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Abstract—One electron oxidation of the antimalarial drug amodiaquine by inorganic radicals was
investigated by pulse radiolysis. A transient species was observed and identified as the semiiminoquinone
radical, which has recently been implicated in the toxicity of amodiaquine. Pulse radiolysis was used to
determine the reactivity of this radical. In the absence of other solutes it decays rapidly in a second
order process. No reaction between the semiiminoquinone radical and oxygen could be observed. In
the presence of ascorbate or a phenolic antioxidant (Trolox C) the semiiminoquinone radical was rapidly
repaired. Similar reductants have been reported (Maggs JL et al., Biochem Pharmacol 37: 303-311,
1988) to inhibit irreverisble protein binding during amodiaquine autoxidation, and the present results
support the involvement of the radical during these reactions.

The antimalarial drug amodiaquine may cause
serious myelotoxicity and hepatotoxicity in man
{1, 2]. These effects have been postulated to be due
to oxidation of the 4-aminophenol moiety of amod-
iaquine (AQ*) [3,4], which leads through con-
secutive one-electron oxidations of the parent
molecule to the semiiminoquinone free radical and
to the iminoquinone (Fig. 1). It is not known which
of these species is the cause of host toxicity, although
data on the inhibition of protein binding during
autoxidation of amodiaquine suggest the involve-
ment of both species [4]. Similar reactions have been
more extensively studied with acetaminophen [5, 6],
which is also hepatotoxic in large doses [7]. The
formation of free radicals from acetaminophen by
enzymatic reactions both in vitro [8] and in vivo [9]
has been reported.

The technique of pulse radiolysis [10, 11] is ideally
suited to the investigation of drug free radicals in
solution, and has previously been used to determine
the properties of the radicals formed by one-electron
oxidation of acetaminophen [12, 13]. Radiolysis of a
dilute aqueous solution with a submicrosecond pulse
of energetic electrons creates oxidizing (hydroxyl,
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Fig. 1. Scheme proposed for the oxidation of amodiaquine

(AQ) to reactive semiiminoquinone and iminoquinone
intermediates, after Maggs et al. [3, 4].

* Abbreviation: AQ, amodiaquine.

OH) and reducing radicals (the hydrated electron,
€4, and hydrogen atom, H'):

H,O~— OH,H e, . (1)

Saturation of the solution with nitrous oxide converts
the hydrated electron to hydroxyl radicals, which
then represent over 90% of the radical yield:

N;O +e; — OH + OH™ +N,. ()

The hydroxyl radical may be used as the primary
oxidizing radical, or may be converted to one of
several less reactive but more specific oxidizing inor-
ganic radicals (X or X3 ) by addition of an inorganic
scavenging anion (X~ = Br~, SCN~, N7 etc) to the

solution:
OH+X —->OH +X, 3)
X+X =X5. 4)
MATERIALS AND METHODS

Amodiaquine (AQ, camoquine, 4-[(7-chloro-
4 - quinolinyl)amino] - 2 - [(diethylamino)methy] -
phenol]) was a gift from Warner-Lambert (U.K.)
Ltd. Trolox C (6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid) was a gift from Hoffman-
LaRoche. Other reagents were AnalaR grade where
available. Water was obtained from a Milli-Q system
(Millipore Ltd) and solutions were prepared in baked
glassware.

The pulse radiolysis facility at the University of
Salford, based on a Febetron 705B electron accel-
erator, was used. Solutions were irradiated with elec-
tron pulses (approx. 1.5MeV, 50 nsec duration) in
a silica cell of 2cm optical pathlength. Transient
absorptions were recorded using a Datalab 905 digi-
tizer and transferred to an Apple II microcomputer
system for storage and analysis. The dose per pulse
was between approximately 1 and S Gy for most
experiments. Spectra are plotted as the product of
extinction coefficient (¢, units m?/mol) and radiation
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Table 1. Second order rate constants for reactions of free
radicals with amodiaquine

Radical pH Second order rate constant (M~'sec™*)
‘OH* 6.8 (6.0 = 0.5) x 10°

N3t 6.8 (1.20 = 0.05) x 10°

Br;t 6.8 (2.06 = 0.06) x 108

eat 71 (3.9 = 0.1) x 10

* Measured by competition with formate, taking k
(OH + HCO;)=3.2 x 10M™'sec™!.

+ Measured from formation of the amodiaquine radical
absorption at 460470 nm.

1 Measured from the decay of the hydrated electron
radical absorption at 700 nm.

chemical yield (G, units mol/J). Dosimetry was per-
formed with aerated solutions of KSCN (10 mM),
taking Ge (480 nm) = 2.47 x 10~ *m?/J [10].

RESULTS AND DISCUSSION

Reactions of free radicals with amodiaquine

The reactions of some free radicals with AQ were
studied by pulse radiolysis and the second order rate
constants for their reactions are summarized in Table
1. Experiments were restricted to neutral and slightly
acidic solutions due to the insolubility of AQ in
alkaline solutions, most probably due to depro-
tonation of the quinoline ring. From the effect of pH
on solubility and on the absorption spectrum, this
deprotonation appears to occur with a pK of 7-8.
One electron oxidation of amodiaquine was studied
using ‘OH, N3 and Brj as the oxidant radicals,
generated as described in the introduction. Typical
changes in optical absorption as a function of time
in pulse irradiated N,O saturated solutions of sodium
azide and AQ are shown in Fig. 1. At the con-
centrations of azide employed, the azide radical
(N3) is formed from reaction with ‘OH within the
duration of the pulse (<50 nsec) and the increase in
absorbance at 460 nm shown in Fig. 2A is due to
formation of an amodiaquine free radical from the
reaction of N3 with AQ. Under the experimental
conditions this reaction occurs with first order
kinetics. A plot of the observed first order rate
constant versus AQ concentration, as in the inset to
Fig. 3A, gives a second order rate constant for the
reaction of N3 with AQ of (1.20%0.05) x
10°M~'sec™! at pH 6.8. The non-zero intercept in
this and similar plots is due to the competing second
order decay of the radicals. Observation of the amod-
iaquine radical over a longer timescale, as in Fig.
2B, shows that the radical is unstable and decays
over a period of milliseconds.

The spectrum of the transient radical formed in
the reaction of N3 with AQ was constructed from
transient absorption profiles, such as those in Fig. 2,
recorded at regular wavelength intervals in the visible
spectral region. At wavelengths below 400 nm
measurements are hindered by the strong ground
state absorbance of AQ. The transient spectrum,
obtained by pulse radiolysis, from reaction of Nj
with AQ obtained at pH 6.8 (Fig. 3A) has a pro-
nounced peak at 450460 nm and a shoulder at longer
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Fig. 2. Transient absorptions at 460470 nm obtained on
pulse radiolysis of N,O saturated AQ solutions. The time
of the pulse is indicated by the arrow. (A) Formation of
the AQ radical absorption at 460 nm on reaction of the
Nj radical in solutions containing AQ (52 uM), NaN,
(0.1 M) and phosphate buffer (10 mM) at pH 6.80. Dose =
1.5 Gy/pulse. (B) Second order decay of the AQ radical
absorption at 460 nm in solution containing AQ (0.5 mM),
NaN; (0.05 M) and phosphate buffer (20 mM) at pH 6.75.
Dose = 2.0 Gy/pulse. (C) First order decay of the AQ
radical absorption at 470 nm on reaction with ascorbate in
solution containing AQ (2.5 mM), ascorbate (0.28 mM),
NaN; (0.1M), EDTA (50 uM) and phosphate buffer

(50 mM) at pH 6.62. Dose = 1.4 Gy/pulse.

wavelengths. The dotted line in the spectrum in
Fig. 3A shows the corrected spectrum, adjusted for
ground state bleaching in the region 400—450 nm.
The best estimate for the extinction coefficient for
the radical absorption at 460-nm is 1400 + 100 m2/
mol, assuming a yield (G) of 0.62 umol/J for the
N3 radical. A prominent absorption maximum in the
region of 400-500 nm is characteristic of semiquinone
and semiiminoquinone radicals [13-15] and indicates
that the observed spectrum may be that of the semi-
iminoquinone radical obtained by one-electron oxi-
dation of the 4-aminophenol group of amodiaquine.

The Brj radical was also found to react rapidly
with AQ with a second order rate at pH 6.8 of
(2.06 £ 0.06) x 108 M~ 1sec™! (I =0.12), obtained
from the plot in the inset to Fig. 3B. The transient
spectrum of the amodiaquine radical formed on reac-
tion of Br3, shown in Fig. 3B, is virtually identical
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Fig. 3. Transient absorption spectra from pulse radiolysis
of N,O saturated AQ solutions. (A) From reaction of
Nj; radicals in a solution containing AQ (0.2 mM), NaN,
(20 mM) and phosphate buffer (S mM) at pH 6.9. Measured
15 usec after a pulse of 2.9 Gy. The dashed line shows the
radical spectrum, corrected for bleaching of the ground
state absorption between 400-450 nm. Inset: effect of AQ
concentration of the first order rate (k) of formation of the
AQ radical absorption at 460 nm on reaction of Nj. (B)
From reaction of Br; radicals in solution containing AQ
(0.8 mM), KBr (0.1 M) and phosphate buffer (10 mM) at
pH 6.8. Measured 20 usec after a pulse of 2.9 Gy. Inset:
effect of AQ concentration of the first order rate (k) of
formation of the AQ radical absorption at 460 nm on reac-
tion of Br3 . (C) From reaction of ‘OH radicals in a solution
containing AQ (0.2 mM) and phosphate buffer (5 mM) at
pH 7.0. Measured 2 usec (O) and 15 usec (O) after a pulse
of 5.5 Gy. Inset: effect of formate concentration on the AQ
tion of Br5 . (C) From reaction of ‘OH radicals in a solution

to that obtained on reaction of Nj. This provides
strong support for the conclusion that the amod-
iaquine free radical observed in these experiments is
a simple one-electron oxidation product, rather than
a radical addition product.

The competition method was used to obtain the
rate constant of (6.0 = 0.5) x 10° M~ ! sec™ ! for reac-
tion of the hydroxyl radical with AQ from the data
in the inset to Fig. 3C, using formate as the reference
solute and taking k& (OH + HCO;)=3.2X
10°M~!sec™! [16]. The transient product radical
spectra measured on reaction of ‘OH with AQ are
shown in Fig. 3C. At the concentration of AQ used
(0.2 mM) the half-life for reaction of ‘'OH with AQ
is 0.6 usec, calculated from the rate constant given
above. The initial transient spectrum measured
2 usec after the pulse is considerably less intense than
that measured after oxidation with N3 or Br7, and
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Fig. 4. Second order plots for the decay of the amodiaquine

radical absorption (A) corrected for the permanent residual

absorption (A.) in N,;O-saturated solutions containing AQ

(0.5 mM), sodium azide (50 mM) and phosphate buffer

(20 mM) at pH 6.75. Measured after puises of 2.0 Gy (@),
5.1 Gy (%), 14.1Gy (O) and 29.2 Gy (+).

was observed to continue to increase in intensity
for approximately 10-15 usec after the pulse. As is
shown in Fig. 2C, this effect is especially pronounced
within the region of the main absorption peak (440-
500 nm) of the other spectra in Fig. 2. The low
intensity of the spectra from reaction of “OH suggests
that the hydroxyl radical may react with sites (for
example the quinoline ring) other than the 4-amino-
phenol moiety in AQ. Hydroxyl radicals often react
with aromatic systems by addition, and the increase
in absorbance after hydroxyl radical reaction indi-
cates, by analogy with similar reactions [13,17],
dehydation of an initial dihydroxycyclohexadienyl
radical to give the semiiminoquinone radical (Eqn
5).

H OH 0
écu,wst2 HO@CHzMEt? @CHzNEtZ
N

-H,0 H

NH ‘oH NH 2
0, 0, O
SN a SN cl SN o
(%)

The observation that this leads to an increase in
absorbance within the region of maximum absorp-
tion in spectra obtained from reaction of Nj and
Br; strengthens the conclusion that these inorganic
radicals react to produce the semiiminoquinone rad-
ical of AQ.

The rate of reaction of the hydrated electron with
AQ was also measured, since it is necessary infor-
mation for the design of other pulse radiolysis experi-
ments. The second order rate constant was obtained
from measurements of the first order rate of decay
of the hydrated electron absorption at 700 nm in
solutions at pH 7.1 + 0.1 containin§ AQ (0-11 uM),
giving a value of (3.9 = 0.1) x 10'"M~!sec™!.
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Reactions of the amodiaquine radical

The semiiminoquinone radical of amodiaquine is
unstable, as noted above and demonstrated in Fig.
2B. At the initial radical concentrations provided
by pulse radiolysis in these experiments, the decay
occurs over a timescale of milliseconds and results
in a small permanent residual absorption at 460 nm
with a Ge of approximately 7 X 1075 m?/J. When
corrected for the absorbance of this permanent prod-
uct (A,) the decay follows second order kinetics, as
shown by the linear plots of (A — A,)~! versus time
in Fig. 4 at several different initial radical con-
centrations. The slope of these plots is numerically
equal to 2k/el, where [ is the optical pathlength of
the sample cell and 2k is the rate constant for the
second order decay of the radicals. Using the value
of the extinction coefficient of the radical obtained
above (1.4 x 10> m?/mol), the data in Fig. 4 give
2k =(1.4+0.3) x 10°M 'sec”!. Such a second
order decay may indicate either a radical dimer-
ization or a disproportionation reaction. If the latter
is the case, then the residual absorption at 460 nm
may be due to the amodiaquine iminoquinone.

The decay of the amodiaquine semiiminoquinone
radical was also observed in a solution saturated with
aN,0/0, (100:20) mixture, using a pulse of 1.1 Gy.
The decay was indistnguishable from one obtained
under saturation with N,O alone, with a first half-
life for decay of approximately 1 msec. This suggests
that the rate constant for reaction of the amodiaquine
semiiminoquinone radical with oxygen is less than
2 x 10°M~!sec™!. This is consistent with previous
reports that no reaction could be detected between
the acetaminophen semiiminoquinone radical and
oxygen, either by electron spin resonance spectro-
scopy [8] or by pulse radiolysis [13].

Maggs et al. [3, 4] showed that the irreversible
binding of AQ to protein during oxidation of the
drug in aqueous solution at physiological pH was
inhibited by a number of reducing agents, including
NADPH, ascorbate, N-acetylcysteine, reduced
glutathione and butylated hydroxytoluene (BHT).
Whilst two-electron reduction by ascorbate and
thiols would implicate the iminoquinone as the reac-
tive product of autoxidation, the observation that
BHT reduced protein binding suggested a role for
the semiiminoquinone radical, since BHT is a typical
phenolic antioxidant capable of “repairing” organic
free radicals [18]. Pulse radiolysis has therefore been
used to directly measure the reactivity of the amod-
iaquine semiiminoquinone free radical with some of
these reducing agents.

The decay of the amodiaquine semiiminoquinone
radical was observed at pH 6.65 in solutions con-
taining increasing concentrations of ascorbate. As
shown in Fig. 2C, the decay is considerably faster in
the presence of 0.28 mM ascorbate. A plot of the
observed first order rate constant for amodiaquine
radical decay against ascorbate concentration (Fig.
5) was used to obtain a rate constant of
(3.3 £ 0.1) x 10" M~ 'sec™ ! for the reaction of ascor-
bate with the radical. Trolox C is a water soluble
analogue of vitamin E and acts as an effective phe-
nolic antioxidant in the same way as BHT (18, 19].
It has been demonstrated to repair a number of
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Fig. 5. Effect of the concentration of ascorbate (@) or

Trolox C (O) on the first order rate of decay of the AQ

radical absorption at 460-470 nm in solutions containing

AQ (2.5mM), NaN; (0.1M) and phosphate buffer

(50 mM) at pH 6.7 = 0.1. In the solutions containing ascor-

bate, EDTA (50 uM) was also added. Measured using a
dose of 1.4 Gy/pulse.

different types of organic radicals, including those
derived from fatty acids [19], acetaminophen [12]
and amino acids [20]. Increasing concentrations of
Trolox C in solution also caused an increase in the
decay of the amodiaquine semiiminoquinone radical.
From the data in Fig. 5 a second order rate constant
of (1.00 = 0.05) x 10’ M~! sec™! was determined for
the repair of the amodiaquine semiiminoquinone
radical by Trolox C at pH 6.7.

The data obtained here therefore shows that the
inhibition by both BHT and ascorbate of amod-
iaquine binding to proteins during autoxidation may
be due to the very rapid reactions of these reductants
with the amodiaquine semiiminoquinone radical.
Such reactions are consistent with those in the
scheme (Fig. 1) proposed by Maggs et al. [3,4].
However, the postulated reaction of oxygen with the
semiiminoquinone radical, in which the superoxide
radical would be one product, could not be detected
by pulse radiolysis. Further studies of the properties
and reactivity of the amodiaquine radical using pulse
radiolysis, for example determination of its one elec-
tron reduction potential and rate of reaction with
thiols, are presently limited by the low solubility
of AQ in even slightly alkaline solutions. Further
experiments are being undertaken to overcome this
obstacle.
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