) complexes
[9,10]. Furthermore, the synthesis and physicochemical
properties of Fe(Il) [11] and Fe(Ill) [12] complexes with
nicotinamide have been investigated. It has been reported
[11,12] that nicotinamide is coordinated to Fe(Il) and Fe(III)
through the nitrogen atom of its heterocyclic ring. However,
we were not able to trace any references on spectroscopic
and electrochemical behavior of the interaction of Fe(IIl)/
Fe(Il) with doxorubicin in the presence of nicotinamide
(Scheme 1) in the relevant literature.

In this work, the interaction of Fe(Ill)/Fe(Il) with dox-
orubicin in the presence of nicotinamide under anaerobic
and aerobic conditions was monitored by using spectro-
scopic and electrochemical techniques.

2. Experimental

2.1. Instrumentation

Voltammograms were recorded using an EG&G PARC
Model 303A polarographic analyzer (Princeton, NJ, USA)
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Scheme 1. Chemical structures of doxorubicin (a) and nicotinamide (b).

coupled with a Houston Instrument DMP-40 plotter (Austin,
TX, USA). Electrochemical experiments were performed in
a three-electrode cell, at ambient temperature (approxi-
mately 20 °C). Potentials are referred to as Ag|AgCl|
KClgy, reference electrode. The working electrode is a static
mercury drop electrode (SMDE). The auxiliary electrode
was a Pt wire.

Electronic spectra were recorded on Unicam V2-100
UV-VIS spectrophotometer in the 800—200 nm range at
1-cm cell length.

2.2. Reagents and solutions

Doxorubicine hydrochloride were purchased from
Sigma. Nicotinamide was obtained from Merck. Standard
Fe(Il) and Fe(IIl) solutions were prepared with analytical-
grade FeCl,-4H,0O and FeCls-6H,0, respectively. Stock
standard solutions were prepared fresh daily in ultrapure
triply distilled water and protected from light and air.
Solutions with lower concentrations were prepared by
dilution with deionized triply distilled water and were used
within a few hours. 0.1 M Na,P,O, solution (pH 9) was
used as the supporting electrolyte. The pH value of
supporting electrolyte was adjusted with 0.1 M H;PO,
solution.

2.3. Procedure

2.3.1. Voltammetry

For anaerobic conditions, the solution was purged
with oxygen-free nitrogen for 10 min and during the
measurements, nitrogen was passed above the solution
in the cell. The addition of doxorubicin and/or nicoti-
namide to the cell containing metal ions were carried
out and the voltammograms were recorded under the
aerobic and anaerobic conditions. Potential scans were
recorded using the square-wave and cyclic voltammetry
modulations and the following optimum parameters (if
not stated otherwise): pulse height, 20 mV; frequency,
100 Hz; drop size medium; and equilibrium time 5, s.

Each measurement was carried out on a fresh mercury
drop.

2.3.2. Spectroscopy

The electronic spectra of mixtures with ambient mole
ratio of both metal ions and doxorubicin and/or nicotina-
mide aqueous solutions were recorded, following the
changes in absorbance at the wavelength of maximum
absorption.

3. Results and discussion

3.1. Doxorubicin in the presence and absence of Fe(Ill)
ions

Because doxorubicin contains both quinone and
hydroquinone, it can be electrochemically reduced or
oxidized (Scheme 1). Under anaerobic conditions, the
cyclic voltammogram of 3.44 x 10~ ® M doxorubicin in
0.1 M NayP,07 solution (pH 9) is shown in Fig. 1. As
can be observed in Fig. 1, the voltammogram of
doxorubicin is characterized by only one peak couple
at —0.700 V. The peak potentials for the oxidation and
reduction reactions are almost similar (Fig. 1). The peak
couple observed at —0.700 V can be attributed to
redox process, involving the transformation of quinone
to hydroquinone [13]. Moreover, the electrode reaction
is controlled by the adsorption phenomena since the
peak current for the reduction reaction is different from
that of the oxidation reaction, in which the drug is
adsorbed. The reversible electrochemical process has
been found for doxorubicin-monolayer (Fig. 1), because
the immobilized doxorubicin molecules are fixed at the
electrode surface. Also, Oliveira-Brett et al. [14] have
reported that adriamycin adsorbs some electrode (i.e.,
glassy carbon and highly oriented pyrolytic graphite)
surfaces.

Under the same experimental conditions, square-wave
voltammogram of fresh solutions of Fe(Ill) exhibits current
maxima at — 0.396 (E£,) and — 1.114 V (E,,.), respectively
(Fig. 2). The former maximum was assigned to Fe(IIl)/
Fe(Il) reduction and the latter to Fe(Il)/Fe(0) reduction. In
the cyclic voltammograms (Fig. 2, inset), Fe(Il)/Fe(IlI)
oxidation (the anodic peak) was clearly seen. In cyclic
voltammograms, the difference between the anodic and
cathodic peak potentials of Fe(Ill)/Fe(Il) redox process is
about 85 mV, which may arise from the slow electron
transfer. In relation to other peaks, the intensity of Fe(IIl)/
Fe(II) reduction current is small. For this observation, it may
be noted that Fe(IIl) aggregates, or turns mostly into Fe(II)
species.

The reproducibilities of the electrochemical signals
with time were studied by cyclic voltammetry under
anaerobic conditions (Fig. 3). As can be observed in
Fig. 3, the currents of Fe(Ill)/Fe(Il) reduction, Fe(Il)/
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Fig. 1. Cyclic (A) and square-wave (B) voltammogram of 3.44 x 10~ ® M doxorubicin at 0.1 M NayP,0; solution (pH 9). Experimental conditions: pulse
height, 20 mV; frequency, 100 Hz; drop size, medium; scan rate, 200 mV s~ ! (500 mV s~ ! for CV) and equilibrium time, 5 s.

Fe(Ill) oxidation and Fe(Il)/Fe(0) reduction do not con- Fe(0) reduction increase with respect to the anaerobic
siderably change with time (at least up to 167 min). At conditions (Fig. 2, inset).

aerobic conditions, cyclic voltammograms show that both The increment in the peak current of Fe(II)/Fe(II)
the current maxima of Fe(II)/Fe(Ill) oxidation and Fe(Il)/ oxidation may be due to the acceleration of production of
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Fig. 2. Square-wave voltammogram of 5 x 10~ * M Fe(III) solution at 0.1 M Na,P,0; solution (pH 9). Inset: Cyclic voltammogram of 5 x 10~* M Fe(IlI)

solution at aerobic (——) and anaerobic conditions (- - - -). Other conditions are as in Fig. 1.
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Fig. 3. The peak currents of Fe(IlI)/Fe(Il), Fe(II)/Fe(0) and Fe(II)/Fe(III) 0.2 ‘-“
processes as a function of time for 5 x 10~ * M Fe(III) solution at anaerobic
conditions.
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Fig. 4. Square-wave voltammograms 5 x 10~ * M Fe(III) solution containing 0 M (a); 4.3 X 107 M (b); 1.29 X 10~ ¢ M (c); 2.15 x 10~ * M (d); 3.44 x 10~ ¢
M (e) doxorubicin at anaerobic conditions (——); Square-wave voltammogram of 1.12 X 10~ > M doxorubicin and 5 X 10~ * M Fe(IIl) solution, was waited
under aerobic conditions for a day (- - - -). Inset: Cyclic voltammogram of 5 x 10~ * M Fe(IlI) solution containing 1.12 x 10~ > M doxorubicin at anaerobic
conditions (——) and at aerobic conditions (- - - -). 1U, Fe(Ill)/Fe(Il); 2U, Fe(IlI)—DQ complex; 3U, DQ; 4U, Fe(I)/Fe(0). Other conditions are as in Fig. 1.
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The electronic spectra data under aerobic conditions

Solutions /max (€xp.) [nm]

NA 260, 300(sh)

DQ 232, 255(sh), 280(sh), 391, 478(br)
DQ-NA 252(sh), 280(sh), 372, 495
Fe(Il)-NA 223, 245, 280(sh), 513
Fe(Il)-NA 260, 280(sh), 340(sh)

Fe(lll)-DQ 232, 252, 280(sh) 482, 580(sh)
Fe(Il)-DQ 232, 252, 280(sh) 494, 580(sh)

Fe(ll)-DQ-NA

254, 280(sh), 482

NA: nicotinamide; DQ: doxorubicin; sh: shoulder, br: broad.

both Fe(IIT) and Fe(IT) decreased under anaerobic conditions
and then a little shoulder occurred at — 0.470 V (Fig. 4). The
shoulder at —0.470 V was seen as a peak (—0.494 V) at
the aerobic solution, was sustained for a day. Although this
peak is not well defined at anaerobic conditions, it was well
determined after the cell, including doxorubicin and Fe(III),
persisted under aerobic conditions for a day. This reversible
peak (—0.494 V), which belongs to the complexation of
doxorubicin with Fe(Ill) ions, is observed (Fig. 4).

According to the presented voltammetric data, it can be
said that Fe(Il1)-DQ complex, under aerobic conditions, is
more stable than under anaerobic conditions; furthermore,
its stability is a function of time.

The electronic spectra of doxorubicin in the presence and
absence of Fe(Ill) ions were recorded in 0.1 M Na,P,0, (pH
9.0) under aerobic conditions (Fig. 5). The electronic spectra
data are given in Table 1. As can be seen in Fig. 5,
doxorubicin exhibits four absorption bands at 232, 255(sh),
280(sh), 391, 478(br) nm, respectively. In the presence of
Fe(IIl) ions, the overlapping bands near 478 nm of doxor-
ubicin shift to higher wavelength and lose intensity. The loss
of the 478-nm absorption was associated with the formation
of a new shoulder at 580 nm, which may be attributed to the
complexation. In addition, the absorption spectra of Fe(III)
and doxorubicin appears identical to that of acrobic solution
of Fe(Il) and doxorubicin (Fig. 5). These spectroscopic
results are in good agreement with those reported for
Fe(Il)—adriamycin [9] and Fe(Ill)—adriamycin [15] systems.

Doxorubicin is complexed and oxidized by aqueous
iron (III) [16]. Gianni et al. [15] demonstrated that the
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Fig. 6. Square-wave voltammogram of 3.44 x 10~ ¢ M doxorubicin solution containing 4 x 10~ * M nicotinamide at anaerobic conditions. Inset: The
dependence of the cathodic peak current of doxorubicin with the nicotinamide concentration at anaerobic conditions. 1U, DQ; 2U, NA. Other conditions are as

in Fig. 1.
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Fig. 7. Electronic spectra of 1 X 10~ > M nicotinamide in the presence of
1 x 10~ 3 M doxorubicin at 0.1 M Na,P,0; solution (pH 9).

Fe* " —doxorubicin complexes cycle to reduce molecular
oxygen. As Fe’ " is reduced to Fe?*, doxorubicin free
radical is formed, which may mediate the toxic effects of
the drug [10,15]. In addition, Fe®"—doxorubicin chelate
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leads to the formation of reactive oxygen species [17]. It
has been reported that, in alkaline solutions, the hydro-
quinone moiety of doxorubicin undergoes autoxidation,
forming free radicals, leading to oxygen consumption
[17]. Doxorubicin free radical is relatively unstable in
aerobic conditions and readily reduces oxygen to super-
oxide [10,18].

According to the data presented above, the reactions can
be represented as follows:

Fe** + DQ — Fe'™ — DQ (3)

4)

In addition, the mechanism at aerobic conditions can
given to be the iron-catalyzed Haber—Weiss reaction [19]:

(5)
(6)

Although the CV curve (Figs. 2 and 4, insets) at aerobic
conditions does not show any signal due to the reduction of
O, in the range — 0.5 to — 1.2V, this signal can be probably
hidden by the reduction peak of Fe(II)/Fe(0). According to

Fe’* — DQ + e~ &Fe*™ — DQ

Fe’™ — DQ + O, @Fe*" — DQ + 0,

Fe’* —DQ + H,0, — Fe** —DQ + OH + OH~

| < 5000
l g —a—Felll)
| <& 4000 —m—Fe(ID
! —k—NA
| 3000
| 2000
" 1000
‘ 0+ ‘ ——
b 50 100 130 200 230 BOGJ
- [Fe(rIn)x10® MJ
3.0
2.0
1.0
h"'—--—--—---—""""‘--—___ ,I‘
0.0 [ A L - - \ X
-0.3 —0.3 -0.7 0.9 -1.1 -1.3 -1.5 -1.7
E/Vvs AglAagClKCisat
Fig. 8. Square-wave voltammograms of 4 X 10~ * M nicotinamide (- - - -); 4 X 10~ * M nicotinamide solution containing 2.8 X 10~ 3 M Fe(Ill) (——) at

anaerobic conditions. Inset: The dependence of the cathodic peak currents of nicotinamide, Fe(II) and Fe(II) with the Fe(III) concentration. 1U, Fe(IIl)/Fe(Il);

2U, Fe(II)/Fe(0); 3U, NA. Other conditions are as in Fig. 1.
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the obtained results, the observation of Fe(IlI)-DQ complex
in the presence of O, may indicate that iron complexes can
catalyze a reaction between O, and H,O,, thereby forming
OH'. Indeed, OH' is extraordinarily reactive and can attack
all organic compounds [20]. And assuming the prevention of
reaction (6) by nicotinamide, the experiments described
below have been carried out.

3.2. Nicotinamide in the presence and absence of
doxorubicin

Usually, for nicotinamide in aqueous solution at pH 9.0
and at a mercury electrode, one irreversible peak is observed
at —1.594 V (Fig. 6). The peak at — 1.594 V (Fig. 6) may
be attributed to an irreversible 4-electron reduction of an
amide group to an alcohol [21]. However, the electrocata-
lytic rates of the reduction is generally slow to produce
observable catalytic hydrogen current.

When nicotinamide (4.78 x 10~ °-1.61 x 10~ > M) was
added to the bulk solution containing doxorubicin (3.44 X
10~ ¢ M), an obvious change of SWV was observed (Fig. 6).
The peak current of doxorubicin decreases gradually while
the peak current of nicotinamide increases (Fig. 6), and its
peak potential shifts to slightly positive values (from — 1.628
to —1.618 V). The observed behaviour results from the
adsorption effect or intermolecular interaction on the elec-
trode surface. For final clarification of this behaviour, the
electronic spectra data were used.

The electronic spectra of the mixing solution of doxor-
ubicin with nicotinamide clearly show the changes at the
overlapping bands of doxorubicin (Fig. 7). In the presence
of nicotinamide, the overlapping bands with maximum
absorptions at 391 and 478 nm are expanded to those with
maximum absorptions at 372 and 495 nm. Doxorubicin in
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Fig. 9. Electronic spectra of 1 X 10~ > M nicotinamide in the presence (——)
and absence (- - - -) of 1 X 10~ > M Fe(I1I) at 0.1 M Na4P,0- solution (pH9).
Electronic spectra of doxorubicin in the presence (—es—e—e—+— ) of
1 X 10~ M Fe(II) at 0.1 M Na,P,0- solution (pH 9).
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Fig. 10. Square-wave voltammograms of 5x 10~ * M Fe(Ill) and
1.12 X 10~ °> M doxorubicin solution, was waited under aerobic conditions
for a day in the presence of 0 M (a); 5 X 10~ > M (b) nicotinamide at aerobic
conditions. 1U, Fe(Ill)/Fe(Il); 2U, NA-Fe(Ill)-~DQ pre-association
intermediate; 3U, Fe(Ill)-DQ complex; 4U, DQ; 5U, Fe(Il)/Fe(0); 6U,
NA. Other conditions are as in Fig. 1.

the conjugates of doxorubicin was given a maximum
absorption band at 495 nm [22].

3.3. Nicotinamide in the presence of Fe(lll)

The interaction of nicotinamide with Fe(IIl) ions was
also electrochemically monitored. With increasing Fe(III)
concentration, the peak current of nicotinamide at — 1.594
V decreases while the reduction peak current of Fe(Il) ions
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Fig. 11. Square-wave voltammograms of 1.4 X 10~ > M doxorubicin and
51074 M Fe(IIl) solution in the presence of 0 (a); 2 X 1074 M (b);
7X107* M (c); 1.2%x107* M (d); 2x 10> M (e) nicotinamide at
anaerobic conditions. 1U, Fe(III)/Fe(Il); 2U, DQ; 3U, Fe(I)/Fe(0); 4U, NA.
Other conditions are as in Fig. 1.
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Fig. 12. Electronic spectra of 1 x 10~ > M nicotinamide and 1 X 10~ M
doxorubicin in the presence of 1 X 10~° M Fe(Ill) at 0.1 M Na,P,0;
solution (pH 9).

at —1.026 V increases (Fig. 8). Moreover, the reduction
peak of Fe(Ill) at —0.368 V also appears at high ferric ion
concentrations (> 1.6 x 107> M) (Fig. 8). The presented
results show that an equilibrium forms between the reduced
and oxidized species (reaction (7)).

Fe’* + NA2Fe?" + NAT (7)

Although a weakly bonded Fe(Ill)—nicotinamide com-
plex can form with monodendate binding through a single
nitrogen atom of the pyridine ring, the peak of Fe(Ill)—
nicotinamide complex is not seen on the voltammograms.
For this situation, two comments can be given: first, the
complex is electro-inactive and second, the peak of complex
fits into that of Fe(III)/Fe(IT) reduction.

On the other hand, the observation of Fe(IIl) under
aerobic conditions can be attributed to the reaction between
formed Fe(Il) species and H,O,. As regards the presented
data, however, nicotinamide partially prevents the oxidation
reaction of Fe(II).

The UV—VIS spectrum of Fe(III)-NA solutions exhibits
a new shoulder at 340 nm, which is not present in the
Fe(Il)-NA spectrum (Fig. 9). The shoulder (340 nm) may
be assigned to the charge transfer band [23,24].

3.4. Nicotinamide in the presence of Fe(Ill) and doxor-
ubicin

When increasing amounts of nicotinamide are added to
the cell including Fe(Ill)-DQ complex at aerobic condi-
tions, the peak current of Fe(IlI)—doxorubicin complex
increases and its peak potential (— 0.494 V) shifts to more
positive potential ( — 0.462 V) while the peak current of free
doxorubicin decreases (Fig. 10). This potential value
(—0.462 V) is different from the reduction potential
(—0.494 V) of Fe(Ill)—doxorubicin complex. The peak at
—0.462 V can be probably attributed to the formation of a

NA-—Fe(Ill)-DQ pre-association intermediate. Under anae-
robic conditions, the disappearance of NA-Fe(Ill)-DQ
intermediate on the voltammogram (Fig. 11) can explain
that the intermediate is unstable under anaerobic conditions.

The UV-VIS spectrum of Fe(Ill)-DQ-NA mixing
solution exhibits the absorption bands at 254, 280(sh) and
482 nm (Fig. 12). As can be observed in Fig. 12, the
absorption bands at 232 and 580 nm in the Fe(Ill)-DQ
spectrum disappear in the presence of nicotinamide. Also,
the electronic spectra of this ternary system do not exhibit
the absorption band at 340 nm, attributed to the charge
transfer between NA and Fe(III). This case is probably due
to the formation of NA—Fe(Il)-DQ intermediate.

4. Conclusions

This study demonstrates that doxorubicin generates a
cycle of iron with oxidation—reduction reactions. However,
doxorubicin binds to ferric ion, yielding a ferric—doxorubi-
cin complex. This complex is more stable in the presence of
oxygen. Furthermore, in the presence of nicotinamide, an
intermediate product (NA—Fe(IlI)-DQ) can form. The
formation of the NA—Fe(IlI)-DQ intermediate reveals that
nicotinamide may reduce the cardiotoxic effect of the drug
and induce its detoxification. It is evident that free radicals
play a role in many human diseases. The results of this study
should provide a way following the clinical progression of a
disease and for devising strategies.
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