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Abstract

The search for effective iron chelating agents was primarily driven by the need to treat iron-loading refractory anemias
such as L-thalassemia major. However, there is a potential for therapeutic use of iron chelators in non-iron overload
conditions. Iron can, under appropriate conditions, catalyze the production of toxic oxygen radicals which have been
implicated in numerous pathologies and, hence, iron chelators may be useful as inhibitors of free radical-mediated tissue
damage. We have developed the orally effective iron chelator pyridoxal isonicotinoyl hydrazone (PIH) and demonstrated
that it inhibits iron-mediated oxyradical formation and their effects (e.g. 2-deoxyribose oxidative degradation, lipid
peroxidation and plasmid DNA breaks). In this study we further characterized the mechanism of the antioxidant action of
PIH and some of its analogs against cOH formation from the Fenton reaction. Using electron paramagnetic resonance (EPR)
with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin trap for cOH we showed that PIH and salicylaldehyde isonicotinoyl
hydrazone (SIH) inhibited Fe(II)-dependent production of cOH from H2O2. Moreover, PIH protected 2-deoxyribose against
oxidative degradation induced by Fe(II) and H2O2. The protective effect of PIH against both DMPO hydroxylation and
2-deoxyribose degradation was inversely proportional to Fe(II) concentration. However, PIH did not change the primary
products of the Fenton reaction as indicated by EPR experiments on cOH-mediated ethanol radical formation. Furthermore,
PIH dramatically enhanced the rate of Fe(II) oxidation to Fe(III) in the presence of oxygen, suggesting that PIH decreases
the concentration of Fe(II) available for the Fenton reaction. These results suggest that PIH and SIH deserve further
investigation as inhibitors of free-radical mediated tissue damage. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Previous studies have shown that the iron chelator
pyridoxal isonicotinoyl hydrazone (PIH) has antiox-
idant activity against iron-mediated oxyradical for-
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mation, including inhibition of their e¡ects on 2-de-
oxyribose oxidation, lipid peroxidation and plasmid
DNA strand breaks [1^3]. PIH is also e¡ective in
vivo since following its administration to newborn
pigs it protected retinal function in animals exposed
to stresses known to increase the generation of free
radicals [2]. These results are of pharmacological
relevance since PIH is being studied for use in iron
overload therapy in L-thalassemia [4^7]. Desferal
(DFO) therapy for iron overload in L-thalassemia
is the only agent currently available; however, it is
expensive, requires parenteral injection and is not
without side e¡ects [7,8]. On the other hand, PIH
can be given orally and has low toxicity [5,7,9].
PIH has high a¤nity and speci¢city for iron ions
and induces iron excretion in experimental iron over-
load [5^7,10].

It was proposed by Schulman and co-workers [1]
that the formation of cOH via an ascorbate/Fe(III)-
EDTA/O2 generating system is inhibited by PIH due
to its iron chelating activity. Ferric-PIH2 complexes
[7] would not catalyze oxyradical formation and
probably slow the rate of ascorbate-induced reduc-
tion of ferric iron (reaction 1).

Fe�III�-EDTA� ascorbate! Fe�II�-EDTA

�ascorbyl �1�

Fe�II�-EDTA�O2 ! O3
2 � Fe�III�-EDTA �2�

2O3
2 � 2H� ! H2O2 �O2 �3�

H2O2 � Fe�II�-EDTA! cOH�OH3

�Fe�III�-EDTA �4�
The possibility that PIH could also interfere with

the Fenton reaction was recently explored. Micromo-
lar levels of PIH could prevent strand breaks in plas-
mid DNA induced by cOH generated from Fe(II)
and H2O2 [3], but the mechanism by which PIH in-
hibits the Fenton reaction was not fully investigated.

The present paper reports further studies on the
mechanism of PIH inhibition of the Fenton reaction
using electron paramagnetic resonance (EPR) with
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin
trap for cOH [11] and the 2-deoxyribose degradation
assay [12]. Since iron overload diseases are connected
to hepatic oxidative stress, including enhancement of

hepatocarcinoma occurrence [3,13], these studies are
of potential pharmacological importance.

2. Material and methods

2.1. Materials

2-Deoxyribose, DMPO, EDTA, H2O2, HEPES,
ferrozine and thiobarbituric acid (TBA) were pur-
chased from Sigma. DFO was obtained from Ciba-
Geigy. PIH and SIH were synthesized as previously
described [1,14]. All other reagents were of analytical
grade and Milli-Q quality water was used in all sol-
utions. Ferrous ammonium sulfate and DFO stock
solution (1 mM) were freshly prepared in water just
before use. TBA stock solution was prepared in 50
mM NaOH and DMPO stock solution was prepared
in the presence of activated charcoal in order to re-
move impurities and the charcoal was removed by
decantation. PIH and SIH stock solutions (1 mM)
were freshly prepared in HEPES bu¡er (pH 7.2) as
described by Baker et al. [14].

2.2. The EPR method

The EPR spectra were obtained at room temper-
ature using a quartz liquid £at cell (Wilmad WG-
812-Q) in a Te102 cavity of a Bruker ESP 300E spec-
trometer. The spectrometer was operated at a micro-
wave frequency of 9.68 GHz, with microwave power
of 16 mW, modulation frequency of 100 kHz and
modulation amplitude of 3.2 G. For the spectra, cen-
ter ¢eld was 3480 G, sweep width 200 G, sweep time
42 s (336 s for ethanol experiments) and time con-
stant 1.28 ms (81.92 ms for ethanol experiments).
Typical experiments were started with addition of
50 Wl Fe(II) to a £at cell containing 10 mM HEPES
bu¡er (pH 7.2), DMPO (50 mM), H2O2 and chelator
(¢nal reaction volume of 1 ml) followed by a 3 min
period for collection of the EPR signal. In the etha-
nol experiments 10 mM phosphate bu¡er (pH 7.2)
was used instead of HEPES.

2.3. 2-Deoxyribose oxidative degradation and
ferrozine assays

2-Deoxyribose oxidative degradation was deter-
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mined as previously described [12], with slight mod-
i¢cations. Reactions were started by addition of
Fe(II) to 0.5 ml incubation media containing
15 mM 2-deoxyribose, H2O2 (0^450 WM), iron che-
lator (0^200 WM) and HEPES 20 mM (pH 7.2). Re-
actions were carried out for 5 min at room temper-
ature. Addition of 0.5 ml of 3% H3PO4 followed by
0.5 ml of 1% TBA (w/v, in 50 mM NaOH) was used
to stop the reactions. After boiling for 15 min, ab-
sorbance at 532 nm was determined. Fe(II) was
measured by addition of 0.5 ml of 15 mM ferrozine
to 0.5 ml reaction media. The Fe(II)-ferrozine com-
plex was then quanti¢ed at 562 nm.

3. Results

3.1. E¡ect of PIH on the Fenton reaction:
EPR spin trapping studies

The hydroxylation of DMPO by cOH (reactions
5 and 6) was started by addition of Fe(II) (50 WM
¢nal concentration) to the incubation medium con-
taining 50 mM DMPO, 10 mM HEPES (pH 7.2) and
300 WM H2O2. A 4-lined spectrum was obtained
(Fig. 1, Exp. A) and showed hyper¢ne splitting con-
stants of aN = aH = 14.9 G, that is typical of the spin
adduct DMPO-OH [11,15]. Iron alone could not in-
duce DMPO hydroxylation and neither could the
addition of DMPO 10 s after the inclusion of
Fe(II) in the reaction (Fig. 1, Exp. B and C, respec-
tively). PIH at 50 WM reduced the signal intensity
approx. 57% without changes in aN and aH values
(see Exp. D in Fig. 1). The e¡ect of 50 WM DFO on

DMPO hydroxylation was comparable to that of
PIH (60% reduction in signal intensity; see Exp. F
in Fig. 1).

H2O2 � Fe�II� ! Fe�III� �OH� cOH �5�

DMPO� cOH! DMPO-OH �6�

As a control, PIH was added 3 min after incuba-
tion of H2O2 and Fe(II) and no signi¢cant decrease
in the control EPR signal was observed (Fig. 1, Exp.
E). This demonstrated that PIH does not catalyze the
decomposition of DMPO-OH but inhibits DMPO-
OH formation (reaction 6) from Fenton reagents.

We analyzed the e¡ect of PIH on DMPO hydrox-
ylation by titrating the iron chelator (Fig. 2). Increas-
ing PIH concentration in the presence of 300 WM
H2O2 and 50 WM Fe(II) diminished the intensity of

Fig. 1. EPR spectra of DMPO-OH adducts produced by Fen-
ton reagents (50 WM Fe(II) plus 300 WM H2O2) in 10 mM
HEPES bu¡ered media (pH 7.2) containing 50 mM DMPO
(Exp. A); B, H2O2 not included; C, DMPO added 10 s after
Fenton reagents; D, 50 WM PIH plus Fenton reagents; E, 50
WM PIH added 10 s after Fenton reagents; F, 50 WM DFO
plus Fenton reagents. These are representative spectra of experi-
ments done at least twice.

Table 1
E¡ect of iron chelators on the EPR signal of DMPO-OH in-
duced by 50 WM Fe(II) and 300 WM H2O2

Conditionsa Peak heightb Protection (%)

No chelator 7.44 þ 0.52 (7)c ^
PIH 3.12 þ 0.37 (8) 58
SIH 3.09 þ 0.49 (2) 58
DFO 2.72 þ 0.27 (4) 63
EDTA 2.77 þ 0.03 (3) 63
aExperimental conditions are as described in Section 2. Concen-
tration of iron chelators was 50 WM.
bThe intensity of the DMPO-OH signal was calculated as de-
scribed in the legend to Fig. 2.
cValues are means þ S.D.; n values are in parentheses.
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the EPR signal. The I50 value for PIH was 40 þ 3 WM
(see legend to Fig. 2). The antioxidant activity of
PIH at 50 WM was not signi¢cantly di¡erent from
that of SIH (a structural analogue of PIH), EDTA
and DFO (Table 1).

Fig. 3A shows that the intensity of the EPR signal
was augmented with increases in iron levels, from
zero to 100 WM, in a ¢xed concentration of H2O2

(300 WM). Fifty WM PIH reduced EPR peak height
in all iron concentrations. The e¡ectiveness of PIH
was inversely related to the concentration of Fe(II)
(Fig. 3B); protection by PIH was nearly 70% at 10^
35 WM Fe(II) and 60^55% at 50^100 WM Fe(II).

3.2. PIH e¡ect on the Fenton reaction:
2-deoxyribose degradation studies

Oxidative degradation of 2-deoxyribose with for-
mation of malonaldehyde is a reliable assay for cOH
formation [1,12]. Fig. 4 shows that 100 WM PIH
protects 2-deoxyribose (15 mM) from oxidative deg-
radation induced by 30 WM Fe(II) and increasing
concentrations of H2O2 in 20 mM HEPES (pH 7.2).

PIH was titrated in the 2-deoxyribose oxidative
degradation reaction induced by 100 WM H2O2 and

Fig. 2. E¡ect of PIH concentration on the intensity of DMPO-
OH signal represented in arbitrary units. Hydroxylation of
50 mM DMPO was induced by 300 WM H2O2 plus 50 WM
Fe(II) in HEPES bu¡ered media, pH 7.2 (see Section 2). The
signal intensities (peak height) were obtained from the ampli-
tude of the ¢rst line for each 4-lined signal. Values are
means þ S.D. (n = 7 for control, 8 for 50 WM PIH, and 3^2 for
the others). The I50 for this experiment was calculated using a
software designed by Brooks [25].

Fig. 3. E¡ect of Fe(II) concentration on the intensity of
DMPO-OH signal represented in arbitrary units (A). Hydroxyl-
ation of 50 mM DMPO was induced by 300 WM H2O2 plus
Fe(II) (from 0 to 100 WM), in the absence or in the presence of
50 WM PIH. Values are means þ S.D. (n = 2^3). Further infor-
mation is in the legend to Fig. 2. Panel B is a replot of data
from panel A and depicts the % protection induced by PIH
against DMPO hydroxylation. The line in the ¢gure is a 2nd
order regression.

Fig. 4. Dependence of H2O2 concentration on the oxidative
degradation of 2-deoxyribose (as Abs 532 nm), in the absence
or in the presence of 200 WM PIH. Fe(II) and 2-deoxyribose
were 30 WM and 15 mM, respectively. Experiments were con-
ducted at room temperature as described in Section 2. Values
are means þ S.D. (n = 3).
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10 or 30 WM Fe(II) (Fig. 5). The data show that PIH
is a more e¡ective antioxidant with 10 WM Fe(II)
(I50 = 26 þ 5 WM) than with 30 WM Fe(II) (I50 =
51 þ 3 WM). The e¡ect of 100 WM PIH on 2-deoxy-
ribose degradation mediated by 100 WM H2O2 and
30 WM Fe(II) was compared to other chelators at
100 WM. The protective e¡ect of PIH (78%) was sim-
ilar to that of EDTA (77%), but higher than those of
SIH (57%) and DFO (58%) (data not shown).

Fig. 6A shows the dependence of iron concentra-
tion on the oxidative degradation of 2-deoxyribose,
in media containing 100 WM H2O2 and PIH (0, 20 or
100 WM). The e¡ectiveness of PIH was inversely re-
lated to Fe(II) concentration (Fig. 6B). Interestingly,
the lowest e¤ciency of 100 WM PIH was reached at
100 WM iron, and the lowest level of protection by
20 WM PIH was reached at about 20 WM iron.

3.3. EPR studies of the ethanol e¡ect on PIH
antioxidant activity

Ethanol can be oxidized by cOH, generated from
Fenton reagents, to an ethanol radical, which can be
trapped by DMPO (reactions 7 and 8). Ethanol is
assumed not to change the primary products of the
Fenton reaction [16]. The DMPO-CH(OH)CH3 ad-
duct (DMPO-Et) has a typical 6-lined spectrum with

parameters of aN = 16.0 G, aH = 23.1 G [17]. The
EPR spectrum of the DMPO-Et adduct, together
with the DMPO-OH spectrum (see reaction 6), could
be detected in 10 mM phosphate bu¡er (pH 7.2), in
media containing 2 M ethanol and Fenton reagents
(Fig. 7, Exp. A). The DMPO-Et spectrum was un-
detected in media containing HEPES bu¡er (data
not shown).
cOH� CH2�OH�CH3 ! H2O� cCH�OH�CH3 �7�
cCH�OH�CH3 �DMPO!

DMPO-CH�OH�CH3 �DMPOÿ Et� �8�

PIH at 100 WM diminished by approx. 64% the
DMPO-Et/DMPO-OH signals (Fig. 7, Exp. B). The
chelator also reduced the intensity of the DMPO-OH
signal obtained in phosphate bu¡er to a comparable
extent (67% reduction; data not shown). Similar re-
sults were observed for the antioxidant activity of
DFO at 100 WM (Fig. 7, Exp. C). This indicates
that both PIH and DFO did not directly inhibit
DMPO-Et formation (see reaction 8), but rather
they inhibited cOH-mediated ethanol radical forma-
tion (reaction 7) by blocking cOH formation.

Fig. 5. Dependence of PIH concentration on 2-deoxyribose deg-
radation (% of control) induced by 100 WM H2O2 and Fe(II)
(10 or 30 WM). Values on the y-axis represent the average of 5^
6 determinations. The I50 values were determined according to
Brooks [25].

Fig. 6. E¡ect of di¡erent Fe(II) concentrations on the degrada-
tion of 2-deoxyribose, in the absence or presence of 20 or 100
WM PIH (A). H2O2 was 100 WM. Values are means þ S.D.
(n = 6). Panel B is a replot of data from panel A and depicts
the % reduction in 2-deoxyribose degradation induced by PIH.
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3.4. E¡ect of PIH on the autoxidation of Fe(II)

Fig. 8 shows the e¡ect of PIH on the rate of Fe(II)
oxidation to Fe(III) in HEPES bu¡ered media, as
measured by the time dependent disappearance of
Fe(II). Oxidation of Fe(II) was manifold faster in
the presence of 50 WM PIH than in its absence and
even higher in the presence of 100 WM PIH. More-
over, O2 uptake (measured with a Clark electrode)
during oxidation of Fe(II) (50 WM) to Fe(III) showed
an increase in the rate of O2 disappearance from
media containing PIH at 300 WM [18].

However, in media previously saturated with N2,
to remove O2 from solution, no detectable Fe(II)
oxidation occurred within 20 min either in the ab-
sence or presence of 100 WM PIH (Fig. 8). These
results demonstrate that PIH speeds up the oxidation

of Fe(II) to Fe(III) by enhancing the rate of Fe(II)
oxidation by O2.

4. Discussion

The present paper provides evidence that the iron
chelator PIH diminishes the formation of cOH in
vitro by inhibiting the Fenton reaction. This was
demonstrated with experiments on DMPO hydrox-
ylation (Figs. 1^3) and 2-deoxyribose degradation
(Figs. 4^6) and was corroborated by the observation
that PIH inhibits cOH-mediated ethanol radical for-
mation (Fig. 7). Ethanol radical can be formed by
oxidizing species other than cOH, such as FeO2�

[18,19]. However, in the ethanol experiments PIH
reduced the height of the lines of the EPR signals
from both DMPO-OH and DMPO-Et adducts with
the same e¡ectiveness (see Exp. B on Fig. 7). This
suggests that PIH does not change the primary prod-
ucts of the Fenton reaction.

The e¡ectiveness of PIH, in both EPR spin trap-
ping and 2-deoxyribose degradation experiments,
was inversely related to iron concentration, indicat-
ing that PIH acts as an antioxidant by chelating iron
ions. The e¤ciency of PIH in preventing DMPO-OH

Fig. 7. EPR spectra showing the e¡ect of ethanol and iron che-
lators (PIH or DFO at 100 WM) on the Fenton reaction. A, re-
actions were performed in 10 mM phosphate bu¡er, pH 7.2, in
the presence of 50 mM DMPO, 2 M ethanol, 50 WM Fe(II)
and 300 WM H2O2 ; B, PIH+H2O2+Fe(II)+ethanol; C,
DFO+H2O2+Fe(II)+ethanol. These are representative spectra
of experiments done twice.

Fig. 8. E¡ect of PIH on the autoxidation of 30 WM Fe(II) in
20 mM HEPES bu¡er (pH 7.2). Fe(II) concentration was meas-
ured as Abs 562 nm (see Section 2). As indicated in the ¢gure
(`plus N2'), two experiments were run in media previously
bubbled with N2 gas (in the absence or presence of 100 WM
PIH). Values are means þ S.D. (n = 4^6).
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formation started to decrease when a 1:1 molar ratio
between iron and PIH was approached (Fig. 3). Sim-
ilarly, the e¡ectiveness of PIH in inhibiting 2-deoxy-
ribose degradation reached its lowest level at an
iron:PIH ratio of 1:1 (Fig. 5). These data, taken
together, indicate that a Fe(II)-PIH (1:1) complex
is formed during the PIH-dependent inhibition of
cOH formation. Schulman et al. [1] also observed
an inverse relationship between the e¡ectiveness of
PIH in preventing 2-deoxyribose degradation (caused
by Fe(III)-EDTA/ascorbate/O2) and the concentra-
tion of Fe(III)-EDTA.

Moreover, the PIH tritation study demonstrated
that the antioxidant activity of PIH in the 2-deoxy-
ribose degradation assay was less e¤cient in the pres-
ence of high Fe(II) levels (30 WM; see Fig. 5). This
suggests that PIH and H2O2 compete for reaction
with Fe(II). Fe(II) may form a transient complex
with PIH that is quickly oxidized by O2 to a stable
Fe(III)-PIH2 complex. PIH could increase the rate of
Fe(II) autoxidation because of its much greater af-
¢nity for Fe(III) than for Fe(II). The formation con-
stant (log L11) for the complexes between PIH and
Fe(II), and between PIH and Fe(III), at neutral pH
are 12.5 and 24.8, respectively [9,20]. Thus, PIH may
change the equilibrium of the autoxidation reaction
and enhance the rate of Fe(III) formation (in the
scheme below the rate constant K2 is much higher
than K1).

Fe�II� �O2ÿ!K1 Fe�III� �O3
2 �9�

Fe�II� � PIH! PIH-Fe�II�

�O2 � PIHÿ!K2 Fe�III�-PIH2 �O3
2 �10�

By accelerating Fe(II) autoxidation (reaction 10),
PIH would decrease the concentration of Fe(II)
available for the Fenton reaction, thus reducing the
amount of cOH formed. EDTA and DFO are also
able to increase the rate of Fe(II) oxidation [3,21]
suggesting that these chelators act as antioxidants
in the Fenton reaction with a mechanism similar to
PIH. However, it has been observed that DFO, but
not EDTA, induces H2O2 formation and DMPO
hydroxylation during the autoxidation of Fe(II)
[21]. On the other hand, PIH is able to block 2-de-
oxyribose degradation during the autoxidation of
Fe(II), at neutral pH, indicating that no cOH-like

species are formed (R. Araujo, M. Hermes-Lima,
unpublished). Moreover, EDTA enhances the rate
of cOH formation from Fe(III) in the presence of a
reducing agent [12]. In contrast, the Fe(III)-PIH2

complex does not catalyze oxyradical formation [1]
and therefore can be considered as a safe form of
iron to be excreted in iron overload therapy.

The antioxidant e¤ciency of PIH toward the Fen-
ton reaction was similar to DFO in the EPR experi-
ments (Table 1), but slightly higher in the 2-deoxy-
ribose assay (see Section 3), di¡erences which cannot
be explained at the moment. However, these results
may be of pharmacological relevance, since PIH
might be a better antioxidant than DFO in prevent-
ing iron-catalyzed oxyradical formation in vivo.
Moreover, PIH is lipophilic, while DFO is highly
hydrophilic [22]. Therefore, PIH transverses biologi-
cal membranes and accesses intracellular iron pools
more e¤ciently [7,23].

Finally, these studies add further insights on the
mechanism of the antioxidant activity of PIH. When
cOH radicals are formed from Fe(III) plus ascorbate
(see reactions 1^5), a process that supposedly occurs
in vivo [12,24], PIH can inhibit both ascorbate oxi-
dation (reaction 1) [1] and Fenton reactions (reac-
tions 4 and 5). Furthermore, PIH accelerates Fe(II)
autoxidation (reactions 2, 9 and 10) and thus de-
creases the availability of Fe(II) to participate in
cOH-producing Fenton reactions. Thus, PIH is an
iron chelator with antioxidant activity [1^3] that
might be useful for experimental therapy in L-thalas-
semia and other pathologies related to iron-mediated
oxidative stress.
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