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Biochemical Mechanism of Oxidative
Damage by Redox-Cycling Drugs
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Biochemical mechanisms of production of redox intermediates of redox-cycling drugs include: photo-
chemical events, either photoionization process or electron transfer from photoexcited states; electron
exchange of reduced form of a drug with the oxy state of oxygen-binding hemoproteins; oxidation by
catalytic metal centers (oxidases, peroxidases, oxygenases) of the reduced forms of drugs; or electron
transfer to the oxidized form of a drug from activated intracellular electron transfer chain (mitochondria,

microsomes, ete.).

Further reaction of these drug free radicals can lead to oxidative damage by either direct attack of
biclogical macromolecules or via oxygen reduction, giving O»~, H,(,, and OH . The reaction pathway
depends on the presence of metal ions, natural scavengers, enzymes that control relative concentrations
of reactive species, and availability of oxygen in the environment.

Redox processes have been linked to pharmacological
effects of drugs since long time. Many drugs are redox
molecules, and in many instances oxidative damage
(lipid peroxidation, DNA cleavage, enzyme inactiva-
tion, ete.) is evident in tissues undergoing drug action.
The recent theory of “active” oxygen species as media-
tors of oxidation damage is therefore pivotal to current
interpretation of the mechanism of action of several
drugs (2). The aim of the present article is to review
the biochemical factors of relevance to determine the
efficacy of a foreign organic molecule (xenobiotic, drug)
to act through reversible redox cycling in a certain bi-
ological environment. The best characterized redox sys-
tems of this type include quinones and hipyridylium
cations, which give rise to semiquinoid structures and
nitroaromatic compounds, with their reduetion products
up to the amine level. They give relatively stable free
radicals as one-electron redox intermediates according
to the one-electron equilibria (1)-(3).
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Redox enzymes, like oxidases, peroxidases, and oxy-
genases, have been shown to produce one-electron in-
termediates from drugs eontaining phenol, hydrazine,
thiol, polyhalogenalkyl, phenothazine and other groups
(2). Metal ions, which belong to the category of redox-
eycling agents, will not be treated here unless strictly
associated to the action of organic drugs.

Primary Sources of Oxidative
Damage by Drugs

In this respect, four groups of sources can be distin-
guished which are likely to operate #n vivo: physical
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agents, mononuclear oxygen-carriers (e.g., Hb, Mb),
metal centers of catalytical oxygen activation, and cel-
lular electron transport systems (e.g., respiratory
chaing). In general, the primary event is a single-elec-
tron donation or abstraction process, giving rise to an
organic free radical.

Physical Agents

The light-sensitized action of drugs is a well known
occurrence in drug mechanisms, Often photedynamic
effects are related to a redox reaction with free radical
intermediates. The photochemical event usually in-
volves a photoionization, in which an electron is either
added to or ejected from a drug. In biological systems,
such reactions can occur under much milder conditions
than ordinary photochemistry, owing to the presence
of suitable light-sensitive electron donors and/or accep-
tors. The enhancement by light of the tripanocidal action
of crystal violet (a triazylmethy! dye), is related to the
increased formation of the carbon-centered radical of
the drug (3) by photoreduction in the presence of re-
duced pyridine nucleotides. Photooxidation of pheno-
thiazines to cation free radicals is responsible, via sub-
sequent electron transfer to melanin, for the skin
pigmentation seen in patients undergoing chlorproma-
zine treatment ({).

On the other hand, visible light can excite anthra-
cycline quinone antibiotics, like Adriamyein and dau-
nomycin, to produce a direct electron transfer from the
excited state of the drug to oxygen and thus give rise
to “active” oxygen species without the intermediate pro-
duction of free electrons (5).

Oxyhemoproteins

Many redox drugs react with oxyhemoglobin aceord-
ing to the reaction (4):

HbO, + RH + H* - MetHb + H,0, + R- (4)

Phenols (6) and phenylhydrazines (7) are typical of
this mechanism. The reaction leads to Hb oxidation, but
it is actually a reduction of the bound oxygen in which
one electron is donated to the [HbFe(I1) Os] by the drug
and another one by the iron; with H,0,, HoFe(III) and
the drug radical are products. The reactions involving
the resulting free radical, Os, and the other produets,
HbFe(Il) or Hy(,, are sources of further oxidizing spe-
cies. In particular, MetHb and H,0, may behave as a
peroxidase-like system (see below), which has been in-
voked by ather authors (8) as the real source of phenyl-
hydrazine-derived free radicals, according to a two-elee-
tron reduction of a ferryl (FelV) form of oxy Hbh.
Furthermore, guinones, like menadione {9) and Adria-
myecin (10) may actually oxidize [Hb Fe(II)0,] to
HbFe(III) + O with resuiting formation of semiqui-
nones. This is a particular case of a more general mech-
anism, which will be treated below. These reactions are
likely to be responsible for the hemolytic effects of many

drugs including also antimalarial 8-aminoquinoline (pri-
maquine) and sulfonamides. These drugs are potentially
hemolytic, especiaily in individuals with glucose-6-phos-
phate dehydrogenase deficiency which impairs the H,0,
detoxifying power of the cell via GSH-dependent en-
zymes. Similar reactions with oxy Hb may occur in the
presence of divicine and isouramil, two aglyeones which
are present in broad beans and may be responsible for
the hemolytic anemia (favism) affecting some glucose-
6-phosphate-deficient subjects (/7). These compounds
are an aminophenol (divicine) and a hydroquinone (iso-
uramil) of pyrimidine structure and are likely to give
rise to semiquinoid form upon very facile autoxidation
(12), in a process apparently similar to the autoxidation
of their structural analog dialuric acid (13). It will be of
interest to investigate the influence of Hb on this an-
toxidation. In any case, oxidation of Hb occurs in red
cells treated with divicine, especially when the reduced
forms of the aglycones are continuously regenerated by
suitable electron donors like reduced glutathione or as-
corbate (14).

Catalytic Metal Centers

Metal impurities catalyze so-called “autoxidation™ of
quinols, like neurotoxic substituted dopamines (13),
with formation of drug free radicals and superoxide or
hydrogen peroxide. In this context it should be recalled
that O, ™ may also react with the oxidized quinonic forms
of such compounds, like in the case of a-methyl-
dopa, giving rise to reactive semiquinones (15). Metal
centers of metalloenzymes are able to carry out reac-
tions with a number of drugs and in many cases a free
radical intermediate has been detected. Phenols (16),
aromatic amines (17), hydrazines (18), and thiols (19)
undergo one-electron oxidation in the presence of per-
oxidases and H;0,. Xanthine oxidaseis able to use many
drugs as single-electron acceptors from xanthine (20),
but the physiological significance of such reactions is
doubtful. Ceruloplasmin, a four-electron oxidase, is able
to oxidize many of its substrates with free radicals as
intermediates (21). Cytochrome P-450 (a mono-oxygen-
ase) has been suggested to form free radicals during
microsomal oxidation of polycyclic hydrocarbons and te-
trachloroalkanes, but definitive unambiguous evidence
for this process is still missing (2).

Electron Transfer Chains

This group encompasses the largest number of cases.
Here are the oxidized forms of redox drugs to be re-
duced, usually to a free-radical intermediate, by biolog-
ical electron donors, on the basis of suitable redox po-
tentials, enzyme specificity and often membrane
permeability, sinee most electron transfer chains are
membrane-bound. Therefore, if processes listed under
physical agents can be either reductions or oxidation of
a drug and those under oxyhemoproteins and catalytic
metal centers are oxidation, reactions of the electron
transfer type will be reduction of the drug and require






