
Reactive Oxygen and Nitrogen Species

The term “radical” is often used loosely in chemis-
try to refer to various groups of atoms that behave
as a unit, such as the carbonate radical (CO3

2–), ni-
trate radical (NO3

–), and the methyl radical (CH3–).
According to this definition, Lavoisier (1789) has al-
ready indicated that the four elements: phosphorus,
sulphur, carbon, and hydrogen not only by them-
selves can take up oxygen, but may also mutually
combine to likewise oxidizable compounds. Berze-
lius (1817) formulated: in inorganic nature all ox-
ides contain a simple radical, while all organic com-
pounds are oxides of composed radicals; the radical
of vegetable matter mostly consists of carbon, that
of animal matter besides carbon contains nitrogen.
Halliwell and Gutteridge (1989) avoid this

use and define a “free radical” as follows:

A free radical is any species capable of independent
existence that contains one or more impaired electrons.

Classically, radical reactions begin with an initia-
tion process to form a radical species, such as the
reaction of H2O2 with transition metals (Fenton
chemistry) to form hydroxyl radical, HO (Ward-
man and Candeias 1996).

Table 12. Transition metals

Metal ion Number of unpaired d-electrons

Ti(III) 1
Ti(II), V(III) 2
V(II), Cr(III), Mn(IV) 3
Cr(II), Mn(III) 4
Mn(II), Fe(III) 5
Fe(II) 4
Co(II) 3
Ni(II) 2
Cu(II) 1

Transition Metals in Natural
and Man-Made Fibres

1) Iron is a constant component of crocidolite and
amosite present in rather large percentage. In vitro,
ferrozine, a strong Fe(II) chelator, mobilised Fe(II)

from crocidolite (6.6 nM/mg asbestos × h) and am-
osite (0.4 nM/mg × h) in 50 mM NaCl, pH 7.5
(Lund and Aust 1990). Inclusion of ascorbate in-
creased the rates to 11.4 and 4.9 nM/mg × h, respec-
tively. In vivo, iron mobilisation from crocidolite by
low-molecular-weight chelators may lead to the in-
creased production of reactive oxygen species
(Lund and Aust 1991).
2) The metal substitutes for another cation. In
chrysotile Fe2+ and Mn2+ replace Mg2+.
3) The metal represents an impurity caught in
manufacturing (Cralley et al. 1967).
Two classes of dioxygen-independent enzymatic

reaction are now recognized to proceed through
radical-based mechanisms, those catalysed by S-
adenosylmethionine/iron-sulphur enzymes, and
the adenosylcobalamine-dependent enzymes, as re-
cently reviewed by Frey (2001).

6.1

The Respiratory Burst

Free radicals are chemical species with one or more
unpaired electrons in their outer orbital. Their pro-
duction is essential to normal metabolism but they
are theoretically destructive unless tightly con-
trolled.
Reactive oxygen species are generated in cells by

both enzymatic and nonenzymatic reactions. They
should be generated at the cell surface, as a re-
sponse against the stimulus caused by the presence
of a pathogen.
Redox reactions are essential for the function of

cell membranes (Del Castillo-Olivares et al.
2000). It should be stressed that every bioenergetic-
ally competent cell membrane does contain redox
systems (Skulackev 1988). A plasma membrane
electron transport or redox system has been found
in every living cell tested. Voegtlin et al. (1925)
examined a relation between the redox state and
cancer. The redox potential of cytochrome b558,, a
component of NADPH oxidase, is –245 mV. This is
atypically low for a cytochrome b, but this fact en-
ables the reduction of oxygen to superoxide (Cross
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Dioxygen      Superoxide      Hydrogen      Hydroxyl      Water
radical peroxide radical

O2 O2 H2O2 HO H2O2
•– •

+e– e– + 2H+ +e– +e– + H+

One-electron reduction of oxygen

[20]

σ*2p
π*2p
π2p
σ2p
σ*2s
σ2s
σ*1s
σ1s

e– e–

3Σg–O2 O2 O2

Ground State O2 Superoxide Peroxide ion

Bonding in the diatomic oxygen molecule [21]

•– 2–

Fe3+ + O2
•–

Fe3+ + O2
•–

Fe2+ + O2

FeIIIOO2– or Feν = O

[22]

[23]

106 M–1 · s–1

et al. 1981). The rate of electron flow has been dem-
onstrated to be matched by the rate of superoxide
production (Cross et al. 1985).
Using bovine neutrophils, Yamamori et al.

(2002) examined the role of p38 mitogen-activated
protein kinase in the signalling pathway of the
NADPH oxidase activation. Superoxide production
was induced by stimulation with serum-promised
zymosan and attenuated by p38 mitogen-activated
protein kinase inhibitor, SB203580. Serum-
promised zymosan stimulation induced the trans-
location of p47phox and Rac to the plasma membrane
and SB203580 completely blocked the translocation
of Rac, but only partially blocked that of p47phox.
Furthermore, SB203580 abolished the serum-
promised zymosan-elicited activation of Rac, which
was assed by detecting the guanosine triphosphate-
bound form of this protein. Phosphatidylinositol 3-
kinase inhibitors, wortmannin and LY294002,
blocked not only p38 mitogen-activated protein ki-
nase activation but also Rac activation. However,
SB203580 showed no effect on the phosphatidylino-
sitol 3-kinase activity.
A growing body of evidence suggests a potential

role for oxygen-derived radicals such as superoxide
anion (O2

–) and hydrogen peroxide (H2O2) as intra-
cellular signalling molecules. Numerous studies
have implicated a dynamic change in the intracellu-
lar redox state as an important determinant in a
host of cellular decisions ranging from growth, to
apoptosis, to cellular senescence (Finkel 1999).

6.1.1

Reactive Oxygen Intermediates

Atmospheric oxygen (3O2) is relatively unreactive
because it is a diradical with parallel spin state.
Thus its divalent reduction is kinetically limited by
the relatively slow spin inversion process. The spin
conservation rule states that spin must be con-
served during the time for a chemical reaction to
occur. The spin restriction means that when 3O2 is
involved in metabolic oxidation it has to be acti-
vated, allowing for spin inversion of one electron at
a time, in order to have productive collision. This
univalent pathway requires the generation of inter-
mediates, among superoxide (O2

–) is the first re-
duced product.

The product of the Krev-1/rap1A gene was copuri-
fied as a component of the superoxide generating
system from human neutrophils (Quinn et al.
1989).

Superoxide under physiological conditions in vivo
may be a source of electrons for the oxidative phos-
phorylation of ADP (Mailer 1990). Scavenging of
NO as an important messenger makes O2

– an an-
tagonist to NO and already simply by this property
O2

– becomes a messenger molecule itself (Wolin
1996, Okatani et al. 1998, Meyer et al. 1999). The
existence of defined sources for O2

– favours the hy-
pothesis of a superoxide-driven redox regulation
(Ullrich and Bachschmid 2000). At unphysiolo-
gical low pH values the protonated HOO radical is
a more reactive species bit at physiological pH its
concentration is too low (pK = 4.8) and its radical
mechanism not suited to cause sulphoxidations of
methionine, sulphenic acid formation or the oxida-
tion of vicinal dithiols to disulphides. However, tak-
ing into account the reducing capacity of O2

– it has
been confirmed that ferritin bound ferric ions can
be reduced and released (Fridovich 1986) and
also CuI and MnII levels may increase as a conse-
quence of superoxide formation. These metals tend
to associate with protein structures and then would
be able to react with O2

– by formation of peroxo or
oxo species; e.g.

Such species are more reactive than H2O2 and act
locally and hence selectively at metal-binding do-
mains.
Tumour necrosis factor- (TNF- ) transiently

increased intracellular superoxide and other reac-
tive oxygen species production in human fibro-
blasts (Meier et al. 1989) and human oral carci-
noma SCC-25 cells (Liu et al. 2000).
Enhanced exhalation of H2O2 and thiobarbituric

acid reactive substances has been reported in vari-
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Fe3+ + O2
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Thiobarbituric acid test [25]

ous inflammatory lung diseases (Dohlman et al.
1993, Antczak et al. 1997, Nowak et al. 1999). In
healthy volunteers the H2O2 exhalation revealed di-
urnal variation with two-peak values 0.45±0.29 M
and 0.43±0.22 M at 12:00 and 24:00 h (Nowak et
al. 2001). The lowest concentrations, 0.26±0.13 M
and 0.25±0.26 M, were found at 20:00 and 8:00 h.
Type II pneumocytes, alveolar macrophages, and
endothelial cells produce H2O2 (Kinnula et al.
1991).
The role of H2O2 as a second messenger has been

demonstrated in various signal transduction sys-
tems stimulated by diverse ligands including cyto-
kines and peptide growth factors through tyrosine
kinase and G-protein-coupled receptors (Krieger-
Brauer and Kather 1992, Ohba et al. 1994, Sun-
daresan et al. 1995, Bae et al. 1997). Besides the
stimulation of protein phosphorylation and tran-
scription factor activation, H2O2 is known to modu-
late K+ channels expressed in Xenopus oocytes
(Vega-Saenz de Miera and Rudy 1992, Szabo et
al. 1997). H2O2 is also known to regulate Ca

2+ sig-
nalling (Reeves et al. 1986, Roveri et al. 1992). On
of the ways H2O2 is able to modulate the intracellu-
lar Ca2+ level is to induce Ca2+ influx by directly ac-
tivating Ca2+ channels on the plasma membrane
(Doan et al. 1994, Li et al. 1998). The H2O2 induced
ionic current was not transient but long lasting in a
Ca2+-free medium (Kim and Han 2002). As H2O2
was still able to induce current in oocytes loaded
with either catalase (EC 1.11.1.6) or N-acetyl-l-
cysteine, H2O2 scavengers, H2O2 induces this ionic
current possible through the activation of Cao

2+-
inactivated channels by an extracellular mecha-
nism.
Classically, radical reactions begin with an initia-

tion process to form a radical species, such as the
reaction of H2O2 with transition metals (Fenton
chemistry) to form hydroxyl radical, HO (Ward-
man and Candeias 1996).
The reaction requires two steps, where superox-

ide first reduces ferric iron to ferrous iron:

and the ferrous iron attacks hydrogen peroxide to
generate hydroxyl radical (Koppenol 1994):

Reactive radical entities can interact with neutral
molecules, and the product of these reactions also
yield radicals. This is the propagation step of radi-
cal reactions, which often proceed through tens to

thousands of molecular intermediates. Radicals are
eliminated when termination reactions occur in
which two radical entities react together or alterna-
tively when the process of propagation results in the
reduction in the product radical energy to such an
extent that it cannot further react with another
molecule, e.g., abstract a hydrogen atom.

Enhanced exhalation of H2O2 and thiobarbituric
acid reactive substances has been reported in vari-
ous inflammatory lung diseases (Dohlman et al.
1993, Antczak et al. 1997, Nowak et al. 1999). In
healthy volunteers the H2O2 exhalation revealed di-
urnal variation with two-peak values 0.45±0.29 M
and 0.43±0.22 M at 12:00 and 24:00 h (Nowak et
al. 2001). The lowest concentrations, 0.26±0.13 M
and 0.25±0.26 M, were found at 20:00 and 8:00 h.
Type II pneumocytes, alveolar macrophages, and
endothelial cells produce H2O2 (Kinnula et al.
1991).
The production of hydroxyl radicals by tetra-

chlorohydroquinone, a major metabolite of the
widely used biocide pentachlorophenol in the pres-
ence of H2O2 was markedly inhibited by hydroxyl
radical scavenging agents dimethyl sulphoxide and
ethanol, as well as by tetrachlorohydroquinone rad-
ical scavengers desferrioxamine and other hy-
droxamic acids (Zhu et al. 2000). In contrast, their
production was not affected by the nonhydroxym-
ate iron chelators, diethylenetriaminepentaacetic
acid, bathophenanthroline disulphonic acid, and
phytic acid, as well as the copper-specific chelator
bathocuprione disulphonic acid.
One-electron reduction of oxygen can, in princi-

ple, occur by oxidation of any substance the redox
potential of which is lower than or equal to –0.15 V
(the redox potential of the O2/superoxide pair).
Compounds with high kinetic barriers of reaction
with O2 were selected by evolution. Highly reactive
coenzymes and prosthetic groups of enzymes oper-
ating at the initial and middle steps of the respira-
tory chain, such as coenzyme Q semiquinone
(CoQH ) are exception of this rule. CoQH as an
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The two states of singlet oxygen

1Σg+O2 1ΔgO2 [26]

Cl– + H2O2

ClO– + H2O2

ClO– + H2O
1O2 + Cl– + H2O

Myeloperoxidase (EC 1.11.1.7) reaction

[27]

[28]

electron reductant can probably commit errors, do-
nating an electron to molecular oxygen rather than
to cytochrome b1, which is its natural oxidant.
One-electron reduction of quinones by ascor-

bate, followed by the oxidation of the semiquinone
by molecular oxygen, results in the catalytic oxida-
tion of ascorbate (with quinone as catalyst) and for-
mation of active forms of oxygen. Along with enzy-
matic redox cycling of quinone, this process may be
related to quinone cytotoxicity and underlie an an-
titumour activity of some quinones. Roginsky et
al. (1999) studied the kinetics of oxygen consump-
tion accompanying the interaction of ascorbate
with 55 quinones including substituted 1,4- and 1,2-
benzoquinones, naphthoquinones and other quin-
oid compounds using the Clark electrode tech-
nique.
In Jurkat T-cells submicromolar levels of H2O2

induced apoptosis through Fenton chemistry inde-
pendent of the cellular thiol state (Antunes and
Cadenas 2001).

6.1.1.1

Singlet Oxygen

Singlet oxygen is a more reactive form of oxygen,
which can be generated by an input of energy. The
1 gO2 state has an energy 22.4 kcal above the
ground state. The 1 +O2 state is even more reactive,
37.7 kcal above the ground state. In both forms of
singlet oxygen the spin restriction is removed and
so the oxidising ability is greatly increased. Stein-
beck et al. (1993) developed a specific and sensitive
assay which could be used to measure the amount
of intracellular 1 gO2 produced in activated poly-
morphonuclear leucocytes. Their method was
based on the reactivity rates of 1 gO2 with perylene
and 9,10-diphenylanthracene, and identifying the
product formed in the reaction of 1 gO2 with 9,10-
diphenylanthracene (Wasserman et al. 1972,
Turro et al. 1981). This reaction is highly specific
and forms a stable and quantitative product: 9,10-
diphenylanthracene-endoperoxide. Wefers (1987)
used 9,10-di(2-ethylene)anthracene to quantify 1O2
through measurement of the endoperoxide as the
stable reaction product.

The 570–590 and 630–700 nm bands of the O2-
dependent light emission of macrophages stimu-
lated with concanavalin A correspond with the di-
mol emission of 1O2 in several electronic excited
and vibrational states: [1 g] [1 g] (1,0) for 580 nm,
and [1 g] [1 g] (0,0) and [1 g] [1 g] (0,1) for 634
and 703 nm, respectively (Seliger 1960, Khan and
Kasha 1970, Inaba et al. 1979). Although the fluo-
rescence spectrum between resting and stimulated
macrophages did not differ significantly, it is possi-
ble that the blue-green photoemission bands
(420–450 and 460–480 nm) are due to decay of
fluorescence species (432 and 484 nm) inherent in
the macrophages suspension and independent of
the activation process (Cadenas et al. 1981).
Erythrocuprein inhibited the luminol-enhanced

chemiluminescence caused by singlet oxygen pro-
duced in a xanthine-xanthine oxidase system as
measured in a Packard scintillation counter (Weser
and Paschen 1972).

6.1.1.1.1

Formation of Singlet Oxygen

Electronically exited oxygen in the 1
g state has

been shown to be a product of a number of enzy-
matic reactions (Piatt et al. 1977, Piatt and
O’Brien 1979, Karnofsky 1983, 1984, 1985, 1988,
1991, Karnofsky et al. 1983, 1984, 1985, 1988,
Khan et al. 1983).

Lipid peroxidation in microsomal fraction initiated
by hydroperoxides or iron/ascorbate, as well as lipid
peroxidation of isolated hepatocytes under oxygen-
ation, has been studied extensively by Cadenas et
al. (1981) and Cadenas and Sies (1982). The avail-
able evidence points to 1O2 formation by the Russell
mechanism (Russell 1957, Howard and Ingold

1968). Secondary lipid-peroxy radicals react via a
transient tetroxide to yield an alcohol, a carbonyl
and oxygen, the carbonyl or oxygen being in an
electronically excited state.
In phorbol myristate acetate-stimulated poly-

morphonuclear leucocytes it is important to note
that the generation of 1 gO2 was dependent on the
dose of phorbol myristate acetate added and that
stimulation with high-dose phorbol myristate ace-
tate resulted in lower amounts of detectable 1 gO2
(Karnofsky 1994). This finding was not entirely
unexpected since higher concentration of phorbol
myristate acetate lead to a greater production of
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O2
– and little net accumulation of 1 gO2, as O2

– at
high concentrations quenches 1 gO2 (Rosenthal
1975, Guiraud and Foote 1976, Khan 1977).
Eosinophils oxidise physiological concentrations

of bromide ion (about 100 M) in the presence of
the 1000 fold higher physiological concentrations of
chloride ion (Weiss et al. 1986). When activated
with the physiological agonists C5a and leukotriene
B4, guinea pig eosinophils released 1O2 (Teixeira et
al. 1999). This release, which occurred at agonist
concentrations as low as 10–7 M occurred more rap-
idly than activation with phorbol ester (10–6 M),
was similar in level, but was more transitory. The
release of 1O2 occurred in absence of added bromide
ions.
Exposure of human red blood cells from healthy

adult volunteers of either sex to high concentration
of HOCl and HOBr ( 40 nmol/107 cells) resulted in
rapid cell lysis and the detection of an additional
nitrogen-centred, protein-derived radical adduct
(Hawkins et al. 2001). HOBr induced red blood cell
lysis at approximately 10-fold lower concentration
than HOCl, whereas with monocyte (HTP1) and
macrophage (J774) cells HOCl and HOBr induced
lysis at similar concentrations. Erythrocytes ex-
posed to nonlytic doses of HOCl generated novel
nitrogen-centred radicals the formation of which is
GSH dependent.
Peroxidases can also catalyse the formation of

singlet oxygen by a halide-independent mechanism.
Oxidation of indole-3-acetic acid by either lactoper-
oxidase or horseradish peroxidase results in singlet
oxygen formation (Straight and Spikes 1985).
Singlet oxygen is again a secondary reaction prod-
uct. The peroxidase-catalyzed oxidation of indole-
3-acetic acid is known to produce high concentra-
tions of carbon-centred 3-methylindole (skatole)
radicals (Mottley andMason 1986). These skatole
radicals react with oxygen to form peroxyl radicals,
which then undergo a bimolecular reaction to form
singlet oxygen. Pneumotoxicity of 3-methylindole
was described by Huang et al. (1977), Turk et al.
(1984) and Becker et al. (1985).
Polymer-bound rose bengal as a singlet oxygen

generating system (Perez 1985) is merchandised
under the names Sensitox I and Sensitox II. Sensi-
tox II is compatible with aqueous and alcohol-
containing media. The lifetime of 1 gO2 in H2O is
2–5 s versus 700 s in CCl4.

Other popular sensitisers of singlet oxygen forma-
tion are acridin orange, methylene blue, and tolui-
din blue (formula [79]); but many biological com-
pounds are also effective in vitro, such as the water-
soluble vitamin riboflavin and its derivatives flavin
mononucleotide and flavin adenine dinucleotide.

The formation of 1O2 in systems known to produce
O2

– has often been postulated, though conclusive
evidence in that respect is still missing. The detec-
tion of 1O2 in biological systems has been aided by
different chemical methods (Foote et al. 1984) as
well as the observation of photoemission upon de-
cay of 1O2 to the ground state (Cadenas et al. 1984).
The reaction of potassium superoxide with water

is the single most important chemical source of ox-
ygen for breathing purposes in hospitals, mines,
submarines (Clarke 1956), and space capsules
(Bovard 1960). Even if only a small fraction of sin-
glet oxygen survives quenching, it could prove to be
a serious health hazard (Khan 1970).
Reactive oxygen species as O2

–, H2O2, and
1O2

can react with lucigenin to form photons. Photo-
emission was measured using a Berthold Biolumat
demonstrating the formation and degradation of
these oxygen species. Chemiluminescence gener-
ated by granulocytes during the phagocytosis of zy-
mosan particles was markedly impaired by 0.1 mM
azide as a scavenger of 1O2 (Sagone et al. 1977).
However, azide reacts with HO to give a reactive
N3 radical.
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α-Tocopherol quenches singlet oxygen: 
opening of the pyran ring, formation of an epoxide

[37]

1O2

The selective para hydroxylation of phenol or ani-
line by 1O2 may be used as an indicator for the in-
volvement of singlet oxygen as compared to HO -
or cytochrome P450-mediated reactions (Briviba et
al. 1993). The hydroxylation of aniline was sup-
pressed when -carotene was added to rat liver mi-
crosomes, while the addition of sodium azide
(NaN3) enhanced the reaction (Osada et al. 1999).
In contrast, the microsomal o-deethylation of 7-
ethoxycoumarin was suppressed by the addition of
NaN3.

1O2 was detectable during the reaction of mi-
crosomes and NADPH by electron spin resonance
spin trapping when 2,2,6,6-tetramethyl-4-piperidone
(TMPD) was used as a spin trap, and the 1O2 was
quenched by the additions of -carotene, NaN3, ani-
line, and 7-ethoxycoumarin. The enhancement ef-
fect of NaN3 in the hydroxylation of aniline ap-
peared to be due to the conformational change of
P450 protein, which in turn enhances the binding of
aniline to P450 in terms of the spectral dissociation
constant (Ks). In contrast,

1O2 appeared to be active
in the o-deethylation of 7-ethoxycoumarin.

6.1.1.1.2

Reactions of Singlet Oxygen

Singlet oxygen can interact with other molecules in
essentially two ways: it can either combine chemi-
cally with them, or else it can transfer its excitation
energy to them, returning to the ground state while
the molecule enters an excited state. The latter phe-
nomenon is known as quenching. Sometimes both
can happen. The best studies chemical reactions of
singlet oxygen are those involving compounds con-
taining carbon-carbon double covalent bonds.
Fumaric acid first combines with 1O2 by dioxe-

tane formation. Dioxetanes are instable and decom-
pose to form two molecules of glyoxylic acid, one of
which is an excited species (equation [35]).

By combining 1O2 with fumaric acid an instable di-
oxetane is formed. By decomposing this dioxetane a
excited carbonyl species is generated.
Singlet oxygen adds to the double bonds of un-

saturated fatty acids producing lipid hydroperox-
ides. Schafer and Buettner (2000) used electron
paramagnetic resonance spin trapping with -(4-
pyridyl-1-oxide) N-tert-butylnitrone to detect lipid-
derived radical formation from HL-60 human leu-
kaemia cells. Free radical formation increased with
increasing iron concentration; in the absence of ex-

tracellular iron, radical formation was below the
limit of detection and lipid hydroperoxides accu-
mulated in the membrane. In the presence of iron,
lipid-derived radical formation in cells was pH de-
pendent; the lower the extracellular pH /.5 – 5.5),
the higher the free radical flux; the lower the pH,
the greater the membrane permeability induced in
K-562 cells, as determined by trypan blue dye ex-
clusion.
Azide reacts with singlet oxygen with high rate

constant (k = 2.2 × 109;Wilkinson and Brummer
1981), producing the strong one-electron oxidant
azidyl radical, N3 (eq. [36]).

-Tocopherol mostly reacts by quenching. Combin-
ing of 1O2 with tocopherol gives -tocopherylqui-
none hydroperoxide. Opening of the pyran ring
gives various products as shown in equation [37]
(Neely et al. 1988).
Fukuzawa et al. (1997) investigated the scaveng-

ing of singlet oxygen by -tocopherol in liposomes.
The rates of oxidation of -tocopherol differed de-
pending on the photosensitising dye and the mem-
brane charge: in the methylene blue system, -
tocopherol was oxidised fast in negatively charged
dimyristoylphosphatidylcholine liposomes contain-
ing dicetylphosphate and slowly in neutrally
charged dimyristoylphosphatidylcholine liposomes
containing stearylamine, but in the lipid-soluble
12-(1-pyrene)dodecanoic acid-system, the oxida-
tion rate was independent of the membrane charge.

Rank of 1O2 formation

Riboflavin haematoporphyrin anthracene benzanthrone
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2,5-Diphenyl-3,4-benzofuran quenches 1O2 [40]

Riboflavin or vitamin B2 makes a prosthetic group
of flavin enzymes where it can be reversibly re-
duced by hydrogen atoms (formula [38]). When ex-
posed to light, riboflavin absorbs energy and reacts,
via a triplet exited state, with other molecules such
as protonated substrates or molecular oxygen, gen-
erating reactive species. In the type I photodynamic
reaction, energy is transferred from a triplet sensi-
tiser to O2 with the formation of

1O2.

Certain fourocoumarins may produce potentially
damaging singlet oxygen (De Mol and Beijers-

bergen van Henegouwen 1979, 1981a, 1981b,
Anders et al. 1983, Decuyper et al. 1983, Pathak
and Joshi 1984). Beaumont et al. (1985), however,
did not see any evidence that singlet oxygen is pro-
duced from psoralen and 4’-aminomethyl-4,5’,8-
trimethylpsoralen, when they were intercalated
between the strands of calf thymus DNA.
Yamazaki et al. (1999) identified singlet oxygen

adduct of cholesterol, 3 -hydroxy-5 -cholest-6-
ene-5-hydroperoxide, in skin of rats pre-treated
with oral doses of pheophorbide a and subsequent
visible irradiation.

Pyrroles are very sensitive to the action of singlet
oxygen (1O2). Wasserman (1970) has observed a
novel type of oxidation in the case of aryl-
substituted pyrroles exemplified by the photooxida-
tion of 2,3,4,5-tetraphenylpyrrole in methanol.
There is special interest in the reactions of imidaz-
oles with 1O2 since it has been shown that photooxi-
dative inactivation of certain enzymes involves de-
struction of histidine residues, and more specifi-
cally oxidation of the imidazole ring (Wasserman
and Lenz). These heterocyclic system behave in
many respects like furans and pyrroles, but are
more prone to cleavage through reactions resem-
bling the oxidation of enamines by 1O2 (Wasserman
et al. 1968).

It is well established that singlet oxygen is able to
oxidise DNA with a much higher specificity than
hydroxyl radical. The main stable oxidation prod-
ucts of the reaction of 1O2 with 2-deoxyribose gua-
nine were identified as the 4R* and 4S* diastereoi-
somers of 4-hydroxy-8-oxo-4,8-dihydro-2’-deoxy-
guanosine on the basis of extensive NMR and mass
spectrometry measurements (Ravanat et al. 1992,
Ravanat and Cadet 1995). Similar oxidation prod-
ucts were generated by the type II photooxidation
reaction of 2’-deoxyguanosylyl-(3’-5’)-thymidine
(Buchko et al. 1992). Azide and methionine as 1O2
quenchers decrease the DNA damage strongly,
reaching almost control values of the transforming
activity (Wefers 1987). Methionine sulphone is
used as a further control, the effect of methionine
sulphone being much smaller than that of methio-
nine (Wefers et al. 1987).
Lledı́as et al. (1998, 1999) reported that cata-

lases are oxidized in vitro and in vivo by singlet ox-
ygen, giving rise to different catalase activity bands
in zymograms. Michán et al. (2002) observed mo-
bility changes of Cat-1 and Cat-3 during the asexual
life of Neurospora crassa. Cat-1 was modified when
growing mycelium was subjected to heat shock or
paraquat. Paraquat (5 mM) treatment caused Cat-1
to disappear in the course of 6 h and heat shock for
more than 2 h produced a smear of Cat-1 activity.
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After 3 h in the presence of riboflavin (formula
[38]) and light, the electrophoretic mobility of Cat-
3 increased similar to other catalases. The presence
of singlet oxygen quenchers such as histidine and
5-aminosalicylic acid prevented this change.
Both extracellularly [incubation with disodium

3,3’-(1,4-naphthylidine) dipropionate-1,4-endoper-
oxide] and intracellularly (rose Bengal and irradia-
tion with white light) generated singlet oxygen in-
duced a concentration-dependent protein oxidation
and removal of the singlet-oxygen-damaged pro-
teins by the proteasomal system (Grune et al.
2001).
Bacterial killing in human polymorphonuclear

leucocyte phagosome is principally mediated by
singlet oxygen (1 gO2) produced by the myeoloper-
oxidase reaction (Tatsuzawa et al. 1999).
Collagen fibril formation was inhibited by singlet

oxygen (Venkkatasubramanian and Joseph

1977). The oxidation of native collagen prepared
from-old rat tail tendon and its CNBr peptides by
singlet oxygen immediately formed blue (430 nm)-
fluorescent cross links (Fujimori 1989). Singlet ox-
ygen did not degrade collagen CNBr peptides just
like UV (300 nm) irradiation, though hydroxyl radi-
cals did degrade them.
Singlet oxygen-challenged unmedicated rat car-

diomyocytes all hypercontracted as a consequence
of Ca2+ overload and produced 463.6±143.6 nM
malondialdehyde (Ver Donck et al. 1990). Protec-
tive Ca2+ antagonists reduced the amount of dam-
aged cells, but did generally not affect malondialde-
hyde production.

6.1.2

Oxygen Activating Enzymes

Two general classes of enzymes are involved in oxy-
gen metabolism: oxidases, transferring electrons
from a substrate to oxygen, and oxygenases, trans-
ferring oxygen to a substrate after reductive split-
ting of molecular oxygen. Oxygenases can be di-
vided into dioxygenases and monooxygenases.
Mono-oxygenases (mixed function oxygenases) ca-
talyse the incorporation of one atom of 1 g– molec-
ular oxygen into a substrate with the concomitant
reduction of the other atom to water (Mason 1957,
Hayaishi and Nozaki 1969).
Piperonyl butoxide is an inhibitor of the mixed-

function oxidase system.

6.1.2.1

Aldehyde Oxidase

The cytosolic enzyme, aldehyde oxidase (EC
1.2.3.1) is important in the biotransformation of
numerous aldehydes (Beedham 1987). This
molybdenum-containing enzyme is generally in-
volved in nucleophilic oxidation although aldehyde
oxidase has been shown to catalyse many reduction
reactions (Beedham 1985). It is also involved in the
metabolism of allopurinol, quinine and methotrex-
ate (Beedham 1985). In the guinea pig, Beedham
et al. (1989) observed a marked circadian variation
in aldehyde oxidase activity with several substrates
(phthalazine, phenathridine, N-phenylquinolinium
and 3,4-dihydro-4-hydroxy-3-methyl-2-quinazolin-
one). The main peak occurred at 3 h with minimum
activity from 12 to 18 h, the differences between
rhythmic extremes being statistically significant
(P 0.005). Exogenously administered melatonin
caused a significant increase in aldehyde oxidase
activity at 9 o’clock and 12 o’clock.

6.1.2.2

Cytochrome Oxidase

NADPH-cytochrome P450 oxidoreductase (EC
1.6.2.4) (CYPOR) is a ubiquitous enzyme involved
in many aspects of cellular metabolism, most nota-
bly, the mixed function oxidase system. This sys-
tem, which is composed of CYPOR and the cyto-
chromes P450, is pivotal in the metabolism of nu-
merous endogenous substrates (e.g. steroids, fatty
acids, and prostaglandins), in the metabolism and
detoxification of drugs and environmental pollut-
ants, and in the metabolic activation of chemical
carcinogens. CYPOR, a 78,275-Da membrane-
bound flavoprotein, functions as an internal elec-
tron transport chain, transferring electrons from
NADPH to flavin-adenine dinucleotide (FAD) to
flavin mononucleotide (FMN) and finally to cyto-
chrome P450 (Shen and Kasper 1993).
O’Leary and Kasper (2000) delineated the im-

portance of multiple cis-acting elements contained
within the proximal promoter for basal expression
of the CYPOR gene. Transcription factor binding
sites within this region included two upstream Sp1
motifs, a SEC element containing overlapping Sp1/
Egr-1/CACCC box motifs, and a novel site desig-
nated the OxidoReductase Upstream element
(ORU). Mutational modification of the ORU ele-
ment, leading to a loss of protein binding, resulted
in an 90% decrease in transcriptional activity in
H4IIE cells. Similarly, inactivation of the Egr-1/
CACCC segment of the SEC element dramatically
reduced promoter activity to less than 10% of wild-
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type, while mutagenesis of the contiguous Sp1 site
did not affect basal transcription.
Cytochrome P450 enzymes perform three general

types of oxidative reactions:

1. insertion of an oxygen atom into the bond be-
tween the hydrogen and a heavier atom to yield
the corresponding hydroxyl derivative

2. addition of an oxygen atom across the two car-
bons of a -bond to yield an epoxide

3. addition of an oxygen atom to the electron pair
of a heteroatom to give a dipolar oxide.

Cytochromes P450 belong to external mono-
oxygenases. This implies that they need an external
electron donor which transfers the electrons neces-
sary for oxygen activation and the subsequent sub-
strate hydroxylation. Two main classes of cyto-
chromes P450 principally different with respect to
their electron-supporting system can be defined:

1. microsomal type
2. mitochondrial/bacterial type.

Microsomal cytochromes P450 are membrane-
bound. They accept electrons from a microsomal
NADPH-cytochrome reductase, containing flavin
adenine dinucleotide and flavin mononucleotide.
All cytochromes P450 metabolising drugs and xeno-
biotica isolated so far belong to this class.
Experiments on isolated mitochondria have in-

dicated that a relatively small fraction of each of
several components of the electron transport chain
is sufficient to sustain a normal respiration rate.
These experiments, however, may have not re-
flected the in vivo situation, due to the possible loss
of essential metabolites during organelle isolation
and the disruption of the normal interactions of
mitochondria with the cytoskeleton, which may be
important for the channelling of respiratory sub-
strate to the organelles. Therefore, Villani and At-
tardi (2000) have developed an approach for
measuring cytochrome c oxidase activity in intact
cells, by means of cyanide titration, either as an iso-
lated step or as a respiratory chain-integrated step.
The method has been applied to a variety of human
cell types, including wild-type mtDNA mutation-
carrying cells, several tumour-derived semidiffer-
entiated cell lines, as well as specialised cells re-
moved from the organism. The results obtained
strongly support the following conclusion:

the in vivo control of respiration by cytochrome
c oxidase is much tighter than has been generally
assumed on the basis of experiments performed
on isolated mitochondria:
cytochrome c oxidase threshold depends on the
respiratory fluxes under which they are measures:

measurements of relative enzyme capacities are
needed for understanding the role of mitochon-
drial respiratory complexes in human physiopa-
thology.

How is the Oxygen Chemistry Energetically
Coupled to the Pumping of Protons?

Some insights have come from mutation studies
(Hosler et al. 1993, 1996, Thomas et al. 1993, Fet-
ter et al. 1995, Garcı́a-Horsman et al. 1995) and
the X-ray structures of cytochrome c oxidase
(Iwata et al. 1995, Tsukihara et al. 1995, Oster-
meier et al. 1997, Yoshikawa et al. 1998) revealing
at least two pathways that are common to bacterial
and mammalian oxidases, designated as the D and
K channels due to an aspartate (D132) and a lysine
(K362) which are key residues in these proton chan-
nels.
Aside from the involvement of different proton

paths, one major difference between current mod-
els is the extent to which the neutralisation of elec-
tron input is evoked as contributing to the energy
of proton pumping.
The relationships between the amounts of P450/

reductase, the ionic strength of the medium, and
the presence of cytochrome b5 was shown to affect
the amount of reactive oxygen species formed in
P450 systems (Zhukov et al. 1989). The interaction
between P450 and the electron donors (reductase or
cytochrome b5) obviously plays an important role
in determining the amount of reactive oxygen spe-
cies. Thus, the “tightness” of the electron donor
coupling to P450 will influence the formation of reac-
tive oxygen species in microsomal P450 systems at
the level of P450 and, to a minor extent, at the level of
reductase. Since this interaction is affected not only
by the relative amounts of P450/electron donor but
also by the lipid composition, pathophysiological as
well as nutritional aspects will modulate the
amount of reactive oxygen species formed (Bern-
hardt 1996).
The oxidative burst of phagocytic neutrophil

granulocytes is mediated by a multi-component
NADPH oxidase regulated by Rac (Abo et al. 1991).
Both p67phox and p21 activated kinase (PAK) are tar-
gets for Cdc42 and Rac1 in neutrophils (Prigmore et
al. 1995)., where PAK may mediate stimulus-
activated phosphorylation of p47phox, an event re-
quired for association of cytosolic components with
the membrane (Knaus et al. 1995). Peptides con-
taining residue Ser-328 of p47phox represent good
substrates for PAK, this being the site of in vivo
phosphorylation upon neutrophil activation
(Benna et al. 1994). It would be of interest to deter-
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mine effects of PAK inhibition on the oxidative
burst response of these cells (Manser and Lim

1999).
Sulciner et al. (1996) proposed a model in

which Rac upregulates the production of reactive
oxygen species and that an elevated level of this
compound subsequently activates NF B. NF B is
indeed potently activated by reactive oxygen species
(Boettner and Van Aelst 1999).
The activity of the neutrophil NADPH oxidase is

regulated in part by the Rac family of GTPases (Bo-
koch 1994). A variety of emerging evidence sug-
gests that a similar role for Rac proteins exists in
non-phagocytic cells. Generation of reactive oxygen
species in fibroblasts is regulated by Rac1 (Sunda-
resan et al. 1996), and oxidants mediate mitogenic
signalling in Ras-transformed fibroblasts (Irani et
al. 1997). Rac1 and oxygen radicals play a role in
collagenase-1 expression induced by cell shape
change (Kheradmand et al. 1998).
Activation of human neutrophils with opsonized

particles in the presence of a nontoxic dose of 1-
naphthol resulted in inhibition of superoxide anion
production but not of the phagocytic activity of the
cells (’T Hart et al. 1990). The inhibition is not at
the level of cellular activation since the N-formyl-
met-leu-phe-induced rise of intracellular free cal-
cium was unaffected. The (metabolic) activation of
1-naphthol to 1,4-naphthoquinone by reaction with
H2O2 from the oxidative burst is a necessary event
for the inhibition to occur.
An aged linked decline in the cytochrome oxi-

dase activity in rat heart mitochondria has been re-
ported by Paradies et al. (1993, 1994). This decline
was attributed to a specific decrease in the cardioli-
pin content of the inner mitochondrial membrane,
due probably to a peroxidative attack of this phos-
pholipid by oxy-radicals which are produced during
ageing process (Paradies et al. 1997). In vitro, rat
heart mitochondrial membranes exposed to the
free radical generating system tert-butylhydroper-
oxide/Cu2+ inducing lipid peroxidation established
a close correlation between oxidative damage to
cardiolipin and alterations in the cytochrome oxi-
dase activity (Paradies et al. 1998).
Piracetam (2-oxo-pyrrolidine-1-acetamide) sti-

mulated ethanolamine-plasmalogen formation,
which might be mediated by an increased synthesis
or turnover of cytochrome b5 (Woelk and Peiler-
Ishikawa 1978). The use of various specific anti-
bodies against NADH cytochrome b5 reductase in-
dicated the role of microsomal flavoproteins in the
supply of reducing equivalents from NADPH or
NADP to the cyanide-sensitive factor. cyto-
chrome b5 seems to be functional as an electron
carrier between flavoproteins and the cyanide-

sensitive factor. Plasmalogens are quite abundant in
certain cells and tissues including the erythrocyte
(Engelmann et al. 1992), cardiac tissue (Gross
1984), nervous tissue (Masuzawa et al. 1989), sper-
matozoa (Lenzi et al. 1996), as well as inflamma-
tory cells (Mueller et al. 1984). They have been
considered to play an important role in diseases
such as cancer (F. and C.Snyder 1975), atheroscle-
rosis (Engelmann et al. 1994), and ageing (Péri-
chon et al. 1998) facilitating ion channels in the
cardiac sarcolemma (Chen and Gross 1994), and
as intermediates driving lipid mediator biosynthe-
sis (Fonteh and Chilton 1992). Engelmann et al.
(1994) investigated in vitro oxidation of low density
lipoprotein by 2,2’-azo-bis(2-amidinopropane hy-
drochloride), which decomposes in aqueous solu-
tions to yield carbon centred radicals, and Cu(II)
and found that both -tocopherol as well as plas-
malogen phospholipids were decreased in a parallel
manner. Plasmenyl phospholipids were inhibitory
on the formation of thiobarbituric acid reactive
substances in Cu(II)-induced oxidation (Zommara
et al. 1995). When plasmalogens were present in to-
tal brain liposomes treated with Fe(III)-ADP and
ascorbate, there was a substantial decrease in the
total production of thiobarbituric acid reactive sub-
stances and decrease in the loss of polyunsaturated
fatty acids (Sindelar et al. 1999).
The biosynthesis of plasmenyl phospholipids is

quite complex and entirely separate from the phos-
pholipid biosynthetic pathways of phosphatidyl
(1,2-diacyl) glycerophospholipids taking place in
the endoplasmic reticulum (Lee 1998). The peroxi-
some is a central and necessary organelle for ether
phospholipid generation (Van den Bosch et al.
1993).

Nitric oxide ( NO) and its derivative peroxyni-
trite (ONOO–) inhibit mitochondrial respiration by
distinct mechanisms. Nanomolar concentrations of
NO specifically inhibit cytochrome oxidase in
competition with oxygen, and this inhibition is
fully reversible when NO is removed. The NO in-
hibition of cytochrome oxidase may be involved in
the cytotoxicity of NO, and may cause increased
oxygen radical production by mitochondria, with
may in turn lead to the generation of peroxynitrite.
Mitochondrial damage by peroxynitrite may medi-
ate the cytotoxicity of NO, and may be involved in
a variety of pathologies (for review see Brown

1999). Under turnover conditions, depending on
the cytochrome c2+ concentration, either the cyto-
chrome a3

2+-NO or the nitrite bound enzyme is
formed (Sarti et al. 2000). The predominance of
one of the two inhibitory pathways depends on the
occupancy of the turnover intermediates. In the
dark, the respiration recovers at the rate of NO dis-
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sociation (k’ = 0.01 s–1 at 37 °C). Illumination of the
sample speeds up recovery rate only at high reduc-
tant concentrations, indicating that the inhibited
species is cytochrome a3

2+-NO. When the reaction
occurred with the oxidised binuclear site, light had
no effect and NO was oxidised to harmless nitrite
eventually released in the bulk, accounting for cata-
lytic NO degradation.
The electron spin resonance, high performance

liquid chromatography electron spin resonance,
and high performance liquid chromatography elec-
tron spin resonance mass spectroscopy analyses
showed that cytochrome c catalyses formation of
pentyl and octanoic acid radicals from 13-
hydroperoxide octadecadienoic acid (Iwahashi et
al. 2002). The reaction of 13-hydroperoxide octade-
cadienoic acid with cytochrome c was inhibited by
chlorogenic acid, caffeic acid and ferulic acid via
two possible mechanisms, i.e. reducing cyto-
chrome c (chlorogenic acid and caffeic acid) and
scavenging the radical intermediates (chlorogenic
acid, caffeic acid and ferulic acid).

6.1.2.2.1

Cytochrome P450 in Nasal Nonciliated Columnar Cells

The nasal mucosa, the first tissue of contact for in-
haled xenobiotics, possesses substantial xenobiotic-
metabolising capacity.
Thornton-Manning et al. (1996) confirmed

the presence of CYP2A6 in human respiratory mu-
cosa. Human CYP2A6 metabolises the olfactory-
toxic, highly odorous component 3-methylindole to
both reactive and nontoxic metabolites (Thorn-
ton-Manning et al. 1996). The ability of CYP2A6
to accept a number of procarcinogens and toxicants
as substrates suggests that this enzyme may play a
protective role in nasal mucosa. However, metabo-
lism often results in the formation of reactive me-
tabolites, and CYP2A6 activates a number of com-
pounds, including 6-aminochrysene, N-nitrosodi-
ethylamine, N-nitrosodimethylamine, and aflatoxin
B1 to toxic or genotoxic metabolites (Davies et al.
1989).
In the nasal cavity of the rat, the nonciliated co-

lumnar cells have an extensive accumulation of
smooth endoplasmic reticulum in the apical cyto-
plasm (Monteiro-Riviere and Popp 1984, Popp
andMonteiro-Riviere 1985) which in some cases
was so dense as to exclude other organelles such as
mitochondria. The nonciliated columnar epithelial
cell was identified on the surfaces of the conchae
and the lateral nasal wall but not identified on the
septum.
The accumulation of smooth endoplasmic retic-

ulum suggests that nonciliated columnar cells may

be the source of cytochrome P450 and P450-associated
enzymes that have been previously described in the
nasal mucosa (Hadley and Dahl 1982). Nasal mu-
cosa from rat foetuses and neonates metabolises the
nasal carcinogen phenacetin (Brittebo and
Åhlman 1984).
In the Cynomolgus monkey, cytochrome P450,

NADPH-cytochrome P450 reductase and some
monooxygenase activities, especially ethoxycouma-
rin O-deethylase activity, were present in respira-
tory epithelium, although in lower levels than in
liver (Longo et al. 1992).
Comparing dog, rabbit, guinea pig, Syrian ham-

ster and mouse, the highest nasal microsomal cyto-
chrome P450 concentration was found in the Syrian
hamster, and the lowest in the dog (Hadley and
Dahl 1983). As a percentage of liver cytochrome
P450 concentration, the nasal epithelial membrane
P450 concentrations ranged from 8% in themouse to
41% in the Syrian hamster. In general, the nasal ep-
ithelial membrane cytochrome P450 concentrations
were closer to the concentrations found in lung mi-
crosomes than in liver microsomes. In dog and rat
the highest microsomal cytochrome P450 concentra-
tion was found in the ethmoturbinates.
The known nasal carcinogen hexamethylphos-

phoramide is rapidly N-demethylated by the dog’s
nasal microsomes to produce another nasal carcin-
ogen, formaldehyde (Dahl et al. 1982). Dahl and
Hadley (1983) reported 18 substances which are
metabolised to formaldehyde by rat nasal micro-
somes and which are frequently deposited in the
nose due to their occurrence as air pollutants or
their use as drugs, solvents, or essences. With some
exceptions, the best substrates for metabolism to
formaldehyde by nasal microsomes tend to be those
containing N-methyl groups and which have some
water solubility. The N-demethylation of 14C-
aminopyrine by the nasal mucosa of C57 Bl mice
and Sprague-Dawley rats was induced by phenobar-
bital pre-treatment and susceptible to inhibition
with metyrapone and SKF 525 A suggesting the
presence of a cytochrome P-450-dependent enzyme
system in the tissue (Brittebo 1982). Immediately
after injection of 14C-aminopyrine in rats a uniform
distribution of radioactivity in the body was re-
corded. After 30 min, however, a preferential loca-
lisation of radioactivity was found in the nasal mu-
cosa and in the liver. By treatment with metyrapone
the uptake of radioactivity in the nasal mucosa and
in the liver was blocked suggesting that the ob-
served accumulation of radioactivity was due to
metabolites.
Olfactory microsomes from male Fischer 344/N

rats were 6-fold more active toward hexamethyl-
phosphoramide metabolism than microsomes from
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rat liver and nasal respiratory epithelia and 19-fold
more active than microsomes from rat lungs
(Thornton-Manning et al. 1995).
A reiterative administration of chlormethiazole,

a specific inhibitor of 2E1 in liver, strongly inhibited
many CYPs, including 2E1, 1A2, 2G1, and 2A in the
rat nasal mucosa, but did not influence expression
of 2B or 3A as determined by immunoblotting or
catalytic activities (Longo et al. 2000). The chlor-
methiazole-mediated inhibition of 1A1 and 2E1 was
demonstrated to be at the mRNA level.

6.1.2.2.2

Cytochromes P450 in the Lung

In humans the CYP3A subfamily consists of at least
three members, CYP3A4, CYP3A5, and CYP3A7
(Nelson et al. 1996). These CYP forms are involved
in the metabolism of polycyclic aromatic hydrocar-
bons and other procarcinogens in combustion prod-
ucts, tobacco smoke, and smog (Guengerich 1993,
Nelson et al. 1996). Using specific antibodies, Ant-
tila et al. (1997) in 27 patients undergoing surgery to
remove tumorous lung lesions localised CYP3A5 in
the ciliated and mucous cells of the bronchial wall,
bronchial glands, bronchiolar columnar and terminal
cuboidal epithelium, type I and type II alveolar epi-
thelium, vascular and capillary endothelium, and al-
veolar macrophages, whereas CYP3A4 was found in
bronchial glands, bronchiolar columnar and terminal
epithelium, type II alveolar epithelium, and alveolar
macrophages. By reverse-transcriptase-polymerase
chain reaction with gene-specific primers, CYP3A7
mRNA was detected in none of the samples.
In the marmoset lung CYP1A1 was detected in

the connective tissue of interalveolar septa, in the
bronchiolar epithelium, in the vascular and bron-
chiolar smooth muscle cells and in chondrocytes
(Müller et al. 1999).
CYP26 expression in normal human tracheo-

bronchial epithelial cells was compared with that in
human lung carcinoma cell lines (Kim et al. 2000).
CYP26 mRNA could be induced by the retinoic acid
receptor-selective retinoid 4-(5,6,7,8-tetrahydro-
5,5,8,8-tetramethyl-2-anthracenyl)-benzoic acid but
not by the retinoid X receptor-selective retinoid
SR11217 or the anti-activator-protein 1-selective
retinoid SR11302. Retinoic acid receptor -, , and
-selective retinoids were able to induce CYP26;
this induction was inhibited by the retinoic acid
receptor -selective antagonist Ro41-5253. The in-
duction of CYP26 correlated with increased bio-
transformation of retinoic acid into 18-hydroxy-, 4-
oxo-, and 4-hydroxy-retinoic acid.
In the rabbit, microsomes of peripheral lung tis-

sue, airways, small and large vessels, and lysates of

alveolar macrophages all expressed proteins of
50 kDa which cross reacted with a primary anti-

body raised against rat liver cP450 4A1 (Zhu et al.
1998).
In the lungs of male and female rats cytochrome

P450b was present and its expression in this tissue was
independent of phenobarbital treatment (Ramper-
saud andWalz Jr (1986). Formation of 1-hexanol in
rat lung was catalysed by a cytochrome P450 isozyme
different from the major isozymes induced by either
phenobarbital or -naphthoflavone (Toftgı̀rd et al.
1986). Similarly, formation of 2,5-hexanediol from 2-
hexanol was catalysed by a P450 isozyme different
from cytochrome P450-phenobarbital-B and present
in liver but not in lung microsomes. In silica-treated
rats, pulmonary total activity of cytochromes P450 (all
isoenzymes) was increased, and so was that of
CYP2B1 (Miles et al. 1993).

Cytochrome P450 isozyme 5 is a major component of
the rabbit pulmonary P450 system (Slaughter et al.
1981). CYP2B4 and 4B1 each represent 30–40% of
the total cytochrome P450 levels in rabbit lung mi-
crosomes (Domin et al. 1986). Spectral measure-
ments of P450s in microsomes prepared from iso-
lated pulmonary cells of rabbits indicated that the
highest concentration of cytochrome P450 is in Clara
cells (Aune et al. 1985). In male Fischer rats, C57BL
mice, Hartley guinea pigs and monkey, rates of total
and isozyme 5-catalysed metabolism of 2-amino-
fluorene were grater with pulmonary than with he-
patic microsomal preparations from untreated ani-
mals (Vanderslice et al. 1987).
Cytochrome P450 1A was induced in hamster lung

by 5 mg 6-nitrochrysene per day for 3 days (Chen
et al. 1998).

6.1.2.2.3

Cytochromes P450 in the Liver

A variety of hydrazine derivatives such as the drugs
iproniazid, phenelzine (2-phenylethylhydrazine),
isoniazid, isocarboxacid, and hydralazine have been
associated with liver injury, and a common activa-
tion mechanism has been proposed (Nelson et al.
1980, Reynolds andMoslen 1980). Phenelzine re-
acted with the prosthetic hem of cytochrome P450
and inactivated the enzyme (Muakkassah and
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Yang 1981). Support for the theory of alkyl radical
transfer was provided by Ortiz de Monellano et
al. (1983) who used the electronic paramagnetic
resonance spin-trapping technique to detect the 2-
phenylethyl radical formed during microsomal bio-
transformation of phenelzine. Production of the
-(4-pyridyl 1-oxide)-N-tert-butylnitrone/2-phenyl-
ethyl radical adduct was dependent on the presence
of active microsomes, phenelzine, NADPH (or
NADH), and spin trap -(4-pyridyl 1-oxide)-N-tert-
butylnitrone (Ortiz de Monellano et al. 1983).
The addition of catalase and superoxide dismutase
resulted in a 28.5 and 24% decrease in radical pro-
duction, respectively (Rumyantseva et al. 1991).
The concentration of the -(4-pyridyl 1-oxide)-N-
tert-butylnitrone/2-phenylethyl radical adduct de-
creased significantly in the presence of metal chela-
tors, i.e. EDTA, diethylenetriaminepentaacetic acid
(DTPA), or deferoxamine mesylate.
CYP2E1 (also termed P450j or LM3a) is involved

in the bioconversion of ethanol. Incubation of he-
patocytes of adult male Sprague-Dawley rats with 1
and 10 mM ethanol increased the production of re-
active oxygen species by 72 and 151%, respectively,
which was associated with mild decreases in cell vi-
ability (Bailey et al. 1999). Antimycin, a mitochon-
drial complex III inhibitor, elicited a 17-fold in-
crease in the levels of reactive oxygen species and
markedly decreased hepatocyte viability and ATP
levels. Ethanol increased reactive oxygen species
production and the cytosolic NADH/NAD+ ratio of
antimycin-treated cells. Rotenone, a mitochondrial
complex I inhibitor that allows electron flow to
complex III, significantly increased reactive oxygen
species production in antimycin plus ethanol-
treated cells. Diphenyliodonium, a mitochondrial
complex I inhibitor that inhibits electron flow
through flavin mononucleotide, attenuated reactive
oxygen species generation in all groups.
A specific hepatic microsomal isoenzyme of cy-

tochrome P450 (termed CYP4A1 or P452) with a nar-
row substrate specificity for -hydroxylation of
fatty acids was induced by peroxisome proliferators
clofibrate (Gibson et al. 1982, 1990, Tamburini et
al. 1984, Gibson 1992) and phthalates.

6.1.2.2.4

Cytochromes in the Testis

The testicular level of xenobiotic metabolising cyto-
chrome P450-dependent monooxygenase activity is
regulated by the anterior pituitary gland via the se-
cretion of the gonadotropic hormone, luteinizing
hormones (Lee et al. 1980). In the rat, a significant
decrease in cytochrome P450 content occurred after
hypophysectomy.

Cytosolic NAD(P)H quinone oxidoreductase is a
two-electron reductase that can either bioactivate
or detoxify quinones and, thus by the latter func-
tion, prevent their participation in redox cycling
and oxidative stress (Ernster et al. 1962). In hy-
pophysectomized Sprague-Dawley rat, a 2.2-fold in-
crease was found in the testicular cytosolic fraction
(Mehrotra et al. 1999).

6.1.2.2.5

Cytochromes in the Nervous System

Cytochromes are responsible for electron transport
and oxidative phosphorylation yielding adenosine
triphosphate needed for vital processes such as pro-
tein synthesis, maintenance of the resting mem-
brane potential, and rapid axoplasmic transport
within neurones (Ochs and Ranish 1970, Ochs
and Holligsworth 1971).
An involvement of CYP2D6 in the pathogenesis

of Parkinson’s disease has been postulated, al-
though this suggestion has been a matter of contro-
versy (Sturman and Williams 1991, Tanner
1991, Smith et al. 1992).
In the rabbit brain, the Nadi ( -naphthol,

dimethyl-p-phenylenediamine) reaction showed
marked activity of cytochrome oxidase in the cau-
date nucleus, the putamen, the anterior nucleus of
the thalamus, the optic tectum, the interpeduncular
nucleus, Goll’s and Burdach’s nuclei, and the infe-
rior olivary nucleus (Shimizu et al. 1957). A mod-
erate reaction was seen in the neocortex, hippo-
campus, dentate gyrus, substantia nigra, cerebellar
cortex and the nuclei of the cranial nerves.
Using diaminobenzidine, in the squirrel monkey

the levels of activity of cytochrome oxidase differed
from one region of the brain to another (Wong-
Riley 1976). The reactive neurones belonged to the
extrapyramidal motor system (globus pallidus, sub-
stantia nigra [pars diffusa]. nucleus ruber, pontine
and mesencephalic reticular formation), to certain
cranial nerve nuclei (oculomotor, trochlear, abdu-
cens, mesencephalic trigeminal, vestibular) and to
relay nuclei of the auditory pathway (superior oli-
vary nucleus and nucleus of the trapezoid body).
Under the electron microscope, reaction products
were localised prominently along the cristae and
limiting membranes of the mitochondria and
within peroxisome-like bodies of the stained neuro-
nes. Non-reactive neurones had little or no reaction
products in their organelles.
Cerebral blood vessels are a potentially impor-

tant site of drug metabolism and P450 in the vessels
may influence what substances gain access to the
brain (Warner et al. 1998). Number of CNS-active
drugs are also good inducers of cytochrome P450.
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2 O2 + NADPH 2 O2
•– + NADP+ + H+ [43]

6.1.2.2.6

Cytochromes P450 and P448 in the Skin

Cytochrome P450 was first shown to be present in rat
skin microsomes following the skin application of
polychlorinated biphenyls (Bickers et al. 1974).
Skin application of 1,1,1-trichloro-2,2-bis(p-chloro-
phenyl)ethane (DDT) caused a twofold induction of
hepatic cytochrome P450 whereas polychlorinated
biphenyls evoked a greater than three-fold induc-
tion of cytochrome P448. The primary inducibility of
cytochrome P448 in the skin is of considerable inter-
est since the metabolic activation of polycyclic hy-
drocarbon carcinogens appears to occur best with
cytochrome P448-dependent enzymatic activity
(Bickers 1980, Ioannides and Parke 1987).
Chemicals which interact with cytochromes P448,
such as 7-ethoxyresorufin, 9-hydroxyellipticine and
3-methylcholanthrene, are essentially rigid, planar
molecules, whereas compounds that interact with
the phenobarbitone-cytochromes P450, but elicit no
interaction with cytochromes P448, are non-planar,
bulky molecules (Lewis et al. 1986).

6.1.2.2.7

Cytochrome b558 in the Carotid Body

Using a monoclonal antibody against the large cy-
tochrome b558 subunit, gp91phox, and other anti-
bodies serving as neural (PGP 9.5) and monocyte/
macrophage markers (ED1, ED2), Dvorakova et al.
(2000) demonstrated at light and electron micro-
scope levels that monocytes/macrophages are abun-
dantly present in the rat carotid body and represent
the major source of cytochrome b558 in this organ.

6.1.2.2.8

Cytochrome b558 in the Neutrophil

In neutrophils, cytochrome b558 is located in the
plasmalemma and in the membrane of specific
granules at a 3/7 or lower ratio (Segal and Jones
1979, Borregaard et al. 1983). Hence, in the rest-
ing neutrophil cytochrome b558 is mainly located in
intracellular membranes. After activation, these
granules fuse with the plasma membrane, transfer-
ring the cytochrome b558 to the cell surface.
Cytochrome b558 from human neutrophil plasma

membranes directly interacted with p47PHOX (Dang
et al. 2001). This interaction increased when the
proteins were incubated in the presence of Rac1-
guanosine triphosphate/guanosine diphosphate.

6.1.2.2.9

Cytochrome c-Derived Microperoxidase 8

Microperoxidase 8 is a heme octapeptide, obtained
by enzymatic hydrolysis of heart Cytochrome c, in
which a histidine is axially co-ordinated to the
heme iron, and acts as a fifth ligand. It exhibits two
kinds of activities: a peroxidase-like activity and a
cytochrome P450-like activity. Ricoux et al. (2000)
have shown that microperoxidase 8 is not only able
to oxidise various aliphatic and aromatic hydroxyl-
amines with the formation of microperoxidase 8-
Fe(II)-nitrosoalkane or -arene complexes absorbing
around 414 nm, but also that these complexes can
be obtained by reduction of nitroalkanes.

6.1.2.3

NADH Dehydrogenase

NADH dehydrogenase, by other name NADH cyto-
chrome c reductase (EC 1.6.99.3; formerly EC
1.6.2.1), a flavoprotein containing iron-sulphur cen-
tres, was detected in pituicytes of the rat (Bock and
Goslar 1969) using 2,2’,5,5’-tetra-p-nitrophenyl-
3,3’-(3,3’-dimethoxy-4,4’-biphenylene)-ditetrazolium
chloride according to Rosa and Tsou (1961).
In vascular cells, a major source of oxygen radi-

cal production is a membrane-bound, flavin-con-
taining NADH/NADPH-dependent oxidase, which
is regulated in vitro and in vivo by angiotensin II.
Homogenates of the aorta of rabbits treated with
nitro-glycerine patches (1.5 g/kg/min × 3 d) dis-
played activities of 67±12 vs. 28±2 nmol O2

–/min
× mg protein vs. aortic homogenates from un-
treated animals (Münzel 1997). Acute addition of
hydralazine (10 M) to nitro-glycerine-tolerant ves-
sels immediately inhibited O2

– production and
NADH-oxidase activity in vascular homogenates.
The lucigenin-enhanced chemiluminescence signal
was inhibited by a recombinant heparin-binding
superoxide dismutase demonstrating the specificity
of this assay for O2

–.

6.1.2.4

NADPH Dehydrogenase

NADPH dehydrogenase (EC 1.6.99.6) catalyses the
univalent reduction of O2 to O2

– according to the
reaction:

NADPH dehydrogenase has also been shown to ca-
talyse the divalent reduction of O2 to H2O2 under
certain experimental conditions (Green and Wu

1986, Green and Pratt 1987). The Km value for
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R-CH2OH + O2 R-CHO + H2O2 [44]

Galactose oxidase (EC 1.1.3.9)

NADPH of NADPH dehydrogenase amounts to
30–80 M, that for NADH to 0.4–0.9 M, and that
for oxygen to about 10 M (Babior et al. 1975,
1976, Gabig and Babior 1979, Cohen et al. 1980,
Lew et al. 1981, Chaudhry et al. 1982, Wakeyama
et al. 1982, Yamaguchi et al. 1983, Suzuki et al.
1985, Tamura et al. 1988).
NADPH dehydrogenase is an enzyme system,

which apparently consists of multiple components
localised in the plasmalemma, in specific granules,
and in the cytosol of phagocytes. A number of com-
ponents has been suggested to be involved in the re-
dox chain of NADPH dehydrogenase, including fla-
vine adenine dinucleotide (FAD), quinones, and a
phagocyte-specific cytochrome referred as cyto-
chrome b-245.
There is substantial experimental evidence for

the assumption that cytochrome b-245 is the terminal
redox component of NADPH dehydrogenase. Cyo-
tochrome b-245 has been identified in various types
of phagocytes including neutrophils, eosinophils,
HL-60 cells, and mononuclear cells (Segal et al.
1981).

6.1.2.5

Galactose Oxidase

Galactose oxidase (EC 1.1.3.9) is one of a group of
copper-containing oxidative enzymes that includes
monoamine oxidase, laccase (EC 1.10.3.2), ascor-
bate oxidase (EC 1.10.3.3), tyrosinase and dopa-
mine monohydroxylase. The enzyme consists of a
single polypeptide chain of 639 amino acid residues
(McPherson et al. 1992) with molecular mass of
68 kDa. The reaction catalysed by galactose oxidase
is the oxidation of primary alcohols (e.g. the hy-
droxyl group at the C6 position of d-galactose) to
aldehydes, accompanied by the reduction of the
molecular oxygen to hydrogen peroxide:
Specificity for the alcohol substrate is very broad,

ranging from small molecules (e.g. propanediol) to
polysaccharides. Galactose oxidase is strictly stereo
specific. It does not oxidise either d-glucose or l-
galactose.
A covalent linkage between Tyr272 and Cys228

has been observed, whose functional role may re-
late to the presence of a tyrosine free radical at
Tyr272. The tyrosine free radical could be stabilised
by delocalization to Cys228 and stacking interac-
tions with Tryp290 (Ito et al. 1994).
The formally two-electron redox reactions, the

alcohol oxidation and the O2 reduction, are per-

formed at a molecular Cu(II) centre, where the
bound tyrosyl radical (Tyr272 ) acts as the addi-
tional one-electron redox site. Thus, the active spe-
cies (fully oxidised state) of the enzyme is the
Cu(II)-phenoxyl radical complex that is trans-
formed into a Cu(I)-phenol species (fully reduced
state) in the alcohol oxidation via the following
mechanism:

deprotonation from the -OH group of the bound
substrate,
inner-sphere electron transfer from the depro-
tonated substrate to Cu(II),
-hydrogen atom abstraction of the resulting ke-
tyl radical by the phenoxyl radical of Tyr272 (the
ordering of electron transfer and hydrogen atom
abstraction steps could be reversed.

Hydrogen atom abstraction by Cu(II)- and Zn(II)-
phenoxyl radical complexes was used as a model for
the active form of galactose oxidase (Taki et al.
2000).

6.1.2.6

Xanthine Oxidase

The molybdoenzyme, xanthine oxidoreductase is a
homodimer of 150 kDa subunits and exists in two
interconvertible forms, dehydrogenase (EC
1.1.1.204) and xanthine oxidase (EC 1.1.3.22). Re-
duction of oxygen by either form of the enzyme
yields superoxide radical anion and hydrogen per-
oxide with xanthine or hypoxanthine as substrates.
Xanthine dehydrogenase preferentially reduces
NAD+, whereas xanthine oxidase does not reduce
NAD+, preferring molecular oxygen.
The molybdenum in these enzymes is bound by

a special organic pterin cofactor, and is not held di-
rectly by the sidechains of proteins. The pterin co-
factor actually is a dithiolate complex. The molyb-
denum in the enzymes is not re-oxidised directly by
molecular dioxygen and the ancillary flavin and Fe/
S centres have to do with the way in which dioxygen
is activated; oxygen transfer by molybdenum en-
zymes is of oxygen atoms from water and not from
dioxygen.
Xanthine dehydrogenase from Eubacterium bar-

keri has a mass of 530 kDa and three types of sub-
units. It contains molybdopterin as the molybde-
num-complexing cofactor and 1 mol of selenium in
a non-selenocysteine form per mol of native en-
zyme (Schräder et al. 1999).
Xanthine oxidase from buttermilk produced O2

–

and H2O2 in a ratio of 25:75, while a microbial xan-
thine oxidase was unable to produce any O2

– (Wip-
pich et al. 2001).
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Xanthine oxidoreductase is asymmetrically loca-
lised not only in the cytoplasm but also on the outer
surface of human endothelial (umbilical vein endo-
thelial cells and EA-hy-926 permanent endothelial
cell line) and epithelial (HB4a, a mammary epithe-
lial cell line conditionally immortalised by transfec-
tion with SV40 virus) cells in culture (Rouquette
et al. 1998).
Pulse radiolytic investigations of the hypoxan-

thine-xanthine-uric acid system 0.8 s after the
generation of electron pulses (800 KeV, 4 ns)
showed transient species produced by action of HO
radical on hypoxanthine (Santamaria et al. 1984).
The rate of formation of the transient depends on
hypoxanthine concentration. The radical decay
leads directly to the formation of xanthine. Another
radical was produced by oxidation of xanthine by
HO in less than 1.6 s. Such a reaction was xan-
thine concentration dependent. The decay of this
radical after ca. 400 s did not lead directly to the
formation of uric acid. Santamaria et al. (1984)
suppose that its disproportionation occurs through
another transient, which could be a dimer.
Not only O2

– and HO , but also alkyl or alkoxyl
radicals (R ) were formed when saccharides such as
glucose, fructose and sucrose were added into the
xanthine oxidase/hypoxanthine system containing
iron (Luo et al. 2001). The generated amount of R
depended on the kind and concentration of saccha-
rides added into this system. In the absence of sac-
charides no R were detected, indication that there
is an interaction between the saccharide molecules
and the free radicals generated from the iron con-
taining hypoxanthine/xanthine oxidase system.
Xanthine oxidase is an ubiquitous O2 metabolite-

producing enzyme which has been implicated in
ischaemia-reperfusion (McCord 1985), hypoxia re-
oxygenation (Terada et al. 1992) and remote organ
(Terada et al. 1992) injury. The oxidase form is de-
rived from posttranslational modification of xan-
thine dehydrogenase (Amaya et al. 1990), and ac-
counts for about 10% of the total enzymatic activity
(Engerson et al. 1987, Saksela and Raivio 1996).
Relevant to the proposed role of xanthine oxi-

dase in postischemic tissue injury, hypoxia was
found to induce a gradual tissue increase in xan-
thine oxidase-xanthine dehydrogenase activity over
16–72 h in cultured endothelial cells (Terada et al.
1992, Hassoun et al. 1994, Poss et al. 1996). In a
more rapid fashion, hyperoxia decreases xanthine
oxidase-xanthine dehydrogenase activity in both
cultured cells and rat lungs (Terada et al. 1988, Pa-
nus et al. 1992). The control of xanthine oxidase-
xanthine dehydrogenase levels by oxygen tension is
a complex process involving pre- and posttransla-
tional points of regulation (Terada et al. 1997).

Sustained elevation of [Ca2+]i in ischaemia can pro-
mote the conversion of xanthine dehydrogenase to
xanthine oxidase (McCord 1985). Under low en-
ergy conditions, where large parts of ATP are con-
verted to hypoxanthine, this may result in a massive
generation of reactive oxygen species. The activa-
tion of xanthine oxidase has been implicated for is-
chaemic neuronal death in vivo (Coyle and Putt-
farcken 1993) and in kainate toxicity to cerebellar
granule cells in vitro (Dykens et al. 1987).
In adult respiratory distress syndrome plasma

xanthine oxidase activity (as measured by monitor-
ing the rate of conversion of 14C-hypoxanthine to
14C-uric acid) was 75 mIU/l in 8 of 15 patients,
but in none of the control patients (Ragsdale et al.
1986).
Intravenous administration of xanthine (0.225

mg/kg) plus xanthine oxidase (3.0 units/kg) to
anaesthetised rats resulted in a rapid fall in the ar-
terial pressure and a mortality rate of over 80%
during 120 min observation period (Jacinto and
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L-Arginine–nitric oxide pathway

L-Arginine Nitric oxide (•NO) Peroxynitrite (ONOO–)

[46]

NOS + O2
•–

Jandhyala 1992). Pre-treatment of the rats with
superoxide dismutase alone or combined with cata-
lase enhanced survival rate to 60% confirming that
the toxicity after xanthine plus xanthine oxidase ad-
ministration is due to the generation of oxygen free
radicals. Pre-treatment of the rats with either felo-
dipine, a dihydropyridine calcium antagonist or
verapamil, a structurally different Ca2+-channel
blocker was most effective in promoting survival
rat to 90%; in contrast hydralazine, an arteriolar
dilator but not a calcium antagonist, was ineffective
in significantly enhancing survival.
In the absence of oxygen, nitro compounds or

other bioreductive drugs act as alternative electron
acceptors. Nitric oxide synthases (NOS) are cyto-
chrome P450-related enzymes that convert arginine
to NO and citrulline. Two constitutive forms are
expressed in neurones (nNOS) or endothelial cell
(eNOS), respectively, and are activated by Ca2+/cal-
modulin. Other isoforms (iNOS) in microglia or as-
troglia are inducible by a variety of stimuli, such as
cytokines, and function at basal Ca2+ concentra-
tions. Activation of bNOS following Ca2+ entry
through the N-methyl-d-aspartate receptor
(NMDA-R) has been implicated in excitotoxicity to
cortical neuronal cultures (Dawson et al. 1991) and
in ischaemia due to middle cerebral artery occlu-
sion (Huang et al. 1994). The possible terminal cy-
totoxic mediator may be peroxynitrite formed from
NO and O2

–.

N-Methyl-d-aspartate receptor activation in per-
fused, ventilated rat lungs triggered acute injury,
marked by increased pressures needed to ventilate
and perfuse the lung, and by high-permeability oe-
dema (Said et al. 1996). The injury was prevented
by competitive NMDA receptor antagonists or by
channel blocker MK-801, and was reduced in the
presence of Mg2+. As with NMDA toxicity to central
neurones, the lung injury was NO dependent: it re-
quired l-arginine, was associated with the in-
creased production of NO, and was attenuated by
either of two NO synthase inhibitors, N -nitro-l-
arginine methyl ester and l-nitroarginine.
Clarke et al. (1982) measured the kinetics of re-

duction of nitroimidazoles by xanthine/xanthine
oxidase and estimated the initial rates at a concen-
tration probably rather less than the Michaelis Km

value. The redox dependence of this flavoenzyme
was quite similar to that found with free flavins.

Incubation of A 10 cells, a murine vascular
smooth muscle cell line, with xanthine oxidase and
purine resulted in an enhancement of adenylate cy-
clase activation (Tan et al. 1995). The effect of pu-
rine and xanthine oxidase was not blocked by co-
incubation with superoxide dismutase (which catal-
yses the conversion from superoxide anion to
H2O2). This suggests that the generation of the su-
peroxide anion is not involved in the mechanism of
enhancement of adenylate cyclase activation.
Xanthine oxidase increased the rate of actin po-

lymerisation and accelerated the conversion of
F(ATP)actin into F(ADP,Pi)actin (Lanzara et al.
1988).
Exposure of cultivated human glial cells (U-

787CG, U-622CG, U-1508CG) to a hypoxanthine-
xanthine oxidase reactive oxygen metabolites
(ROM) generating-system showed acute and irre-
versible injury (Thaw et al. 1983): increased forma-
tion of endocytotic vacuoles, enhanced membrane
ruffling activity, followed by cellular contraction
and nuclear as well as cytoplasmic condensation.
Subcellular alterations consisted of damage to all
organelles (endoplasmic reticulum, mitochondria,
nuclei) and a highly increased rate of autophagic
activity.
Non-competitive inhibition was induced by

metal ions (Mondal et al. 2000). The inhibition
constant for Cu2+ and Hg2+ are in the micromolar
and that for Ag+ is in the nanomolar range. pH de-
pendence studies of the inhibition indicated that at
least two ionisable groups of xanthine oxidase are
involved in the binding of these metal ions. Xan-
thine oxidase formed optically observable com-
plexes with Cu2+ ion (Sau et al. 2001). The pH de-
pendence studies of the formation of Cu2+-xanthine
oxidase by optical spectroscopy and circular dichro-
ism showed that at least one ionizable group may be
responsible for the formation of the complex. EPR
studies showed that Cu2+ ion binds to xanthine oxi-
dase with sulphur and nitrogenous ligands. A tran-
sient kinetic study of the interaction of Cu2+ with
xanthine oxidase showed the existence of two Cu2

bound xanthine oxidase complexes formed at two
different time scales of the interaction, one at
5 ms and the other one at around 20 s. The com-

plex formed at longer time scale may be responsible
for the inhibition of the enzyme activity.
A marked dose-dependent inhibition of xanthine

oxidase activity by rutin (200–300 M) and narin-
gin (200–400 M) was shown in the xanthin-
xanthine oxidase system, while the addition of cate-
chin (200–400 M) exhibited a lower effect on uric
acid formation (Russo et al. 2000).
6-Formylpterin, a mixed-type xanthine oxidase

inhibitor (Oettl and Reibnegger 1999), reacted
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with NAD(P)H and consumed oxygen catalysing
the conversion of NADH to NAD (Arai et al. 2001).
Electroparamagnetic resonance spin trapping ex-
periments demonstrated that this reaction is ac-
companied with the generation of reactive oxygen
species, superoxide anion and hydrogen peroxide.
When 6-formylpterin was administered to HL-60
cells, intracellular generation of reactive species was
observed and apoptosis was induced.
Esculetin (IC50 = 20.91 M), umbelliferone (7-

hydroxycoumarin; IC50 = 43.65 M), and 7-hydro-
xy-4-methylcoumarin (IC50 = 96.70 M) are strong
xanthine oxidase inhibitors (Chang and Chiang

1995). The structure of 7-hydroxycoumarin plays a
very important role in xanthine oxidase inhibition.
The 6-hydroxy group present in the molecule of 7-
hydroxycoumarin, e.g. esculetin enhanced the ac-
tivity, whereas substitution by the 6-methoxy
group, e.g. scopoletin, reduced the inhibitory effect.

Esculetin (100 M for 24 h) reduced the level of
cyclin-dependent kinase (CDK) 4, up-regulated
p27, and down-regulated cyclin D1 in the cell cycle
of human leukaemia HL-60 cells (Wang et al. 2002).
Protein kinase C was activated by both

interleukin-3 and insulin (Mendez et al. 2001). The
insulin response required the presence of IRS-1 and
was inhibited by the addition of wortmannin.
Quercetin, 3’-methylquercetin, quercetin-4’-

glucuronide, and quercetin-3’-glucuronide inhib-
ited xanthine oxidase at low micromolar concentra-
tions whereas quercetin-3-sulphate, quercetin-3-
glucuronide, and quercetin-7-glucuronide had
50–800-fold higher inhibitory constants (Day et al.
2000). Quercetin-4’-glucuronide was also as effec-
tive at scavenging superoxide radicals generated by
xanthine oxidase as quercetin aglycone at the same
concentration. Quercetin (5 mg/kg i.p.) protected
lung tissues of Swiss albino female mice from sul-
phur mustard (1 LC50 = 42.3 mg/m3 for 1 h dura-
tion) intoxication (Kumar et al. 2001).
On the other hand, quercetin in common with

(–)-epicatechin (Chrisey et al. 1988) and 4’-(9-
acridinylamino)methanesulphon-m-anisidine
(Wong et al. 1984), can reduce oxygen to produce
superoxide without the involvement of a thiol or
other reducing agent (Fazal et al. 1990). The hy-
droxyl radical can be produced from quercetin and
Cu(II) by alternative pathways. The strand scission
of DNA was shown to occur under conditions in

which Cu(II), quercetin and either hydrogen perox-
ide or oxygen were present and superoxide was not
a necessary intermediate. Strand scission involved
the hydroxyl radical and a radical DNA intermedi-
ate.

6.1.2.7

L-4,5-Dihydroorotate:Oxygen Oxidoreductase

Production of superoxide radical anion (O2
–) dur-

ing oxidation of dihydroorotate in rat liver mito-
chondria was not affected by antimycin A, thenoyl-
trifluoroacetone, or added ubiquinone but was in-
hibited by orotate, a product inhibitor of dihydroo-
rotate dehydrogenase (Forman and Kennedy

1975). It appears likely that superoxide is generated
at the primary dehydrogenase. Dihydroorotate de-
hydrogenase differs from succinate dehydrogenase
both in its utilisation of ubiquinone and in the
mechanism of cytochrome b reduction. Formation
of orotate is only partially inhibited by thenoyltri-
fluoroacetone and the inhibitor does not prevent
the reduction of cytochrome by dihydroorotate.

6.1.2.8

Cucumber Monodehydroascorbate Reductase

Cucumber monodehydroascorbate reductase (EC
1.6.5.4) is capable of reducing phenoxyl radicals
which are generated by horseradish peroxidase with
H2O2 (Sakihama et al. 2000). The addition of mon-
odehydroascorbate reductase plus NADH sup-
pressed the horseradish peroxidase/H2O2-depen-
dent oxidation of quercetin, accompanied by the
oxidation of NADH. ESR confirmed the quenching
of the quercetin radical by monodehydroascorbate
reductase plus NADH. Monodehydroascorbate re-
ductase with NADH also suppressed the horserad-
ish peroxidase/H2O2-dependent oxidation of hy-
droxycinnamates, including ferulic acid, coniferyl
alcohol, and chlorogenic acid.

6.1.2.9

Prostaglandin H Synthase

Prostaglandin H synthase (EC 1.14.99.1), also called
cyclooxygenase, is the rate-limiting enzyme in the
conversion of arachidonic acid to prostanoids. To
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date, two cyclooxygenase isoforms (COX-1 and
COX-2) have been cloned; they share over 60%
identity at the amino acid level and have similar en-
zymatic activities (Taketo 1998). COX-1 is consti-
tutively expressed in most tissues and is considered
as a housekeeping gene involved in cytoprotection
of the stomach, vasodilatation in the kidney, and
control of platelet aggregation. COX-2 is an
immediate-early gene that can be induced by vari-
ous stimuli such as hormones, cytokines, growth
factors, and tumour promoters. Increased expres-
sion of COX-2 has been associated with inflamma-
tory processes and carcinogenesis (Williams et al.
1999, Van Rees et al. 2002).
NO activates COX-1 and COX-2 (Corbett et al.

1993, Salvemini et al. 1993),
Non-steroidal anti-inflammatory drugs inhibit

cyclooxygenases and thus the conversion of arachi-
donic acid to prostanoids.

6.1.3

Modulation of the Respiratory Burst

6.1.3.1

Activation

6.1.3.1.1

Protein Kinase C

Protein kinase C represents a family of more than
11 phospholipid-dependent serine/threonine ki-
nases that are involved in a variety of pathways that
regulate cell growth, death, and stress responsive-
ness.
Protein kinases C transduce the of signals medi-

ated by phospholipid hydrolysis. Activation of G
protein coupled receptors, tyrosine kinase recep-
tors, and nonreceptor tyrosine kinases can activate
protein kinase C, by stimulation of either phospholi-
pases C to yield diacylglycerol or phospholipase D
to yield phosphatidic acid and then diacylglycerol.
Phospholipase D has been implicated in the process
of generation of reactive oxygen species by neutro-
phil granulocytes (for review see Exton 2002, p.53).
The isoenzymes of protein kinase C fall into

three subclasses according to their dependence on
Ca2+ for activation. The Ca2+-dependent group in-
cludes PKC subtypes , I, II, and , and the Ca2+-
independent group includes PKC subtypes , , ',
, and . The regulation of the atypical subtypes ,
, and has not been clearly established, although
their activities are stimulated by phosphatidylser-
ine. Protein kinase (human) and its murine ho-
mologue, protein kinase D, form a distinct class in
that the kinase core is actually most similar to that
of the calmodulin-dependent kinases and no pseu-

dosubstrate motif has been identified (Newton
1997). Immunocytochemical analysis has clearly es-
tablished that different protein kinase C isoen-
zymes localise to different subcellular compart-
ments (Jaken 1996).

Rat aortic smooth muscle cells cultured with
20 mmol/l glucose showed statistically significant
increases in protein kinase C activities, the expres-
sion of PKC- II isoform and platelet derived growth
factor- receptor protein, and proliferation activi-
ties, compared with smooth muscle cells cultured
with 5.5 mmol/l glucose (Nakamura et al. 2001).
Although epalrestat and LY333531 inhibited protein
kinase C activation induced by glucose in the same
degree, the effect of epalrestat on proliferation ac-
tivities and expression of the platelet derived
growth factor- receptor were more prominent
than those of LY333531. Epalrestat improved the
glucose-induced decrease in free cytosolic NAD+ :
NADPH ratio and reduced glutathione content, but
LY333531 did not. The increased expression of
membranous PKC- II isoform was normalised by
epalrestat.
The atypical protein kinase is ubiquitously

expressed. It is considered atypical in that it is not
activated by diacylglycerol or pre-treatment with
phorbol esters. In addition, the protein does not
undergo translocation from cytosol to membrane
when activated. Phosphatidylinositol 3,4,5-triphos-
phate has been shown to result in a large stimula-
tion of protein kinase (Nakanishi et al. 1993).
The protein kinase C molecule contains two

domains: the amino-terminal regulatory domain
interacts with calcium, phosphatidylserine, and di-
acylglycerol, and, the carboxyl-terminal catalytic
domain with ATP and protein substrate-binding
sites. The bisindolylmaleimide GF 109203X is a
competitive inhibitor of the ATP site (Toulec et al.
1991). The regulatory domain, however, was acti-
vated through the concerted action of diacylglyce-
rol, calcium and phosphatidylserine. When cells are
activated there is usually an increase in calcium,
which may contribute to the activation of protein
kinase C perhaps by increasing the binding affinity
of the enzyme for diacylglycerol (Kojima et al.
1985, Dougherty and Niedel 1986). In intact cells
the enzyme can be activated either by adding a
monoacyl-derivative of diacylglycerol such as 1-
oleoyl-2-acetylglycerol or by means of phorbol es-
ters (Nishizuka 1984, 1986, Ashendel 1985). PMA
showed a positive action that initially activated
PKC, then a negative action that initiated the degra-
dation of the enzyme during sustained activation
(Nishizuka 1988).
Ischaemic preconditioning of the rabbit heart

caused selective translocation of the and iso-
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forms without demonstrable changes in total myo-
cardial protein kinase C activity, implying that
measurements of total protein kinase C activity are
not sufficiently sensitive to detect the involvement
of protein kinase C in preconditioning (Ping et al.
1997).
The expression of protein kinase C gene in the

murine peritoneal macrophages was inhibited by
nitric oxide (Jun et al. 1994).
The involvement of protein kinase C in the en-

hancement of malignant cell transformation induced
by 2,3,7,8-tetrachlorodibenzo-p-dioxin was studied
byWölfle andMarquardt (1996). The protein ki-
nase inhibitor H-7 markedly reduced the in vitro
promoting activity of 12-O-tetradecanoylphorbol-
13-acetate but did not affect the promotion by
2,3,7,8-tetrachlorodibenzo-p-dioxin. In accord with
these results, 12-O-tetradecanoylphorbol-13-acetate,
but not 2,3,7,8-tetrachlorodibenzo-p-dioxin, en-
hanced the protein kinase C activity in C3H/M2 fi-
broblasts. Since 12-O-tetradecanoylphorbol-13-ace-
tate-mediated activation of protein kinase C was not
affected by ascorbic acid plus -tocopherol, that the
antioxidants interfere with tumour promotion at a
step beyond protein kinase C activation.

Protein Kinase C Activators

Phorbol Esters

The tumour-promoting phorbol esters, of which 12-
O-tetradecanoylphorbol-13-acetate is the most po-
tent, are non-physiological activators of protein ki-
nase C. The same holds for Aplysiatoxin and Tele-
ocidin.

Phorbol ester-induced ornithine decarboxylase (EC
4.1.1.17) activity associated with tumour promo-
tion (O’Brien 1976) was inhibited by deguelin,
tephrosin, (–)-13 -hydroxytephrosin, and (–)-13 -
hydroxydeguelin, four rotenoids obtained from the
African legume Mundulea sericea (Gerhäuser et
al. 1995). 17 nmole of retinoic acid, when applied
1 h before treatment of mouse skin with 5 nmole of

12-O-tetradecanoylphorbol-13-acetate, inhibited by
about 90% the induction of ornithine decarboxyl-
ase activity (Verma 1982).
Treatment of human HL-60 cells with 12-O-

tetradecanoylphorbol-13-acetate appeared to in-
duce the iron regulatory protein-1 activity up to the
threefold (Eisenstein et al. 1993).
After 12-O-tetradecanoylphorbol-13-acetate treat-

ment, a highly metastatic variant of a human colo-
rectal carcinoma cell line was three times more
invasive in Matrigel than the parental cell line
(Komada et al. 1993).
Boles etal. (2000) demonstrated that 12-O-

tetradecanoylphorbol-13-acetate enhanced the ad-
herence of U-937 cells to fibronectin matrices by in-
creasing the expression of both the 5- and 1-
subunit mRNAs and the surface expression of the
protein. Modulation of 5 1 expression may be im-
portant for regulation of monocytic cell function in
lung inflammation after injury.
As to the multivesicular bodies of U-937 GTB

cells, incubation with 12-O-tetradecanoylphorbol-
13-acetate (10–7 M) caused pronounced changes
(Forsbeck et al. 1988, Nilsson et al. 1989). 15 min
after stimulation, the relative section area of the
multivesicular bodies (23.5±1.4 versus 12.5±1.1 in
the controls) as well as the number of inclusion ves-
icles in multivesicular bodies per cell profile
(29.8±2.0 versus 7.0±0.6 in the controls) were sig-
nificantly (P 0.001) increased. After 60 min the
multivesicular bodies appeared to be completely
filled with inclusion vesicles.

-(1 4)-Galactosyltransferase I (EC 2.4.1.38)
activity was higher ( ×2) in 12-O-tetradecanoyl-
phorbol-13-acetate-treated compared with un-
treated HL-60 leukaemia cells (Pasqualetto et al.
2000).
The rate of superoxide generation of guinea pig

intraperitoneal neutrophils by 12-O-tetradecanoyl-
phorbol-13-acetate was increased by 2-bromo-2-
chloro-1,1,1-trifluoroethane (halothane) (Tsuchiya
et al. 1988). This increase was inhibited by 1-(5-
isoquinolinesulphonyl)methylpiperazine dihydro-
chloride, a specific inhibitor of Ca2+- and phospho-
lipid-dependent protein kinase C. Halothane was
found to activate partially purified protein kinase C
significantly.
Iron deprivation induced by desferrioxamine

blocked 12-O-tetradecanoylphorbol-13-acetate-
induced differentiation and induced S-phase arrest
and apoptosis in up to 60% of HL-60 cells (Gazitt
et al. 2001). Iron is required for transcription of
p21(WAF1/CIP1) in cells induced by 12-O-
tetradecanoylphorbol-13-acetate.
The binding of [20-3H]phorbol 12,13-dibutyrate

to peritoneal macrophages was similar in both nor-

94 Chapter 6 Reactive Oxygen and Nitrogen Species



mal and BCG-infected mice irrespective of their
ability to produce H2O2 in response to phorbol dies-
ters (Weinberg and Misukonis 1983). Phorbol
12,13-dibutyrate (30 nm) stimulated cytotoxic ac-
tivity of human blood lymphocytes against K562
and Daudi target cells (Ramos et al. 1983).
In isolated porcine leucocytes, 12-O-

tetradecanoylphorbol-13-acetate produced a con-
centration-related luminol-enhanced chemilumi-
nescence, that was markedly (P 0.05) suppressed
when the nitric oxide donor, pirsidomine was given
intravenously 10 min before (Wainwright and
Martorana 1993).
The interaction of NO and O2

– generated from
12-O-tetradecanoylphorbol-13-acetate-stimulated
polymorphonuclear leucocytes was studies by a ni-
troxide spin trap, DMPO (formula [8]). Zhao et al.
(1996) found that addition of l-arginine to the sys-
tem would significantly decrease the trapped O2

–

by DMPO and addition of NG-monomethyl-l-
arginine would significantly increase the trapped
O2

– by DMPO. It was proven that the formation of
ONOO– by the reaction of NO and O2

– was the
main reason for the decrease of the trapped O2

– in
the experiment with xanthine/xanthine oxidase and
irradiation of riboflavin systems. The generation
dynamic of NO was studied by a luminol-
dependent chemiluminescence technique and it was
found that after stimulation of polymorphonuclear
leucocytes with 12-O-tetradecanoylphorbol-13-
acetate, there would by an immediate, significant
chemiluminescence, which came mainly from the
reactive oxygen species generated by polymorpho-
nuclear leucocytes. If l-arginine was added to this
system, the chemiluminescence would increase
about 100-fold, but NG-monomethyl-l-arginine in-
hibited the increase of the chemiluminescence.
10 min after addition of l-arginine, this increase
did not change, the chemiluminescence peak de-
creased gradually, but the half life increased.
In anaesthetised new-born pigs (1 to 5 days old)

of either sex, injury of moderate severity (1.9 to
2.1 atm) induced by the lateral fluid percussion
brain injury technique phorbol 12,13-dibutyrate
(1 mol/l) increased superoxide dismutase-
inhibitable nitroblue tetrazolium reduction from
1±1 to 37±5 pmol/mm2 (Armstead 1999).
Time (5 min–24 h)-dependent variations in pro-

tein kinase C activity after 10–7 M 12-O-tetrade-
canoylphorbol-13-acetate stimulation differed sig-
nificantly between 6-day-old rats and adult rats;
protein kinase C activity decreased in adult alveolar
macrophages (50%) but remained stable in 6-day-
old alveolar macrophages (Delacourt et al. 1997).
Leupeptin, used as a calpain inhibitor, inhibited the
decrease in protein kinase C activity after exposure

of adult alveolar macrophages to 12-O-tetradeca-
noylphorbol-13-acetate and induced a greater than
threefold increase in 12-O-tetradecanoylphorbol-
13-acetate-induced gelatinase secretion.
12-O-Tetradecanoylphorbol-13-acetate enhanced

l-isoproterenol and prostaglandin E1 stimulated cy-
clic AMP formation in clones ofmousemyeloid leu-
kaemia cells (Simantov and Sachs 1982).
12-O-Tetradecanoylphorbol-13-acetate-induced

cyclic mononucleotide phosphodiesterase activa-
tion in human blood mononuclear cells was totally
abolished by ethanol, which strongly reduced phos-
phatidic acid accumulation in response to the phor-
bol ester (Zakaroff-Girard et al. 1999).
12-O-Tetradecanoylphorbol-13-acetate-primed

THP-1 cells (a human monocyte cell line), which
express a scavenger receptor, were stimulated by
mucins through the macrophage scavenger recep-
tor, resulting in enhanced secretion of IL-1 (Inoue
et al. 1999). The activity was abolished by treatment
of the mucins with sialidase, indicating that sialic
acid is involved in the binding.
12-Deoxyphorbol-13-O-phenylacetate-20-acetate

is not protein kinase C- isozyme-selective in vivo
(Kiley et al. 1994). Prolonged treatment ( 6 h) of
cultures in down-modulation studies is complicated
by the metabolism of 12-deoxyphorbol-13-O-
phenylacetate-20-acetate to 12-deoxyphorbol-13-
phenylacetate, a compound which activates all pro-
tein kinase C isozymes tested in vitro (Ryves et al.
1991).
Expression of tissue thromboplastin and uro-

kinase-type plasminogen activator (EC 3.4.21.73)
receptor were stimulated in monocyte-like U-937
cells treated with 5 ng 12-O-tetradecanoylphorbol-
13-acetate per ml (Haase et al. 1993).
The expression of many immediate-early genes,

such as c-fos and c-jun, can be induced by 12-O-
tetradecanoylphorbol-13-acetate. 12-O-Tetradecan-
oylphorbol-13-acetate increased c-fos mRNA, cellu-
lar cyclic AMP, and protein kinase A activity in the
first 30 min with similar inductive time courses
(Huang et al. 1999). Treatment of NIH 3T3 cells
with N-[2-(p-bromocinnamylamino)ethyl]-5-iso-
quinoline sulphonamide (H-89), a protein kinase A
specific inhibitor, suppressed 12-O-tetradecanoyl-
phorbol-13-acetate induction of protein kinase A
activity and c-fos mRNA in a concentration-
dependent manner, but did not inhibit serum-
induced transcription. H-89 did not inhibit 12-O-
tetradecanoylphorbol-13-acetate and serum induc-
tion of c-jun mRNA. H-89 interfered with 12-O-
tetradecanoylphorbol-13-acetate-stimulated serum-
responsive element-binding activity in a concen-
tration-dependent manner, but did not inhibit 12-
O-tetradecanoylphorbol-13-acetate-induced
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mitogen-activated protein kinase 1/2 activity or
Elk-1 phosphorylation. 12-O-Tetradecanoylphorbol-
13-acetate stimulation of a c-fos promoter reporter
construct was inhibited by overexpression of the
dominant negative regulatory protein of protein ki-
nase A. In deletion studies, the H-89 inhibitory ele-
ment was found to be localised between –563 and
–379 in the c-fos promoter region.
Both troglitazone and 15-deoxy- 12,14-prosta-

glandin J2 seemed to inhibit phorbol ester-induced
TNF- release from the human monocytic cell line
THP-1 (Naitoh et al. 2000). On the other hand, nei-
ther pioglitazone nor rosiglitazone inhibited phor-
bol ester-induced TNF- release. Because the cyto-
toxicity of troglitazone and 15-deoxy- 12,14-prosta-
glandin J2 was significantly stronger than that of pi-
oglitazone and rosiglitazone, the inhibition of TNF-
release seemed to parallel the lack of cell viability.
Since neoplastic transformation is closely related

to cytoskeletal changes, Panagopoulou et al.
(2002) developed a culture system of purified popu-
lations of Sertoli cells from 20-d-old rats. After the
addition of 10–7 M 12-O-tetradecanoylphorbol-13-
acetate Sertoli cells began to round up and their cy-
toplasm retracted towards a central region. Actin
bundle organisation was disrupted and vinculin as-
sumed a punctuate distribution throughout the cell.

Bryostatins

Bryostatins are macrocyclic lactones which were
isolated from the marine bryozoan Bugula neritina
(Pettit et al. 1970).

Bryostatins, unlike 12-O-tetradecanoylphorbol-13-
acetate do not include monocytic differentiation of
HL-60 cells (Kraft et al. 1986). They bind to the
phorbol esterbinding sites in human neutrophils
and HL-60 cells, activate purified protein kinase C,
induce protein phosphorylation patterns similar to
12-O-tetradecanoylphorbol-13-acetate, and induce

O2
– formation in human neutrophils (Berkow and

Kraft 1985, Kraft et al. 1986, Wender et al.
1988). Bryostatin 1 increased the susceptibility of
U-937 cells to taxol-induced apoptosis and inhibi-
tion of clonogenicity (Wang et al. 1998). Bryostatin
induced multiubiquitinylation of protein kinase C-

in vitro and in renal epithelial cells (Lee et al.
1996). In vitro multiubiquitinylation required ATP
(or ATP S), membranes containing the 76-kDa,
nonphosphorylated form of protein kinase C, and a
cytsol fraction (Lee et al. 1996). In primary cultures
of human dermal fibroblasts bryostatin 1 and phor-
bol myristate acetate down-modulated protein
kinase C- and - via the ubiquitin/proteasome
pathway (Lee et al. 1997).
Bryostatins stimulated phagocytosis of human

granulocytes in vitro up to 233±21% in a concen-
tration range from 1 mM to 10 nM (Eisemann et al.
1995). This high phagocytic potential could also be
confirmed for bryostatin 1 in the in vivo carbon
clearance model (conc. of 100 g/kg NMRI mouse
injected intravenously, 350±19%). In the luminol-
amplified chemiluminescence test human granulo-
cytes were stimulated by bryostatins 1, 2 and 5 be-
tween 1 g and 10 ng to produce O2 radicals. The
maximal O2 burst was measured after 8 min at a
concentration of 1 M. At 10 M revealed a reduced
burst capacity obviously due to the cytotoxic effect
of the bryostatins (37±9%) at this concentration as
estimated by trypan blue staining.
In NHI 3T3 fibroblasts bryostatin 1 showed simi-

lar potency to 12-O-tetradecanoylphorbol-13-ace-
tate for translocating PKC to the cell membrane
but was a much more potent downregulator of
PKC activity than 12-O-tetradecanoylphorbol-13-
acetate. It was also a much more potent translocator
and downregulator of PKC and PKC than 12-O-
tetradecanoylphorbol-13-acetate (Szallasi et al.
1994). The compound inhibited the proliferation of
human A549 lung carcinoma (Dale and Gescher
1989), human MCF-7 breast cancer (Kennedy et al.
1992), murine renal adenocarcinoma, B16 mela-
noma, M5076 reticulum cell sarcoma, L10A B-cell
lymphoma and exhibited antitumour activity in the
murine P388 leukaemia screening system (Hor-
nung et al. 1992).
Bryostatin 1 activated T cells that have antitu-

mour activity (Tuttle et al. 1992).

Gnidimacrin

Gnidimacrin, a diaphnane-type diterpene isolated
from Stellera chamaejasme L. is another protein ki-
nase C activator, which induces downmodulation of
the enzyme following long term exposure. The
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compound exhibits antitumour activity in vivo
(Yoshida et al. 1996).

Protein Kinase C Inhibitors

Protein kinase C inhibitors specific for either the
regulatory domain of the enzyme, such as calphos-
tin (Kobayashi et al. 1989), or its catalytic domain,
such as staurosporine (Tamaoki et al. 1986) and
CGP 41 251 (Meyer et al. 1989) provided an oppor-
tunity to determine more precisely the implication
of protein kinase C in macrophage activation. In the
murine macrophage cell line RAW 264.7 extensively
used for the study of LPS stimulation (Virca et al.
1989), particularly at the level of TNF- (Jue et al.
1991) and NO (Marletta et al. 1988) biosynthe-
ses, the LPS-triggered IL-6 secretion was strongly
enhanced by the inhibitor (Tremblay et al. 1995).
TNF- synthesis and NO production, however,
were strongly inhibited, indicating that their up-
regulation involves protein kinase C.
Certain chemopreventive and growth-inhibiting

agents such as selenite (Gopalakrishna et al.
1997), or polyphenolics such as curcumin (Chen et
al. 1996), 4-hydroxy-tamoxyfen (Gundimeda et al.
1995), or ellagic acid can inactivate protein kinase C
by oxidising the vicinal thiols present within the
catalytic domain.

Gö-6976, a Ca2+-dependent protein kinase isozyme
inhibitor, reduced responses to angiotensin II; how-
ever, it did not alter responses to serotonin, norepi-
nephrine, or U-46619, whereas Gö-6976 enhanced
BAY K 8644 responses (De Witt et al. 2001). Rottle-
rin, a protein kinase C- isozyme/calmodulin-
dependent kinase III inhibitor, reduced responses
to angiotensin II and norepinephrine, did not alter
responses to serotonin or U-46619, and enhanced
responses to BAY K 8644. Immunohistochemistry
of feline pulmonary arterial smooth muscle cells
demonstrated localisation of protein kinase C-
and - isozymes in response to 12-O-tetradecano-
phorbol-13-acetate and angiotensin II. Localisation
of protein kinase C- and - isozymes decreased
with administration of Gö-6976 and rottlerin,
respectively.

Calphostin

Calphostin A is a lipophilic, light-sensitive peryle-
nequinone that generates singlet oxygen when illu-
minated (Wang et al. 1993). It inhibited the activity
of protein kinase C (IC50 = 250 nM), but only in the
presence of light.

Staurosporine

Staurosporine, a microbial alkaloid from Strepto-
myces (Omura et al. 1977), is a potent inhibitor of
phospholipid Ca2+-dependent protein kinase A (IC50
= 7.0 nM), protein kinase C (IC50 = 0.7 nM) and
protein kinase G (IC50 = 8.5 nM). Platelet aggrega-
tion induced by collagen or adenosine diphosphate
is also inhibited. Pre-treatment of tracheal smooth
muscle cells with staurosporine (10–8 M) signifi-
cantly attenuated sensitisation- and specific antigen
challenge-induced changes in membrane potential
and isomeric force (Souhrada and Souhrada

1993).
In anaesthetised new-born pigs injury of moder-

ate severity (1.9 to 2.1 atm) induced by the lateral
fluid percussion brain injury technique staurospo-
rine (10–7 M/l) blocked the nitroblue tetrazolium re-
duction after phorbol 12,13-dibutyrate and blunted
the nitroblue tetrazolium reduction observed after
lateral fluid percussion brain injury (1±1 to 15±2
versus 1±1 to 5±1 pmol/mm2 after lateral fluid
percussion brain injury in the absence versus pres-
ence of staurosporine) (Armstead 1999).
The derivative CGP 41 251 had reduced protein

kinase C activity with an IC50 of 50 nM bur showed
a high degree of selectivity when assayed for inhibi-
tion of cAMP-dependent protein kinase (IC50
2.4 M), S6 kinase (IC50 5.0 M) and tyrosine ki-
nase specific activity of epidermal growth factor re-
ceptor (IC50 3.0 M) (Meyer et al. 1989). Staurospo-
rine and CGP 41 251 exerted growth inhibition in
the human bladder carcinoma line T-24, human
promyelocytic leukaemia lone HL-60 and bovine
corneal endothelial cells at concentrations which
correlated well with in vitro protein kinase C inhi-
bition. In addition, both inhibited the release of
H2O2 from human monocytes pre-treated with 12-
O-tetradecanoylphorbol-13-acetate at non-toxic
concentrations.

Melatonin

A melatonin mechanism of action may be through
modulation of Ca2+-activated calmodulin. Melato-
nin binds to calmodulin with a high affinity
(Benı́tez-King et al. 1993), and has been shown to
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act as a calmodulin antagonist. Among the
calmodulin-dependent enzymes, Ca2+/calmodulin-
dependent protein kinase II is a particularly abun-
dant enzyme in the nervous system (Erondu and
Kennedy 1985). In vitro inhibition of Ca2+/
calmodulin-dependent protein kinase II by 10–9 M
melatonin was nearly of 30% (Benı́tez-King et al.
1996). 10–5 M Melatonin abolishes autophosphory-
lation. The effect of melatonin on Ca2+-activated
calmodulin- dependent protein kinase II activity
was specific, since neither serotonin, N-acetylsero-
tonin, or 6-hydroxymelatonin inhibited its activity.

6.1.3.1.3

Guanine Nucleotide Binding Proteins

G-Proteins consist of -, -, and -subunits (Dohl-
man et al. 1987, Neer and Clapham 1988, Casey
et al. 1988, Freissmuth et al. 1989). The -subunit
contains a guanine nucleotide-binding site and in
the nonactivated state GDP is bound in the site. In-
teraction between the G-protein heterodimer and
the receptor increases the affinity of the receptor for
an agonist. When the receptor is activated by an ag-
onist, a conformational change occurs in the G-
protein which facilitates the exchange of GTP for
GDP in the guanine nucleotide binding site. On
binding GTP, the activated G-protein dissociates,
releasing the - and -subunits.

6.1.3.2

Inhibition

6.1.3.2.1

cAMP Increasing Agents

Pentoxifylline reduced the superoxide anion pro-
duction of human polymorphonuclears and mono-
cytes during phagocytosis of latex particles, proba-
bly due to the increased intracellular levels of cyclic
AMP induced by the drug (Bessler et al. 1986). In
N-formyl-methionyl-leucyl-phenylalanine (10–7 M)-
stimulated human polymorphonuclear leucocytes
pentoxifylline (10–6–10–2 M) and adenosine
(5×10–8–1×10–3 M) dose-dependently inhibited su-
peroxide anion production (Thiel et al. 1991). The
adenosine receptor antagonist, 8-phenyltheophylline
only diminished the inhibition mediated by adeno-
sine, but totally failed to affect pentoxifylline. Inhi-
bition by both agents was antagonised by the cyclic
AMP antagonist Rp-cAMPS (250 M; Thiel et al.
1992). Pentoxifylline potentiated adenosine both in
inhibiting superoxide anion production and in rais-
ing intracellular cyclic AMP.

6.1.3.2.2

-Adrenergic Agonists

Fentolol dose-dependently suppressed of the pro-
duction of oxygen radicals by zymosan-stimulated
human polymorphonuclear leucocytes and macro-
phages as studied in vitro by means of luminol en-
hanced chemiluminescence (Schopf and Lemmel

1983), the ID50 being approximately 10
–6 M both for

polymorphonuclear leucocytes and macrophages.
When incubated together with the -adrenergic an-
tagonist propranolol at 10–6 and 10–7 M the suppres-
sive effect of fentolol could be reversed in dose-
dependency.
In purified rat cardiac membranes the affinities

of both - and -adrenergic receptors for [3H]di-
hydroalprenolol and [3H]prazosin, respectively,
were depressed by reactive oxygen species as gener-
ated in the xanthine-xanthine oxidase system (Ka-
neko et al. 1991). The situation with respect to
number of binding sites, however, was complex in
nature. Treatment of cardiac membranes for
10–30 min with xanthine plus xanthine oxidase in-
creased the number of the -receptor antagonist,
[3H]dihydroalprenolol, binding sites, whereas no ef-
fect was seen at 60 min. On the other hand, a signif-
icant depression in -receptor antagonist, [3H]pra-
zosin, was seen only 60 min after the treatment of
membranes with xanthine plus xanthine oxidase.
High concentration of H2O2 produced no effect on
the number of adrenergic receptor binding sites,
whereas 0.1 mM H2O2 plus 0.2 mM FeSO4 signifi-
cantly increased the number of -adrenergic recep-
tor sites for [3H]dihydroalprenolol only. Because
oxygen free radicals are known to increase mem-
brane permeability (Levedev et al. 1982,Mak et al.
1986), it is possible that the observed increase in the
number of [3H]dihydroalprenolol binding sites may
be due to the lipophilic nature of this ligand. This
view is substantiated by the fact that no effect of ox-
ygen free radical system was observed on the Bmax
values when a hydrophilic ligand, [3H]CGP-12177,
was employed for monitoring the state of -
adrenergic receptor activity (Staehelin et al.
1983).
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6.1.3.2.3

Phosphodiesterase Inhibitors

Phosphodiesterase inhibitors potentiated the inhib-
itory effects of -adrenergic agonists on superoxide
formation and their stimulatory effects on intracel-
lular cyclic AMP (Lad et al. 1985).
The predominant phosphodiesterase isozyme

class in inflammatory cells is composed of the en-
zymes that belong to the phosphodiesterase IV
family (Torphy and Undem 1991). This group of
enzymes has a marked preference for cyclic AMP
(Km = 3–10 M) as a substrate and demonstrates
little if any catalytic activity against cyclic GMP.
Furthermore, this enzymes are selectively inhibited
by compounds such as rolipram and Ro 20-1724
(Torphy and Undem 1991, Giembycz 1992).
Ro 20-1724 and unspecific inhibitors of phos-

phodiesterases, e.g., the methylxanthines 3-iso-
butyl-1-methylxanthine, theophylline, and pentoxi-
phylline inhibited the respiratory burst (Lad et al.
1985, Bessler et al. 1986, Burde et al. 1989). In
contrast, rolipram increased cyclic AMP in human
neutrophils without significantly inhibiting super-
oxide formation (Elliott and Leonard 1989). The
suppression of superoxide production in guinea pig
eosinophils is correlated with inhibition of phos-
phodiesterase IV catalytic activity (Barnette et al.
1995). Methylxanthines above 100 M inhibits
phosphodiesterases and inhibit the respiratory
burst presumably via an increase in cyclic AMP
(Schmeichel and Thomas 1987, Yukawa et al.
1989). In contrast, methylxanthines below 100 M
act as competitive antagonists at A2 receptors and
potentiate fMet-Leu-Phe -induced superoxide anion
formation in human neutrophils and eosinophils
(Schmeichel and Thomas 1987, Yukawa et al.
1989). Adenosine desaminase mimics the stimula-
tory effects of methylxanthines, and adenosine
counteracts the stimulatory effects of these agents,
suggesting that endogenous adenosine plays an in-
hibitory role in the regulation of NADPH oxidase
(Schmeichel and Thomas 1987). The cell-
permeant analogue of cyclic AMP, dibutyryl cAMP,
inhibits chemotactic peptide-induced O2

– forma-
tion. (Kitagawa and Takaku 1982, Lad et al. 1985,
Bessler et al. 1986, Kramer et al. 1988, Burde et
al. 1989).
Zardaverine, a selective inhibitor of cAMP-

specific phosphodiesterase isoenzymes III and IV,
inhibited superoxide release from zymosan-
stimulated human polymorphonuclear leucocytes
at an IC50 of 4×10

–6 M (Beume et al. 1989).
Selective cyclic GMP phosphodiesterase inhibi-

tors (M&B 22948 and MY 5445) potentiate inhibi-
tion of platelet adhesion by nitric oxide (Moncada

et al. 1988). The phosphodiesterase V inhibitor zap-
rinast decreased pulmonary arterial pressure in
foetal lambs (Skimming et al. 1996). Recent evi-
dence suggests that the levels of phosphodiester-
ase V as well as other phosphodiesterase isoforms
are increased in pulmonary arteries of hypertensive
rats (Mac Lean et al. 1998, Hanson et al. 1998).
This is consistent with the use of phosphodiester-
ase V inhibitors as vasodilators (Cohen et al. 1996).

6.1.3.2.4

Retinoic Acid

The intracisternal injection of either all-trans-
retinoic acid or [ ]-difluoro-methylornithine into
the brain of 9-day-old ICR mice blocked ( 90%)
phorbol ester-induced ornithine decarboxylase (EC
4.1.1.17) activity in a concentration-dependent
manner (Cope 1986). This inhibition was not evi-
dent with the use of the biologically impotent furyl
analogue of retinoic acid. In a similar manner, re-
tinoic acid reduced the soluble protein kinase-C ac-
tivity by 60% as well as total [ethylenebis(oxonit-
rilo)]tetraacetic acid (EGTA)-sensitive kinase activ-
ity (66%) associated with the plasma membrane.
Sixty-six percent of the retinoic acid-induced loss of
protein kinase-C activity in the soluble fraction
could be accounted for by the translocation of pro-
tein kinase-C to the plasma membrane as measured
by the specific binding of 12-O-[3H]tetradecanoyl-
phorbol-13-acetate. [ ]-Difluoro-methylornithine
and furyl-retinoic acid were not effective in altering
protein kinase-C activity or 12-O-tetradecanoyl-
phorbol-13-acetate binding to protein kinase-C. In
the presence of retinoic acid, however, there was a
2.3-fold increase in specific 12-O-[3H]tetradecanoyl-
phorbol-13-acetate binding in the plasma mem-
brane fraction, which was 3.4-fold greater than that
lost from the cytosol.
Increase at 843 nm in 5 min at room temperature

given by TCNQ (1.84×10–4 M) and test compound
(2.3×10–5 M) dissolved in acetonitrile as a polar or-
ganic solvent.
Retinoic acid behaves similarly to retinol in its

reactions with the strong electron acceptor 7,7,8,8-

Table 13. Production of 7,7,8,8-tetracyanoquinodimethane
radical anion (TCNQ –) from TCNQ and vitamin A deriva-
tives (from Lucy 1969)

-Carotene 0.48 Retinoic acid 0.06
-Carotene 0.37 -Ionylidene acetaldehyde 0.06
All-trans-retinol 0.24 9-cis Retinal 0.06
Retinyl methyl ether 0.21 -Ionylidene ethanol 0.03
Retinyl acetate 0.10 13-cis Retinal 0.03
3-Dehydroretinol 0.09 All-trans retinal 0.03
Retinyl palmitate 0.09 5,6-Monoepoxiretinal –0.02
13-cis Retinol 0.08
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tetracyanoquinodimethane (TCNQ), but it appears
to be a weaker electron donor than retinol (Lichti
and Lucy 1969).
The effect of -carotene on human serum albu-

min oxidation by 2,2’-azobis (2-amidinopropane)
dihydrochloride under 15, 150, and 760 torr of O2 to
form carbonyls was related to O2 tension, antioxi-
dant concentrations and interaction between mix-
tures of antioxidants (Zhang and Omaye 2000).
High concentration of -carotene produced more
protein oxidation in the presence of high O2 tension
by a prooxidant mechanism. Mixtures of -
carotene, -tocopherol and ascorbic acid provided
better protective effects on protein oxidation than
any single compound.
The staurosporine (200 nM)-induced apoptotic

damage in chick embryonic neurones was reduced
by 1 nM–10 M retinoic acid in a concentration-
dependent manner by depressing the production of
reactive oxygen species (Ahlemeyer and
Krieglstein 1998).

6.1.3.2.5

-Tocopherol

Inhibition by -tocopherol of protein kinase C has
been reviewed in Azzi et al. (1992, 1995, 1996) and
Newton (1995). Such an inhibition is not caused by
a direct binding of -tocopherol to the enzyme but
by preventing its activation via phosphorylation
(Tasinato et al. 1995). -Tocopherol exerts its ac-
tion independently of its free-radical scavenging ca-
pacity and most probably by interacting with a yet
not characterised receptor molecule in smooth
muscle cells (Boscoboinik et al. 1991, 1994, 1995).
-Tocopherol prevents uniquely protein kinase C-
phosphorylation and its functional activation.
12-O-Tetradecanoylphorbol-13-acetate-induced

superoxide generation is -tocopherol-sensitive at a
concentration much lower than that for the inhibi-
tion of 12-O-tetradecanoylphorbol-13-acetate-acti-
vated phospholipid-dependent protein kinase (ID50

= 30 M). The -tocopherol-sensitive superoxide
generation is also observed in neutrophils induced
by dioctanoylglycerol and calcium ionophore
A23187 but not by formyl-methionyl-leucyl-phenyl-
alanine, opsonized zymosan, and sodium dodecyl-
sulphate. The pattern of inhibition by -tocopherol
is quite similar to that of staurospirine, a specific
inhibitor of protein kinase C. These results indicate
that neutrophil content of -tocopherol is an im-
portant factor in superoxide generation (Kanno et
al. 1996).

6.1.3.3

Influences of ATP, ADP, and Cyclic Nucleotides on
the Formation of Reactive Oxygen Intermediates

In paraffin-elicited guinea-pig peritoneal macro-
phages, extracellular ATP induced superoxide gen-
eration mediated by [Ca2+]i and by pertussis toxin
sensitive G protein (Nakanishi et al. 1991). ATP,
when added to human polymorphonuclear neutro-
phils at concentrations similar to those attained ex-
tracellularly at sites of platelet thrombus formation
(0.1 to 20 M), caused an enhancement of N-
formyl(methionyl)leucylphenylalanine-stimulated
superoxide anion generation, but was by itself an
ineffective agonist for O2

– generation (Kuhns et al.
1988). ATP primed human neutrophils for en-
hanced O2

– generation at low concentrations
(1×10–6 to 3.2×10–4 M) but inhibited O2

– genera-
tion at high ( 6.4 × 10–4 M) concentration (Naum
et al. 1991). ADP, when added to stimulatory con-
centrations of ATP, also caused inhibition of O2

–

production.
The data of Tan et al. (1995) suggest that

oxygen-derived species mediating the enhancement
of adenylate cyclase is either H2O2 itself or the hy-
droxyl radical. Incubation of A 10 cells with xan-
thine oxidase and purine resulted in a qualitatively
similar enhancement of adenylate cyclase activa-
tion. The effect of purine and xanthine oxidase was
not blocked by coincubation with superoxide dis-
mutase (which catalyzes the conversion from super-
oxide anion to H2O2). This suggests that the genera-
tion of the superoxide anion is not involved in the
mechanism of enhancement of adenalate cyclase
activation.

6.1.4

Radical Scavengers

6.1.4.1

Ascorbic Acid

Ascorbic acid is the major water-soluble antioxidant
present in cells and plasma. It will quench reactive
oxygen species as O2

– (Nishikimi 1975), HO
(Bielski et al. 1975), and 1O2 (Bodannes and Chan
1979). On the other hand, it reduces Fe3+ to Fe2+ and
thus will stimulate Fenton catalysis of H2O2 HO .
Hydroperoxide-dependent lipid peroxidation in rat
liver microsomes was enhanced by ascorbic acid
(Laudicina andMarnett 1990). Ascorbic acid pro-
tected cardiac microsomes against lipid peroxidation
and oxidative damage (Mukhopadhyay et al. 1993).
It diminished both luminol- and lucigenin-amplified
H2O2 derived chemiluminescence in concentrations
10–5 (Klinger et al. 1996).
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The ascorbyl free radical (formula [53]) as the first
product of oxidation can be detected spectrophoto-
metrically at 360 nm (Schuler 1977). The electron
spin resonance spectrum of the ascorbyl radical in
solution consists of a doublet first detected during
ionising radiation studies (Rexroad and Gordy

1959). The intermediate free radical behaves both
as one-electron oxidant and as one-electron reduc-
tant (Coassin et al. 1991). Although ascorbyl free
radical is a relatively stable, non-hazardous biologi-
cal free radical, ascorbate oxidation seems to con-
tribute to the generation of other free radicals and
reactive oxygen species, including hydroxyl and su-
peroxide radicals and hydrogen peroxide (Miller
and Aust 1989).
Ascorbic acid forms a complex with disulphides

such as oxidised glutathione (GSSG) and cystine
(Fleming et al. 1983). Ascorbic acid is known to ac-
cept one electron from thiyl free radicals (Forni et
al. 1983) and to reduce phenoxyl radicals (Schuler
1977). The effect of ascorbic acid on a series of re-
dox systems, which included 6-hydroxydopamine
resulted for the most part in the ascorbyl free radi-
cal (Borg et al. 1978).
Recycling of ascorbic acid from its oxidised

forms is required to maintain intracellular stores of
the vitamin in most cells. Since the ubiquitous sele-
noenzyme thioredoxin reductase can recycle de-
hydroascorbic acid to ascorbate, May et al. (1998)
presented evidence that mammalian thioredoxin
can catalyse a one-electron reduction of the ascor-
byl free radical to ascorbate, using NADPH as the
electron donor.
Because of its dithiol/disulphide exchange activ-

ity, thioredoxin determines the oxidation state of
protein thiols. This small ( 12 kDa) protein is evo-
lutionarily conserved between prokaryotes and eu-
karyotes from yeast to plants and animals. A char-
acteristic feature of most thioredoxins is the pres-
ence of a conserved catalytic site Trp–Cys–Gly–
Pro–Cys–Lys in a protrusion of the three-
dimensional structure of the protein. The two cys-
teine residues of the site can be reversibly oxidies to
form a disulphide bridge and, thereafter, ne re-

duced by action of the selenoenzyme thioredoxin
reductase in the presence of NADPH NADPH + H+

+ thioredoxin-S2 NADP+ + thioredoxin-(SH)2 .
Thioredoxin reductase activity is decreased by sele-
nium deficiency (Hill et al. 1997). Thioredoxin, se-
creted by normal and neoplastic cells using a lead-
erless secretory pathway (Rubartelli et al. 1992),
stimulates the proliferation of fibroblasts.
In guinea pigs (albino, male 350-400 g) fed

ascorbate-deficient diets for 20 days, oxidative dam-
age is evidenced by lipid peroxidation (Ghosh et al.
1997). It caused accumulation of conjugated dienes,
malondialdehyde and fluorescent pigment in the
microsomal membranes of different tissues. Conju-
gated dienes in nmoles per mg protein increased
above that of pair-fed controls (taking extinction
coefficient at 234 nm = 25 mM–1) by 74±10 (n = 4)
in the liver, 54±6 in the kidney and 77±8 in the
lung. The levels of MDA in pmoles per mg micro-
somal protein were 320±36 (n = 4) in the liver;
265±30 in the kidney: and 290±32 in the lung.
Fluorescent pigment per mg microsomal protein
was 5.6±0.5 in the kidney and 5.0±0.6 in the lung.
Accumulations of MDA, conjugated dienes and
fluorescent pigment were reversed after oral as-
corbic acid therapy at a dose of 50 mg ascorbate per
guinea pig per day for two days followed by 15 mg
per guinea pig per day for the next 8 days.
Flow cytometric analyses demonstrated that pre-

treatment of Chinese hamster ovary cell line AS52
with 50 M ascorbic acid before exposure to the
hypoxanthine-xanthine oxidase radical generating
system enhanced cell cycle arrest at the G2/M DNA
damage checkpoint when compared to cells treated
with hypoxanthine-xanthine oxidase without pre-
medication (Bijur et al. 1999). Ascorbic acid had
no effect on cell cycle progression in the absence of
oxidative stress.
In sickle cell membranes, ascorbic acid proved to

be an effective antioxidant (Rice-Evans et al.
1986). It is possible that the mechanism of action of
ascorbate may involve the scavenging of alkoxy or
peroxy radicals by a chain-termination reaction
(Halliwell and Gutteridge 1984) or the de-
creased initiation of lipid peroxidation.
l-Ascorbyl-6-palmitate is a fat-soluble synthetic

ester of ascorbic acid. It has been used extensively
as an antioxidant in foods, pharmaceuticals and
cosmetics, particularly as a preservative for various
edible oils and waxes The inhibition of polymerisa-
tion of bovine serum albumin by HO radicals gen-
erated by the Fenton reaction indicated ascorbyl
radical exerts a considerable protective effect
against polymerisation by scavenging HO (Perri-
cone et al. 1999). l-Ascorbyl-6-palmitate was 1 or-
der of magnitude faster in scavenging these radicals
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than 5,5-dimthyl-1-pyrroline-N-oxide (DMPO; for-
mula [8]). Oxidative modification by 60Co- irradia-
tion of 80 krad resulted in a strong increase in pro-
tein carbonyl content, which was very efficiently in-
hibited by l-ascorbyl-6-palmitate.

A series of 2-O-alkylascorbic acids combine hydro-
philic and lipophilic properties in one molecule. 2-O-
octadecylascorbic acid markedly inhibited lipid per-
oxidation (IC50 = 4.3 × 10

–6 M) and alleviatedmyocar-
dial lesions induced by ischaemia-reperfusion at an
oral dose of 1 mg/kg in rats (Kato et al. 1988).

3-O-Alkylascorbic acids acted as free radical
quenchers and, dependent upon their hydrophobic-
ity, inhibited Fe3+-ADP-induced lipid peroxidation
(Nihro et al. 1991). HX-0112 and HX-0113, which
are stable lipophilic ascorbic acid derivatives, alle-
viated myocardial lesions induced by ischæmia-
reperfusion treatment in rats (Sasamori et al.).

6.1.4.2

Tocopherols

Vitamin E of natural origin consists of a group of
compounds, namely -, -, -, -, 1-, 2-, and -
tocopherol. Of these compounds RRR -tocopherol
has the highest vitamin potency in vivo (Witting
1980). The -tocopherol molecule is composed of a
chroman head and a phytyl side chain. It is gener-
ally believed that the phytyl chain intercalated with
the fatty acid residues of phospholipids, while the
chroman head – responsible for the antioxidant ef-
fect – faces the cytosol, although the chroman ring
is still located in the hydrophobic zone of the lipid
bilayer (Erin et al. 1988). In the antioxidant activity
of vitamin E, a radical (R ) abstracts a hydrogen
atom from the aromatic hydroxyl group of the chro-
man head (ArOH) rather than from a polyunsatu-
rated fatty acid, and a chromanoxyl radical is
formed (ArO ).

The chromanoxyl radical is fairly stable, due to de-
localization of the unpaired electron. The oxygen in
the heterocyclic chroman ring is fixed in such a po-
sition that there is considerable overlap between the
2p-type orbital of the lone electron pair of the oxy-
gen and the aromatic -system (Burton and In-

gold 1981, Burton et al. 1985). This permits stabi-

lisation of the chromanoxyl radical by interaction of
the unpaired electron with a lone pair of oxygen.
Thus the degree of delocalization of the free radical
is enhanced.
The lipid peroxyl radical (LOO ) can be scav-

enged by tocopherol (TOH) as follows:

The initial phase is termed lag phase time (tinh) or
inhibition period.

The factor n is defined as the number of peroxyl
radicals LOO trapped by each molecule of antioxi-
dants. For vitamin E the value is 2, since both vita-
min E and vitamin E radical (tocopheryl radical)
trap LOO . The length of the lag phase is inversely
proportional to the rate Ri, by which the initiating
radicals are formed.

-Tocopheryl succinate epitomizes a compound
with a shift in biological activity due to pro-
vitamin-to-vitamin conversion (Neuzil 2002). The
chargeable succinyl moiety as a functional domain
is an absolute requirement for vitamin E analogues
with phytyl side chain to be pro-apoptotic (Qian et
al. 1997, Neuzil et al. 2001). This is supported by
the findings that -tocopheryl succinate (Neuzil et
al. 2001) and -tocopheryl succinate (unpublished)
lacking the protein kinase C inhibitory potential as
well as the vitamin E-unrelated cholesteryl hemi-
succinate (Fariss et al. 1994, Neuzil et al. 2001,
2002) were capable of triggering apoptosis, albeit to
a lower extent than -tocopheryl succinate.

Deprivation of vitamin E in B6C3 mice for 15
weeks resulted in an approximately 5-fold increase
of mitochondrial hydrogen peroxide production in
skeletal muscle and a 1-fold increase in liver when
compared with the vitamin E-supplemented (50 IU
vitamin E/kg diet) group (Chow et al. 1999).
In BL6 murine melanoma cell cultures supple-

mented with 7 and 10 g/ml -tocopherol succi-
nate, respectively, free radical levels were signifi-
cantly increased (Ottino and Duncan 1997). The
cyclooxygenase activity in BL6 cells supplemented
with 1–10 g/ml -tocopherol succinate showed a
similar trend to that observed for free radicals and
lipid peroxidation experiments with a significant
increase in enzyme activity occurring at 7 and
10 g/ml respectively.
Palace et al. (1999) showed that cardiac dys-

function following myocardial infarction is associ-
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ated with a decrease in vitamin E levels in the myo-
cardium. Commercial preparations of vitamin E,
which are used in experimental and clinical studies,
contain only a single isoform, -tocopherol. How-
ever, Ohrvall et al. (1996) suggested, that it is the -
tocopherol isoform, and not -tocopherol, that is de-
creased in patients with coronary artery disease. -
Tocopherol is more effective than -tocopherol in in-
hibiting lipid peroxidation and trapping mutagenic
electrophiles (Christen et al. 1997, Wolf 1997). In
a rat model of oxidant-induced thrombosis, a mixed-
tocopherol preparation rich in -tocopherol was
shown to be superior to -tocopherol in inhibiting
thrombus formation (Saldeen et al. 1999). -Toco-
pherol found in natural foods also offers antioxidant
protection (Chopra and Bhagavan 1999). In vitro,
mixed-tocopherol preparation was much superior to
-tocopherol in terms of rat cardiomyocyte protec-
tion from the adverse effects of hypoxia-reoxygena-
tion (Chen et al. 2002).

Raxofelast (IRFI 016; (±)-5-(acetyloxy)-2,3-
dihydro-4,6,7-trimethyl-2-benzofuranacetic acid) is
a new hydrophilic vitamin E-like antioxidant
(Campo et al. 1997). Its activity depends on bio-
transformation to the deacetylated active metabo-
lite IRFI 005, which has, therefore, been used in
vitro in chemical, subcellular and cellular models.
In a rat model of coronary artery occlusion for

1 h followed by 6 h of reperfusion, raxofelast lim-
ited myocardial necrosis and reduced lipid peroxi-
dation (Campo et al. 1998).
In streptozotocin-induced diabetic rats the vita-

min E analogue, Trolox almost completely normal-
ised the depressed glutathione peroxidase and su-
peroxide dismutase activities as well as the GSH/
GSSG ratios in erythrocytes (Batko and Witma-

nowski 1999).

The protein contains a selenocysteine residue. Ste-
roid and lipid hydroperoxides, but not the product
of reaction of EC 1.13.11.12 on phospholipids, can
act as acceptor, but more slowly than H2O2 (cf. EC
1.11.1.12)
Trolox (500 g/kg i.p.) protected lung tissues of

Swiss albino female mice from sulphur mustard
(1 LC50 = 42.3 mg/m

3 for 1 h duration) intoxication
(Kumar et al. 2001).
Epigallocatechin gallate suppressed the initiation

rate and prolonged the lag phase duration of per-
oxyl radical-induced oxidation in a phospholipid li-
posome model to a greater extent (P 0.01) com-
pared to both Trolox and -tocopherol (Hu and
Kitts 2001).

6.1.4.3

Dihydrolipoate-Lipoate

Lipoate synthase is an iron-sulphur protein with the
cysteine motif CxxxCxxC characteristic of radical S-
adenosyl-l-methionine enzymes (Sanyal et al.
1994, Méjean et al. 1995). Lipoate synthase is im-
plicated in the last step of lipoate biosynthesis by
genetic evidence (Van der Boom et al. 1991, Reed
and Cronan jr. 1993). Cells deficient in lipA cannot
produce lipoate. Lipoate synthase contains [4Fe–S]
centres when purified anaerobically (Öllagnier-
De Choudens et al. 2000).

The dihydrolipoic acid/lipoic acid redox couple has
been found to exert a synergistic action in the anti-
oxidant recycling mechanisms of natural mem-
branes and low-density lipoproteins in vitro and in
the protection against oxidative injury in vivo
(Packer 1991).
Lipoamide exists in five proteins in eukaryotes,

where it is covalently attached to a lysyl residue.
Four of these proteins are found in the three -keto
acid dehydrogenase complexes, the pyruvate dehy-
drogenase complex, the branched chain keto acid
dehydrogenase complex, and the -ketoglutarate
dehydrogenase complex.
Combined treatment with d,l- -lipoic acid and

meso-2,3-dimercaptosuccinic acid reversed the de-
creases in the activities of renal -glutamyl transfer-
ase (EC 2.3.2.2) and N-acetyl -d-glucosaminidase
(EC 3.2.1.17) evident in rats after the administra-
tion of lead citrate in drinking water for 5 weeks
(Sivaprasad et al. 2002).
Using the xanthine-xanthine oxidase system for

producing superoxide radical anions Packer (1991)
showed that dihydrolipoic acid, but not lipoic acid,
quenched these radicals.

-Lipoic acid is a potent hydroxyl radical scav-
enger. 1 mM completely eliminated the Fenton
(2 mM H2O2 + 0.2 mM FeSO4)-derived 5,5-dimethyl-
pyrroline-N-oxide-HO adduct signal (Suzuki et al.

Table 14. Lipoic acid hepatocellular dehydrogenases (from
Grzycki and Królikowska-Prasal 1972)

Lactate dehydrogenase EC 1.1.1.27
Isocitrate dehydrogenase EC 1.1.1.42
6-Phosphogluconate dehydrogenase EC 1.1.1.44
Glucose-6-phosphate dehydrogenase EC 1.1.1.49
Succinate dehydrogenase EC 1.3.99.1
Glutamate dehydrogenase EC 1.4.1.3
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mat® 9505

1991). Scott et al. (1994) using 2.8 mM H2O2,
0.05 mM FeCl3, 0.1 mM EDTA, and 0.1 mM ascor-
bate as a hydroxyl radical-generating system and
deoxyribose degradation for the radical assay, also
found -lipoic acid to be a hydroxyl radical scaven-
ger. Using the hydroxyl radical-producing com-
pound, N,N’-bis(2-hydroperoxy-2-methoxyethyl)-
1,4,5,8-naphthalenetetracarboxylic diimide (NP-
III), Matsugo et al. (1995) confirmed that -lipoic
acid is a hydroxyl radical scavenger and eliminated
the possibility that the effect was simply due to
metal chelation.
The effect of dihydrolipoic acid on recycling of

chromanoxyl radicals was strongly dependent on
the presence or absence of other redox-cycling
compounds (Packer 1991, Kagan et al. 1992). In
the presence of dihydrolipoate, Trolox radicals were
suppressed until both dihydrolipoate and endoge-
nous levels of ascorbate in mouse skin homogenates
were consumed (Guo and Packer 2000). Dihydro-
lipoate regenerated greater amounts of ascorbate at
a much faster rate than equivalent concentrations of
GSH.

6.1.4.4

1,2-Diselenolane-3-pentanoic Acid

1,2-Diselenolane-3-pentanoic acid, in which the
sulphur atoms of -lipoic acid are replaced with se-
lenium, displayed markedly different antioxidant
properties when compared to -lipoic acid (Mat-
sugo et al. 1997). 1,2-Diselenolane-3-pentanoic
acid was unable to inhibit protein oxidative modifi-
cation of human low density lipoprotein and bovine
serum albumin induced by copper ion or hydroxyl
radical, whereas -lipoic acid showed significant
protection. However, 1,2-diselenolane-3-pentanoic
acid was able to inhibit the formation of lipid per-
oxidation products in low density lipoprotein after
oxidation by copper, while -lipoic acid did not.

6.1.4.5

Melatonin

Melatonin, the chief secretory product of the pineal
gland, is a direct free radical scavenger and indirect
antioxidant (Reiter et al. 1998). In terms of scav-
enging activity, melatonin has been shown to
quench the hydroxyl radical, superoxide anion radi-
cal, singlet oxygen, peroxyl radical, and the peroxy-
nitrite anion. Additionally, the antioxidant actions
of melatonin probably derive from its stimulatory
effect of superoxide dismutase, glutathione peroxi-
dase (EC 1.11.1.9), glutathione reductase (EC
1.6.4.2), and glucose-6-phosphate dehydrogenase
and its inhibitory action on nitric oxide synthase.
By stabilising cell membranes, melatonin makes
them more resistant oxidative attack. Due to its li-
pophilicity (calculated log P = 0.88), melatonin can
easily reach various biochemical targets in a num-
ber of subcellular compartments (Reiter 1993, Re-
iter et al. 1995). In contrast to other intracellular
antioxidants such as ascorbic acid and tocopherol,

104 Chapter 6 Reactive Oxygen and Nitrogen Species



N

H3CO N
H CH3

O

H
•OH

OH–

N•

H3CO N
H CH3

O

O2
•–

NH
O

H3CO N
H CH3

O

O

[61]

Upon electron donation to the hydroxyl radical (HO•) to 
form OH-, melatonin gives rise to the melatoninyl cation 
radical, which is able with the superoxide anion radical 
(O2
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Reaction pathway, in which one melatonin molecule scavenges two hydroxyl radicals. This pathway suggested by TAN et al. 
(1998) differs significantly from classic free seavenging processes.

which act primarily in the cytosol and membranes,
respectively, melatonin has shown ubiquitous anti-
oxidant effects in membranes, cytosol, and nuclei
(Reiter et al. 1995).
The quantum-chemical descriptor Hox (relative

adiabatic oxidation potential) and the shape of the
singly occupied molecular orbital indicate that the
stabilisation of its radical cation partially explain
the well-documented antioxidant efficacy of mela-
tonin (Migliavacca et al. 1998). This stabilisation
may result from electrostatic interactions and from
hyperconjugative effects existing in a family of con-
formers of the melatonin radical cation having the
side chain almost perpendicular to the plain of the
aromatic rings. Fowler et al. (2003) have reexa-
mined claims that melatonin directly scavenges
H2O2 and shown them to be unfounded.

The evidence that melatonin detoxifies singlet oxy-
gen (1O2) comes only from indirect evidence. Cag-
noli et al. (1995) showed that the neurotoxic effects
of 1O2 in vitro were counteracted by melatonin. To
achieve this, new-born rat cerebellar granule cells
were treated with rose bengal (formula [29]) and
exposed to light, a procedure which generated 1O2
(Agarwal et al. 1991). Both neuronal apoptosis
and inhibition of kreatin kinase activity were pre-
vented by the addition of melatonin.
Treatment of rats with melatonin and vitamins E

plus C significantly (P 0.05) reduced the chlor-
pyrifos-ethyl-induced increase of thiobarbituric
acid-reactive substance in erythrocytes, and over-
came the inhibitory effect of chlorpyrifos-ethyl on
superoxide dismutase (EC 1.15.1.1) and catalase
(EC 1.11.1.6), but not on antioxidant defence poten-
tial (Gultekin et al. 2001). Melatonin treatment
significantly (P 0.05) increased only glutathione
peroxidase (EC 1.1.1.9) activity, irrespective of the
effect of chlorpyrifos-ethyl.
Melatonin is an excellent substrate for myeloper-

oxidase-I, but reacts slowly with myeloperoxidase-
II (Allegra et al. 2001). Spectral and kinetic analy-
sis revealed that both compound I and com-
pound II oxidise melatonin via one-electron pro-
cesses. The second-order rate constant measured
for compound I reduction at pH 7 and pH 5 are
(6.1±0.2) × 106 M–1 s–1 and (1.0±0.08) × 106 M–1 s–1,
respectively. The rates for the one-electron reduc-
tion of compound II back to the ferric enzyme are
(9.6±0.3) × 102 M–1 s–1 and (1.0±0.08) × 103 M–1 s–1,
respectively.
A comparative study on the reactivity of five in-

dole derivatives (tryptamine, N-acetyltryptamine,
tryptophan, melatonin, and serotonin), with the re-
dox intermediates compound I (k2) and com-
pound II (k3) of the plant enzyme horseradish per-
oxidase and the two mammalian enzymes lactoper-
oxidase and myeloperoxidase, was performed using
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the sequential-mixing stopped-flow technique
(Jantschko et al. 2002). The calculated biomolecu-
lar rate constants (k2, k3) revealed substantial differ-
ences regarding the oxidizability of the substrates
by redox intermediates at pH 7.0 and 25 °C. With
horseradish peroxidase it as shown that k2 and k3
are mainly determined by the reduction potential
(E°’) of the substrate with k2 being 7–45 times
higher than k3. Compound I of the mammalian per-
oxidases was a much better oxidant than horserad-
ish peroxidase compound I with the consequence
that the influence of the indole structure on k2 of
lactoperoxidase and myeloperoxidase was smaller
varying of a factor of only 88 and 38, respectively,
which is in strong contrast to a factor of 160,000 de-
termined for k2 of horseradish peroxidase. The k3
values for all three enzymes were very similar. Oxi-
dation of substrates by mammalian peroxidase
compound II is strongly constrained by the nature
of the substrate. The k3 values for the five indoles
varied by a factor of 3,570 (lactoperoxidase) and
200,000 (myeloperoxidase), suggesting that the re-
duction potential of compound II of mammalian
peroxidase is less positive than that of compound I,
which is in contrast to the plant enzyme.
In addition to its direct role as a free radical scav-

enger and antioxidant, melatonin stimulates the ac-
tivity of antioxidant enzymes: glutathione peroxi-
dase (Reiter 1995, Antolı́n et al. 1996, Blask et al.
1997, Reiter et al. 1997), glutathione reductase
(Reiter et al. 1997), gluatathione S-transferase, an
antioxidant enzyme that detoxifies xenobiotics (Ko-
thari and Subrananian 1992), Mn-superoxide
dismutase (Antolı́n et al. 1996), and Cu,Zn-
superoxide dismutase (Antolı́n et al. 1996). Mela-
tonin (1–10 M) induced -glutamylcysteine syn-
thetase mediated by activator protein-1 in ECV304
human umbilical vascular endothelial cells in a
dose-dependent manner (Urata et al. 1999).
Changing the acyl residue generally resulted in

more active products (Gozzo et al. 1999). The no-
nanoyl derivative showed a level of activity compa-
rable to that of phenols despite lacking a phenolic
function. The presence of a methoxy group in posi-
tion 5 generally had a beneficial influence on the
activity, but when located in position 6, the effects
were various. The substitution of a hydroxyl for the
methoxy group led to phenolic compounds en-
dowed with very high antioxidant activity. Replac-
ing the amide with a ketone function did not affect
the activity while replacement with an amine group
in some cases resulted in prooxidant compounds.
Comparing the activity the efficacy of aromatic
rings, the indole heterocycle proved to be better
than benzofurane and naphthalene rings.

6.1.4.6

5,6-Dihydroxyindoles

Increasing evidence supports the view that diffus-
ible melanin-related metabolites may also act as
modulators of the responses of the pigmentary cell
melanocyte to external stimuli, especially to in-
flammation. 5,6-Dihydroxyindole-2-carboxylic acid
caused a powerful inhibition of the H2O2

–Fe(II)/
EDTA oxidation under both aerobic and anaerobic
conditions, roving to be more efficient than typical
hydroxyl radical scavengers even at low concentra-
tion with respect to deoxyribose (Novellino et al.
1999). Conversely, 5,6-dihydroxyindole in air was
prooxidant at low indole:Fe(II) ratios, but shifted to
an antioxidant at higher rations ( 6). The magni-
tude of the prooxidant effect increased by lowering
the pH of the medium or by replacing Fe(II) with
Fe(III), but was suppressed by exclusion of oxygen.
Both the indoles retained their effects on the Fenton
reaction in the absence of EDTA, as a result of their
ability to chelate iron ions as evidenced by spectro-
photometric experiments. Investigation of the reac-
tion of 5,6-dihydroxyindole and 5,6-dihydroxyin-
dole-2-carboxylic acid with the Fenton reagent led
to the conclusion that the indoles interact efficiently
with HO , yielding indolesemiquinone species
which are then converted to melanin pigments by
self-coupling or disproportionation. At low 5,6-
dihydroxyindole:iron molar ratios, the ability of
semiquinones, generated by autoxidation of in-
doles, to recycle Fe(II) ions prevails, accounting for
the observed prooxidant effect.

In vitro studies showed that the ultraviolet illu-
mination of melanin generates superoxide anion,
hydrogen peroxide, and hydroxyl radicals (Felix et
al. 1978,1979). Nofsinger et al. (2002) examined
by studying the UV-B induced oxidation and reduc-
tion of cytochrome c by reactive oxygen species
generated by different aggregation states of eumela-
nin isolated from the cuttlefish Sepia officinalis.
The quantum yield for superoxide anion by unag-
gregated oligomers is 7.4 × 10–3, an order of magni-
tude greater than that of the bulk pigment. The
quantum efficiency of hydrogen peroxide produc-
tion by oligomers is 5.7 × 10–3, and its production is
attributed to reaction between superoxide anion
and hydroquinone groups on eumelanin oligomers.
Aggregation of oligomers results in a reduction of
these quantum yields, having a significantly greater
effect on the efficiency of hydrogen peroxide pro-
duction. This effect is attributed to the decrease in
surface concentration of hydroquinone sites upon
aggregation.
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6.1.4.7

4b,5,9b,10-Tetrahydroindeno[1,2b]indole

4b,5,9b,10-Tetrahydroindeno[1,2b]indole has been
shown to inhibit lipid peroxidation and is thought
to act as a free radical scavenger (Shertzer and
Sainsbury 1991). In Jurkat T cells treated with the
cytotoxic agents camptothecin, actinomycin D and
ultraviolet irradiation, 4b,5,9b,10-tetrahydroindeno
[1,2b]indole was found to inhibit the morphological
features of apoptosis (Devitt et al. 1999). In UV-
irradiated cells, 4b,5,9b,10-tetrahydroindeno[1,2b]
indole partly inhibited O2

– production. 4b,5,9b,10-
Tetrahydroindeno[1,2b]indole was unable to inhibit
mitochondrial depolarisation in UV, camptothecin
or anti-Fas-treated cells.

6.1.4.8

Pinoline

The methoxylated -carboline, pinoline (6-metho-
xy-1,2,3,4-tetrahydro- -carboline or 5-methoxy-
tryptoline) has been primarily investigated as a free
radical scavenger. In the pineal gland pinoline oc-
curs during the metabolism of melatonin with 5-
methoxytryptamine as an intermediate (Araksi-
nen et al. 1993). It possesses biological activity in
mammals in nanomolar concentrations, and re-
cently interest has focused on this molecule as a po-
tential free radical scavenger. According to Pähkla
et al. (1997) pinoline possesses free radical scaveng-
ing activity similar to that of melatonin.

6.1.4.9

Indolinonic Aminoxyls

Aminoxyls can undergo reversible transformation
to the corresponding hydroxylamines in the super-
oxide dismutase mimic reaction (Samuni et al.
1988,Mitchell et al. 1990) or irreversible transfor-
mation to non-paramagnetic alkylated hydroxyl-
amines with carbon-centred radicals (Beckwith et
al. 1988, Chateauneuf et al. 1988, 1992, Bowry
and Ingold 1992). The antioxidant properties of
aminoxyls and their ability to penetrate cell mem-
branes (Hu et al. 1989) makes them attractive com-
pounds for highly sensitive methods in the study of
lipid oxidation kinetics as well as membrane acces-
sible antioxidants in biological systems (Nilsson et
al. 1989, Mitchell et al. 1991). On thermally and
peroxyl radical-induced oxidised linolenic acid mi-
celles different concentrations of aminoxyls malon-
dialdehyde production indicated that indolinonic
aminoxyls could be used as effective antioxidants in
biological systems (Antosiewicz et al. 1993).

6.1.4.10

Fluvastain and its Metabolites

The inhibitory effects of 5-hydroxyfluvastain (me-
tabolite 2 of fluvastain) and 6-hydroxyfluvastain
(metabolite 3 of fluvastain) on the formation of 1O2,
O2

–, HO , and OCl– were stronger than that of pra-
vastatin, simvastatin, probucol and -tocopherol
(Nakashima et al. 2001). Scavenging of 1O2 by the
des-isopropyl metabolites 4 and 5 of fluvastain, (+)-
fluvastain and (–)-fluvastain was also noted.

6.1.4.11

Benzylisoquinolines

The benzylisoquinoline alkaloids are comprised of
a large group of secondary plant metabolites, which
display a variety of pharmacological actions. There
is a considerable variation in structure between the
groups of isoquinoline alkaloids as the result of dif-
ferent stages in the common biogenetical pathway
using tyrosine as precursor. Nevertheless, many of
them possess phenolic or other reactive groups,
which suggest their possible participation in redox
reactions.
Some biscoclaurine alkaloids (bisbenzylisoqui-

noline derivatives) were able to inhibit superoxide
production by phorbol ester-stimulated human
polymorphonuclear leucocytes (Haisong et al.
1990) and lipid peroxidation in biological mem-
branes (Shiraishi et al. 1980).
Bulbocapnine, boldine, glaucine, and stepholi-

dine acted as scavengers of hydroxyl radicals in the
deoxyribose degradation by Fe3+-ethylenediamine-
tetraacetic acid (EDTA) + H2O2 (Ubeda et al. 1993).
On the contrary, laudanosoline, apomorphine, pro-
topapaverine, anonaine, and tetrahydroberberine
increased deoxyribose degradation by a mechanism
related to the generation of superoxide anion. Only
apomorphine had a stimulating effect in the system
using citrate instead of EDTA as well as in the ab-
sence of chelator. Apomorphine also stimulated
DNA damage by Cu2+. The iron ion reducing ability
of apomorphine and laudanosoline was confirmed
using cytochrome c. Both compounds scavenged
hydroxyl radicals in an aqueous medium, while in
Fe3+-induced microsomal lipid peroxidation apo-
morphine acted as an inhibitor and laudanosoline
stimulated the process.

6.1.4.12

Bilirubin

Bilirubin and its metabolic precursor biliverdin at
micromolar concentrations inhibited the formation
of peroxyl radical-induced oxidation of linoleic acid
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in homogeneous solution in a concentration-
dependent way (Stocker et al. 1987). They can
scavenge the chain-carrying peroxyl radical either
by donating a hydrogen atom attached to the C-10-
bridge of the tetrapyrrole molecule to form a
carbon-centred radical with resonance stabilisation
extending over the entire bilirubin molecule or by
some other path. The antioxidant activity of biliru-
bin increased as the experimental concentration of
oxygen was decreased from 20% (that of normal
air) to 2% (physiologically relevant concentration).
Under 2% O2, in liposomes, bilirubin suppressed
the oxidation more than -tocopherol. While
bilirubin functioned as a chain breaking antioxi-
dant (peroxyl radical reductant), the biliverdin
acted as peroxyl radical trap. Bilirubin in a complex
with serum albumin, as found in blood, prevents
the peroxidation of albumin bound fatty acids, and
protects the bound albumin against HO mediated
degradation (Stocker et al. 1987, Neuzil and
Stocker 1993). Conjugated bilirubin, as found in
bile, prevents lipid peroxidation in liposomes
(Stocker and Ames 1987). Both aqueous phase bil-
iverdin and conjugated bilirubin synergize with -
tocopherol in preventing lipid peroxidation in lipo-
somes (Stocker and Peterhans 1989). Bilirubin
and biliverdin inhibit -tocopherol consumption,
possibly by reducing its chromanoxyl radical. In
plasma, exogenous bilirubin inhibits lipid peroxi-
dation after the depletion of endogenous circulat-
ing antioxidants, which are consumed in the order:
ubiquinol-10, ascorbate, and bilirubin (Neuzil and
Stocker 1994). Other antioxidant effects of biliru-
bin include reactions with O2

– and HOCl (Stocker
and Peterhans 1989), quenching of 1 gO2 (Ste-
vens and Small 1976), inhibition of photooxida-
tive damage to protein (Pedersen et al. 1977), and
inhibition of chemiluminescence in active macro-
phages.
Clark et al. (2000) found that hemin-mediated

increase in the inducible isoform of haem oxyge-
nase protein expression and haem oxygenase activ-
ity is associated with augmented bilirubin levels.
The majority of bilirubin production occurred early
after exposure of bovine vascular smooth muscle
cells to hemin. Hemin pre-treatment also resulted
in high resistance to cell injury caused by an
oxidant-generating system. Tin protoporphyrin IX,
an inhibitor of haem oxygenase activity, signifi-
cantly reduced bilirubin generation and reversed
cellular protection afforded by hemin treatment.
Addition of bilirubin to the culture medium mark-
edly reduced the cytotoxicity produced by oxidants.

6.1.4.13

Trimethyluric Acid and its Analogues

Bhat et al. (2001) prepared new water-soluble ana-
logues of 1,3,7-trimethyluric acid with N-1 methyl
replaced by various groups and tested their ability
to scavenge hydroxyl radicals as well as their pro-
tective potential against lipid peroxidation in eryth-
rocyte membranes. The deoxyribose degradation
method indicated that all the analogues tested ef-
fectively scavenge hydroxyl radicals and some of
them show better activity than uric acid and meth-
yluric acids. These effects were shown to be concen-
tration dependent and were more potent at low
concentrations (10–50 M). Among the analogues
tested, 1-butyl-, 1-propargyl- and 1-benzyl-3,7-
dimethyluric acids showed high hydroxyl radical
scavenging properties with a reaction rate constant
(Ks) of 3.2–6.7 × 1010 M–1s–1, 2.3 –3.7 × 1010 M–1s–1,
and 2.4–3.7 × 1010 M–1s–1, respectively. The effec-
tiveness of these analogues as hydroxyl radical scav-
engers appeared to be better than mannitol (Ks,
1.9–2.5 × 109 M–1s–1). With the exception of 1-
pentyl- and 1-(2’-oxopropyl)-3,7-dimethyluric ac-
ids, all other analogues tested were effective inhibi-
tors of tert-butylhydroperoxide-induced lipid per-
oxidation in human erythrocyte membranes.

6.1.4.14

Curcumin

While most of the natural antioxidants possess ei-
ther a phenolic function or a -diketone group, cur-
cumin, (1,7- bis 4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-one also known as diferuloylme-
thane, and its analogues are unique, having both
phenolic and -diketone functional groups on the
same molecule. Like -tocopherol, curcumin is a
lipid soluble antioxidant and is believed to be loca-
lised within the membranous subcellular fraction of
cells. Micellized curcumin reacted with haloperoxyl
radicals superoxide, and lipid peroxyl radicals with
rate constants of 5×108, 4.6×104, and 5.3×105

M–1s–1, respectively (Priyadarsini 1997). Cur-
cumin inhibited the 1O2-dependent 2,2,6,6-tetra-
methylpiperiodine N-oxyl (TEMPO) formation in a
dose-dependent manner (Das and Das 2002). At
2.75 M it caused 50% inhibition of TEMO-1O2 ad-
duct formation. However, curcumin only margin-
ally inhibited (24% maximum at 80 M) reduction
of ferricytochrome c in a xanthine-xanthineoxidase
system demonstrating that it is not an effective su-
peroxide radical scavenger.
In the presence of Cu(II) curcumin caused

strand cleavage in DNA through generation of reac-
tive oxygen species, particularly HO and H2O2
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(Ahsan and Hadi 1998). Studying the structure–-
activity relationship between curcumin and its two
naturally occurring derivatives, demethoxycurcu-
min and bisdemethoxycurcumin, Ahsan et al.
(1999) found curcumin to be most effective in the
DNA cleavage reaction and a reducer of Cu(II) fol-
lowed by demethoxycurcumin and bisdemethoxy-
curcumin. The rate of formation of hydroxyl radi-
cals by the three curcuminoids studied also showed
a similar pattern. The relative antioxidant activity
was examined by studying the effect of these curcu-
minoids on cleavage of plasmid DNA by Fe(II)-
EDTA system (hydroxyl radicals) and the genera-
tion of singlet oxygen by riboflavin. The results in-
dicated that curcumin was considerably more active
both as an antioxidant as well as an oxidative DNA
cleavage agent. The DNA cleavage activity is the
consequence of binding of Cu(II) to various sites of
the curcumin molecule. Ahsan et al. (1999) pro-
posed three binding sites for Cu(II). Two of these
sites are provided by the phenolic and methoxy
groups on the two benzene rings and the third site
is due to the presence of 1,3-diketone system be-
tween the rings.
Translocation of the transcription factor NF- B

in A549 epithelial cells, caused by carcinogenic SiC
fibres (60.86% 10 m; 27.6% 20 m) could be
significantly reduced by adding 50 M curcumin to
the culture medium (Brown et al. 1999).
Exposure of bovine aortic endothelial cells to

curcumin (5–15 M) resulted in both a concen-
tration- and time-dependent increase in heme
oxygenase-1 mRNA, protein expression and heme
oxygenase activity (Motterlini et al. 2000). Hy-
poxia (18 h) also caused a significant (P 0.05) in-
crease in heme oxygenase activity, which was mark-
edly potentiated by the presence of low concentra-
tion of curcumin (5 M). Prolonged incubation
(18 h) with curcumin in normoxic or hypoxic con-
ditions resulted in enhanced cellular resistance to
oxidative damage; this cytoprotective effects were
considerably attenuated by tin protoporphyrin IX,
an inhibitor of heme oxygenase activity. In contrast,
exposure of cells to curcumin for a period of time
insufficient to up-regulate heme oxygenase-1 (1.5
h) did not prevent oxidant-mediated injury.
Generation of O2

– was inhibited by curcumin,
when blood neutrophils from rhesus monkeys were
stimulated with arachidonic acid, serum treated zy-
mosan and N-formyl-methionyl-leucyl alanine
(Srivastava 1989).
In a p53 null human oral squamous carcinoma

cell line curcumin (5 M and (10 M) arrested
growth in S/G2 which was confirmed with an in-
creased bromodeoxyuridine labelling (Weir and
Hague 2002). Treated cells showed increased

poly(ADP-ribose) polymerase (PARP) cleavage and
cleaved caspase 3 activity. The expression of E-
cadherin decreased slightly by 72 h, however, there
was no change in the protein expression or localisa-
tion of -catenin. However -catenin activity did
slightly increase.

6.1.4.15

Amidothionophosphates

In contrast to ascorbic acid and -tocopherol ami-
dothionophosphates did not have any prooxidative
effects as measured by oxygen consumption from
buffer solutions containing the drug and cupric sul-
phate as a source of redox-active metal ions (Ti-
rosh et al. 1996). Amidothionophosphates reduced
significantly and in a dose-dependent manner the
oxygen burst in human neutrophils as measured by
luminol-dependent luminescence, and they also
markedly depressed the killing of human fibro-
blasts by mixtures of glucose oxidase and streptoly-
sin S. The toxicity of these molecules was tested by
intraperitoneal injection of doses up to 1000 mg/kg
to white Sabra mice. No mortality was observed
30 d after administration of up to 500 mg/kg.

6.1.4.16

Poly-2-vinylpyridine-N-oxide and Other Nitroxides

Nitroxide radicals protect cultured mammalian
cells exposed to ionising radiation (De Graff et al.
1992) and microsomal membranes against lipid
peroxidation (Miura et al. 1993). They also protect
bacterial cells exposed to H2O2, hypoxanthine/xan-
thine oxidase (Samuni et al. 1991), cytotoxic drugs
such as streptonigrin (Krishna et al. 1994), and the
naphthoquinones juglone and menadione (Zhang
et al. 1994). Nitroxides oxidise reduced metals, thus
inhibiting their participation in metal-catalyzed,
free radical generating reactions (Samuni et al.
1991, Bowry and Ingold 1992).

Subcutaneous injections of polyvinylpyridine-N-
oxide inhibited the development of severe silicosis
after intratracheal instillation of quartz DQ 12 in
rats and prolonged the life span; the total tumour
incidence and especially the rate of malignancies
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increased (Pott et al. 1994). Tumour induction was
significantly retarded when 0.3 mg actinolite was
injected intraperitoneally suspended in 1 ml of a
2% solution of polyvinylpyridine-N-oxide instead
of 0.9% NaCl (Pott et al. 1987).
Indolinonic and quinolinic aromatic nitroxides

have been shown to efficiently scavenge all kinds of
radicals. They couple with carbon-centred radicals,
giving alkylated hydroxylamines (Carloni 1991,
Stipa et al. 1997), and unlike the aliphatic nitroxi-
des, they react with all oxygen-centred radicals
such as hydroxyl (Damiani et al. 1999), alkoxyl
(Greci 1982), peroxyl (Cardellini et al. 1989),
and aroyloxyl (Berti et al. 1977) to form nonpara-
magnetic compounds. From a study by Daminani
et al. 2000) it seems that a structure–activity rela-
tionship determined by the type of ring system and
its substituents (to which the nitroxide function is
attached) could exist.

6.1.4.17

3-Methyl-1-phenyl-2-pyrazolin-5-one

3-Methyl-1-phenyl-2-pyrazolin-5-one (MCI-186) is a
potent scavenger of hydroxyl radicals inhibiting not
only hydroxyl radicals but iron-induced peroxidative
injury (Watanabe et al. 1988, Muroto et al. 1990).
After the reaction with peroxy radicals, MCI-186
changes into 2-oxo-3-(phenylhydrazone)-butanoic
acid (Yamamoto et al. 1996, Kawai et al. 1997).

6.1.4.18

Chlorpromazine

Phenothiazines, which are frequently antihista-
minic as well as antipsychotic, concentrate in lung
tissue after any route of administration. Subcutane-
ous or intravenous injection of chlorpromazine into
rats, rabbits, and guinea pigs resulted in a similar
pattern of distribution (Berti and Cima 1955,
Hackman et al. 1970). Studies in the cat showed
similar concentrations of chlorpromazine in the
lung, which remained almost constant from 1 to
48 h after intravenous injection (Gothelf and
Karczmar 1963).
Chlorpromazine, which inhibited vasopressin re-

lease in the rat (Moses 1964), is an excellent elec-
tron donor and thus activated to a cation free radi-
cal by the myeloperoxidase system of the human
neutrophil (Van Zyl et al. 1990). The relatively high
stability of this radical is due to resonance stabilisa-
tion and the absence of hydrogens. The radical
ion interacted with deoxyribonucleic acid (Ohni-
shi and McConnell 1965).
Chlorpromazine inhibited both constitutive

nitric oxide synthase and the induction of nitric ox-

ide synthase after LPS challenge (Palacios et al.
1993).

Both phototoxic and photoallergic reactions oc-
curred in patients receiving low doses of chlor-
promazine and several other phenothiazine tran-
quillizers (Zelickson and Zeller 1964). High dos-
age and prolonged treatment can produce severe
dermatitis that is frequently accompanied by dark-
ening of the skin due to the deposition of melanin
in lower layers of the dermis. Such patients may
also suffer retinal damage, ocular opacity, and loss
of vision.
Chlorpromazine sulfoxide, a chlorpromazine

metabolite formed in man and several other mam-
malian species, produced when irradiated with
near-UV light large amounts of the highly reactive
hydroxyl radical (Buettner et al. 1986).

6.1.4.19

Ebselen

Description of the glutathione peroxidase-like ac-
tivity of the biologically active selenoorganic com-
pound ebselen (then called PZ 51) (Müller et al.
1984,Wendel et al. 1984) led to extended research
on this interesting molecule ranging from studies
on radical reactivity through its biological proper-
ties in cells and organs to clinical settings, notably
afflictions of the central nervous system. Basically,
the compound is considered capable of contribut-
ing to the antioxidant defence in tissues, so that a
potential pharmacological application becomes of
interest (Sies and Masumoto 1996).
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Ebselen suppressed the oxidation of methyl linole-
ate emulsions in aqueous dispersion induced by
iron (10 M Fe2+), the spontaneous oxidation of rat
brain and liver homogenates, but did not suppress
the oxidation of these homogenates induced by
10 mM of the free radical initiator, 2,2’-
azobis(amidinopropane) dihydrochloride (Nogu-
chi et al. 1992).
The reaction of ebselen with singlet oxygen is

only sluggish (Scurlock et al. 1991). The reactivity
of ebsenen and related selenoorganic compounds
with 1,2-dichloroethane radical cations and haloge-
nated peroxyl radicals was studied by pulse radiol-
ysis (Schöneich et al. 1990). Ebselen (10 mg/kg)
decreased ozone (2 ppm for 4 h)-induced pulmo-
nary inflammation in rats (Ishii et al. 2000). Al-
though treatment with ebselen did not alter the
macrophage expression of inducible nitric oxide
synthase after the ozone exposure, it did markedly
inhibit the nitration reaction of tyrosine residues,
suggesting that ebselen scavenged peroxynitrite
during ozone-induced pulmonary inflammation.
Treatment with ebselen also enhanced the pulmo-
nary expression of both copper, zinc, and manga-
nous superoxide dismutases at the same time.
Ebselen ( 10 mg/kg) significantly inhibited late

airway responses to an ovalbumin challenge in
guinea pigs, but did not inhibit immediate airway
response at any dose (Zhang et al. 2002). Broncho-
alveolar lavage examination showed that airway in-
flammation was significantly suppressed by ebselen
at 10 mg/kg. The generation of O2

– and H2O2 oc-
curred on endothelial cells of late airway response
bronchi, and was inhibited by 10 mg/kg ebselen.
The peroxynitrite-induced luminol chemilumi-

nescence emitted from Kupffer cells (Wang et al.
1991) was inhibited in the presence of low concen-
trations of ebselen (Wang et al. 1992). Ebselen rap-
idly reacts with peroxynitrite in a bimolecular fash-
ion, yielding the selenoxide of the parent molecule,
ebselen Se-oxide [2-phenyl-1,2-benzisoselenazol-
3(2H)-one 1-oxide], as the sole selenium-containing
product at 1 :1 stoichiometry (Masumoto and Sies
1996).
A diselenide, 2,2’-diseleno-bis- -cyclodextrin

accepts a variety of hydroperoxides as substrates
(Liu et al. 2000). The glutathione peroxidase-like
activities, reduction of H2O2, tert-butyl hydroperox-
ide and cumenyl hydroperoxide by glutathione were
7.4, 4.5 and 10.2 U/ mol, respectively. In contrast to
ebselen, the diselenide displayed high glutathione
peroxidase-like activity. The reduction of hydroper-
oxide by glutathione in the presence of a radical
trap showed that the mimic catalyses the reaction
via a non-radical mechanism.

6.1.4.20

Thiols

The role of thiols as antioxidants protecting cell
against oxidative processes and free radical attack
including the antioxidant efficiency of thiols in
membranes has been the subject of many studies
(Schöneich et al. 1990, Barclay et al. 1995). How-
ever, in addition to the chemical repair of radical
damage by the reducing thiol group, the role of the
thiyl radical formed as a source of a reactive oxi-
dant has to be addressed (Stocker and Frei 1991).
Thiyl radicals attack polyunsaturated fatty acids at
the bisallylic methylene groups forming pentadie-
nyl radical by hydrogen abstraction. Thiyl radical
additions occur to the double bonds. Thiyl radical-
catalysed lipid isomerization takes place within the
adduct of the thiyl radical to an olefinic group of
unsaturated fatty acids, but not within the penta-
dienyl radical (Sprinz et al. 2000).
Carbon-centred radicals formed on the carbohy-

drate moieties of DNA can be “repaired” through
hydrogen transfer from thiols (von Sonntag

1987):

Rate constants are on the order of 104 M–1s–1, with
the highest average value for 2-deoxy-d-ribose
(2.7±1.0) × 104 M–1s–1, and the lowest average value
for 2-deoxy-d-glucose (1.6±0.2) × 104 M–1s–1, based
on two ways of kinetic analysis, standard competi-
tion kinetics and stochastic simulation of the exper-
imental results, respectively (Pogocki and
Schöneich 2001). In general, thiyl radicals attack
preferentially the C1–H bond of the carbohydrates,
to an extent of ca 72% in 2-deoxy-d-ribose and
90% in 2-deoxy-d-glucose.
Data on the hydrogen transfer to deoxyuridine-

1’-yl radicals in model oligonucleotides have shown
that this process my occur with remarkable stereo-
selectivity, restoring predominantly the naturally
occurring -deoxynucleotide (Hwang and Green-
berg 1999).

6.1.4.20.1

Tetradecylthioacetic Acid

Tetradecylthioacetic acid is a synthesised saturated
fatty acid where a sulphur atom substitutes the
third methylene group from the carboxylic end:

Tetradecylthioacetic acid cannot be -oxidised
(Lau et al. 1988) but can be metabolised by
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sulphur- and -oxidation to dicarboxylic acids,
which are subsequently excreted via the kidneys
(Bergseth and Bremer 1990). Tetradecylthioa-
cetic acid and the more potent tetradecylseleno-
acetic acid

increased the lag time before the onset of copper-
induced low-density lipoprotein oxidation in a dose-
dependent manner (Muna et al. 2000). Tetradecyl-
thioacetic acid and tetradecylselenoacetic acid were
shown to reduce the iron-ascorbate-induced micro-
somal lipid peroxidation. In the presence of iron,
they interacted with the superoxide radical as as-
sessed by direct and indirect testing methods. Both
failed to scavenge 1.1-diphenyl-2-picrylhydrazyl rad-
icals. Tetradecylselenoacetic acid bound copper ions
as shown by the wavelength spectra measurement.

6.1.4.20.2

Mercaptohistidine Derivatives

2-Mercaptohistidine trimethylbetaine (ergothione-
ine) is known to be formed in micro-organisms
(Melville et al. 1955, Melville 1959, Hartman
1990). It possesses beneficial radioprotective effects
(Rougee et al. 1988, Hartman 1990), scavenges
singlet oxygen (Dahl et al. 1988), hypochlorous
acid, hydroxyl radicals (Akanmu et al. 1991, Asmus
et al. 1996), azide (N3 ) radicals (Asmus et al. 1996)
and trichloromethylperoxyl (CCl3O2 radicals (As-
mus et al. 1996), possesses antimutagenic proper-
ties (Hartan and Hartman 1987), and has been
linked to the metabolism of iron, copper and zinc
(Motohashi et al. 1976) and the inhibition of
metallo-enzymes (Hanlon 1971). Ergothioneine
inhibited peroxynitrite (1 mM)-induced oxidative
damage in isolated calf thymus DNA and DNA in
the neuronal hybridoma cell line N-18-RE-105 cells
(Aruoma et al. 1999). Its concentration in human
and mammalian tissues has been estimated to be
up to 1–2 mM (Melville et al. 1955, Melville
1959, Muda et al. 1988, Hartman 1990), which
suggests that ergothioneine may serve as a non-
toxic thiol buffering antioxidant in vivo and may
find application in pharmaceutical preparations
where oxidative stability is desired.
Of the 4-mercaptohistidine derivatives to which

belong the ovothioles from the eggs of marine echi-
noderms and mollusces, 1,5-dimethyl-4-mercapto-
imidazole due to the unusual stability of its thiyl
radical is superior to glutathione as a one-electron
donor (Holler and Hopkins 1990). Danen and
Newkirk (1976) have similarly rationalised the re-
markable stability of thionitroxide radicals.

Zoete et al. (1997) tested the radical-scavenging
properties of fourteen thioimidazols using two sta-
ble free radicals, Fremy’s salt and the 2,2-diphenyl-
1-picrylhydrazyl radical. Seven compounds emerged
as the most active molecules far above glutathione
and close to ascorbic acid. Each of these active com-
pounds were substituted on position 2 or 5 of the
imidazol ring by strongly withdrawing groups like
chlorophenyl or trifluoromethylphenyl.

6.1.4.20.3

Thioproline

Thioproline (thiazolidine-4-carboxylic acid) can act
as intracellular sulfhydryl antioxidant and free radi-
cal scavenger (Weber et al. 1982) protecting cellu-
lar membranes from damage due to oxygen-derived
reactions. This antioxidant, when administered to
old mice, had a favourable effect on lymphocyte
functions (De la Fuente et al. 1993). Thioproline
had no effect on adherence of murine (BALB/c mice
14 to 20 weeks old) peritoneal macrophages to a
smooth plastic surface (Eppendorf tubes) while the
phagocytosis of latex beads (1.09 m) was stimu-
lated (Del Rio et al. 1998). Randommigration, che-
motaxis, ingestion and superoxide anion produc-
tion were increased.

6.1.4.20.4

3-(2-Mercaptoethyl)quinazoline-2,4(1H,3H)dione

3-(2-Mercaptoethyl)quinazoline-2,4(1H,3H)dione
(2 mM) isomerized 5 mM oleic acid without a sig-
nificant decay of the thiol concentration (Sprinz et
al. 2000). However, in fatty acid chains with bisal-
lylic groups two competing processes occurred: ad-
duct formation (including the isomerization) and
the hydrogen abstraction of a bisallylic hydrogen.
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6.1.4.20.5

Metallothioneins

Although it is generally accepted that the principal
roles of metallothionein lie in the detoxification of
heavy metals and regulation of the metabolism of
essential trace elements, there is increasing evi-
dence that in can act as a free radical scavenger
(Sato and Bremner 1993). The metallothionein
contains two separate metal thiolate clusters, one
with four (cluster A) and one with three (cluster B)
metal ions, respectively (Kägi et al. 1990). The af-
finity of metal ions for the binding sites on metallo-
thionein differs quire markedly, the rank order be-
ing Zn Cd Cu Hg Ag (Holt et al. 1980).
Metallothionein is characterised by a high thiol
content and absence of aromatic amino acids, in-
cluding tyrosine, tryptophan and phenylalanine
(Kojima and Kägi 1978). Twenty of the 61 amino
acid residues in the molecule are cysteinyl residues,
all of which are involved in metal binding.
Oxidative stress induced by several toxicants in-

creased metallothionein levels in mouse tissues
(Bauman et al. 1991).

6.1.4.21

Carvedilol

Carvedilol, 1-(9H-carbazol-4-yloxy)-3-[[2-(2-metho-
xyphenoxy)ethyl]amino]-2-propanol, competitively
inhibits -receptors (Sponer et al. 1987, Nichols
et al. 1989, De Mey et al. 1994, Sponer and
Feuerstein 1999), blocks 1-receptors (De Mey et
al. 1994, Sponer and Feuerstein 1999), and acts
as an antioxidant (Yue et al. 1992, 1999, Aruma-
nayagam et al. 2001). Hydroxylation of the carba-
zol moiety significantly increases the antioxidative
effect. Some metabolites have a ten-times higher
oxygen radical-scavenging effect than carvedilol it-
self (Feuerstein et al. 1993). A hydroxylated ana-
logue of carvedilol affords exceptional antioxidant
protection to postischemic rat hearts (Kramer and
Weglicki 1996).
Four oxidative metabolites: 1-hydroxycarvedilol,

8-hydroxycarvedilol, 4’-hydroxycarvedilol, and O-
desmethylcarvedilol were formed by incubation of
R(+)- and S(–)-carvedilol with rat liver microsomes
(Fujimaki 1994). As expected from in vivometabo-
lism studies, 1-hydroxycarvedilol and 8-hydroxy-
carvedilol were the major products for both enan-
tiomers used as a substrate. The S/R enantiomeric
ratios for intrinsic clearance (Vmax/KM) of 1-hydro-
xycarvedilol, 8-hydroxycarvedilol, O-desmethyl-
carvedilol and 4’-hydroxycarvedilol were 0.40, 1.99,
0.77, and 2.71, respectively, showing that stereospe-
cific oxidation occurs in this species. The cause of

the difference in intrinsic clearance for 1-hydro-
xycarvedilol and 8-hydroxycarvedilol between the
two enantiomers was based on the difference in af-
finity in the catalysing enzyme. The main enzyme
concerned in the 1- and 8-hydroxylation of both en-
antiomers is considered to be CYP2D1. In the O-
demethylation of both enantiomers CYP2C11 is
probably the main catalysing enzyme, because sex
differences ‘ but not strain differences, were ob-
served in both Sprague-Dawley and Dark Agouti
rats, and also anti-CYP2C11 strongly inhibited this
demethylation.

Since the antioxidant capacity of carvedilol is be-
lieved to reside in the carbazole moiety (Yue et al.
1992, 1994, MacKerell jr. et al. 1995), Miglia-
vacca et al. (1998) used 4-methoxycarbazole as a
model compound for carvedilol, and 1-hydroxy-
and 3-hydroxy-4-methoxycarbazole for its 1- and its
3-hydroxylated metabolites. 1-Hydroxy- and 3-
hydroxy-4-methoxycarbazole have good antioxi-
dant activities based of their Habs values. These
calculations suggest that both compounds scavenge
free radicals via direct H-atom transfer, since their
oxyl radical is relatively stable. Hydroxylated carba-
zole derivatives such as carazostatin and carbazo-
mycin show a considerable antioxidant activity,
whereas non-hydroxylated carbazoles are inactive
(Iwatsuki et al. 1993, Kato et al. 1993).
There was no evidence from cell-free assay sys-

tems that carvedilol is a scavenger for O2
– or NO

(Åsbrink et al. 2000). Carvedilol did not affect other
reactions dependent on NO, e.g. spontaneous of
formyl-methionyl-leucyl-phenylalanine-stimulated
polymorphonuclear leucocyte migration or lipoxin
A4-, fMLP-, or A23187-induced neutrophil cytotox-
icity for human umbilical vein endothelial cells.
Thus, these effects point to the possibility that car-
vedilol modulates the NADPH oxidase of polymor-
phonuclear leucocytes but leaves the nitric oxide
synthase of phagocytes intact. Carvedilol exerted
poor reactivity toward phenoxyl, alkoxyl, and per-
oxyl radicals in acetonitrile solution nor did it show
an appreciable antioxidant effect against either the
peroxyl radical-induced oxidation of methyl linole-
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ate in acetonitrile or against phosphatidylcholine li-
posomal membranes in aqueous suspension (No-
guchi et al. 2000). Carvedilol completely inhibited
the ferric ion-induced oxidation of methyl linoleate
micelles by sequestering ferric ions, but not by re-
ducing hydroperoxide. It was shown that carvedilol
enhanced the oxidation of micelles induced by ei-
ther methemoglobin or peroxyl radical.

6.1.4.22

Angiotensin Converting Enzyme Inhibitors

[14C]Alacepril is converted to captopril via desace-
tylalacepril in rat liver, kidney and intestine ho-
mogenates, but not in lung homogenate and
plasma, where only deacetylation occurred (Mat-
sumoto et al. 1986). Desacetylalacepril and capto-
pril, and other -SH angiotensin converting enzyme
inhibitors are effective free radical scavengers
(Chopra et al. 1992, Noda et al. 1997). Westlin
andMullane (1988) suggested that captopril scav-
enges the superoxide radical. However, neither hy-
poxanthine nor xanthine oxidase had any effect on
captopril -SH as measured with 5,5’-dithiobis-(2-
nitrobenzoic acid) (Chopra et al. 1992). In the rat,
captopril may protect the lung (Ward et al. 1992),
bowel (Yoon et al. 1994), and kidney (Cohen 1994,
1996) from the development of radiation injury.
The free radical scavenging action of captopril is
further substantiated by the observation that capto-
pril, but not lisinopril, inhibited FeCl3/ascorbic
acid-induced lipid peroxidation in whole tissue ho-
mogenates of rabbit aorta to a level comparable to
that of superoxide dismutase (Mittra and Singh

1998).

Using the pulse radiolysis technique Forni et al.
(1996) obtained absolute rate constants for the reac-
tion of captopril with several free radicals. Al-
though captopril reacted rapidly with a number of
free radicals, such as the hydroxyl radical (k =
5.1×109 dm–3mol–1s–1) and the thiocyanate radical
anion (k = 1.3×107 dm–3mol–1s–1), it is not excep-
tional in this ability. Similarly, the reactions with
carbon centred radicals although rapid are an order
of magnitude slower than those observed with glu-
tathione. Additional lipid peroxidation studies
demonstrated that captopril is a much less effective
antioxidant than glutathione. The data go some way
to supporting the view that any attenuation of
reperfusion injury by captopril is not through a di-
rect free radical scavenging mechanism but may be

afforded by other, non radical-mediated mecha-
nisms.
Captopril inhibited (IC50 = 7.6 M) the opson-

ized zymosan-induced luminol-enhanced chemilu-
minescence of human blood polymorphonuclear
neutrophils (Nagy et al. 1997).
Captopril succeeded in suppressing oedema evo-

lution in hind paws of Freund’s arthritic Wistar
rats, during all phases of the disease (Agha and
Mansour 2000). During the chronic phase of in-
flammation, in both Freund’s arthritic and mixed-
type hypersensitive rats, captopril reduced the ele-
vated serum and exudate (local) leukotriene B4 and
IL-6 levels. The effect of leukotriene B4 was more
pronounced in the exudate and tended to be dose-
related. The antiarthritic effect of captopril was also
accompanied by augmentation of serum level of
protein thiols, with reduction or normalisation of
elevated systemic and/or local levels of lipid perox-
ide, superoxide dismutase (EC 1.15.1.1) and gluta-
thione.
Captopril significantly decreased Cu concentra-

tion in liver, adrenals, jejunum, urine and hair of
male Hartley-Albino guinea pigs as measured by
flame atomic absorption spectrophotometry
(Kotsaki-Kovatsi et al. 1997). A significant in-
crease was observed in heart, epididymal and faecal
Cu.
In order to assess of sulfhydryl–SH group in the

effects of captopril, a SH containing drug S8 and a
disulphide DG4, both are deficient in angiotensin
converting enzyme inhibitory properties in vitro, Pi
and Chen (1989) found that S8 (180 mol/l) pro-
vided a significant protection while DG4 showed no
protective effect.

Ramiprilat, a non-SH-containing angiotensin
converting enzyme inhibitor, inhibited free radical-
induced damages mainly by stimulation of prosta-
cyclin synthesis and/or release (Pi and Chen 1989).
Ramiprilat (10–10 M) significantly potentiated the
release of nitrite (the hydration product of NO)
from isolated coronary microvessels induced by
bradykinin (10–10 – 10–7 M). and kallikrein (0.5–10
U/ml) (Zhang et al. 2000). The calcium channel
blocker, amlodipine (10–10 M) markedly enhanced
nitrite production by ramiprilat (10–7 M) from
122±9 to 168±14 pmol/mg (P 0.05 vs. ramiprilat.
Nitrite release potentiated by ramiprilat and amlo-
dipine was entirely blocked by N -nitro-l-arginine
methyl ester, an inhibitor of nitric oxide synthase.
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Serum iron levels significantly decreased by
3.3 mol/l (from 15.5±4.9 to 12.2±3.9 mol/l) in 11
patients with chronic congestive heart failure medi-
cated with 5 mg ramipril per day for 2 weeks
(Verho et al. 1993).

Cilazapril (10 mg/kg × day) abolished myocar-
dial reactive oxygen species in Dahl salt-sensitive
rats on high-salt (8% NaCl for 10 weeks) diet
(Tsutsui et al. 2001).

Enalapril maleate modified the activities of
NADH oxidase and NADH cytochrome c reductase,
probably inhibiting electron transfer between com-
plex I and complex III in rat kidney mitochondria
(Basso et al. 1991).

Lisinopril, a lysine analogue of enalaprilat,
hardly scavenged the superoxide or the hydroxyl
radicals in vitro, using an ESR method (Noda et al.
1997).

6.1.4.23

Propofol

The anaesthetic propofol (2,6-diisopropylphenol)
has, as phenol-based free radical scavengers
(R–OH), antioxidant properties (Kahl 1984, Mur-
phy et al. 1996). By studying the in vitro interaction
of propofol and peroxynitrite by chemilumines-
cence, Kahramam and Dermiryürek (1997) af-
firmed that propofol lowered the luminol or
lucigenin-enhanced chemiluminescence of peroxy-
nitrite. Mouithys-Mickalad et al. (1998) by addi-
tion of peroxynitrite to propofol in alkaline solution
(pH 12) detected a short lifetime ESR signal corre-
sponding to a phenoxy radical. This finding was
confirmed by a UV-visible study, resulting in the
appearance of 427 nm peak and the disappearance
of the peak located at 239 nm. The 291 nm peak re-
mained unchanged.

6.1.4.24

Marchantin H

Marchantin H is a natural compound isolated from
Marchantia diptera (Wu 1990). Marchantins are
naturally phenolic structures isolated from differ-
ent species of liverwort (Tori et al. 1985, Asakawa
et al. 1987). Marchantin H could scavenge the stable
free radical 1,1-diphenyl-2-picrylhydrazyl and per-
oxyl radical derived from 2,2’-azobis(2-amidino-
propane) dihydrochloride in aqueous phase, but
not the peroxyl radical derived from 2,2’-azobis
(2,4-dimethylvaleronitrile) in hexane (Hsiao et al.
1996). It was reactive toward superoxide anion gen-
erated by the xanthine/xanthine oxidase system.
Marchantin H inhibited copper-catalysed oxidation
of human low-density lipoprotein, as measured by

fluorescence intensity, thiobarbituric acid-reactive
substance formation, and electrophoretic mobility
in a concentration-dependent manner.

6.1.4.25

Salen-Manganese Complexes

EUK-8, a salen-manganese complex may be re-
garded as a prototype molecule of a class of syn-
thetic catalytic scavengers with combined superox-
ide dismutase/catalase activity. The superoxide dis-
mutase activity of EUK-8 and other salen-manga-
nese complexes (Baudry et al. 1993) has been dem-
onstrated using a coupled “indirect” assay method
(McCord et al. 1973). In this procedure, xanthine
and xanthine oxidase continuously generate super-
oxide, which is monitored by its ability to reduce
the indicator molecule to a spectrophotometrically
detectable product. Addition of an agent with su-
peroxide dismutase activity results in suppression
of the rate of adsorbance change. EUK-8 suppresses
the rate of reduction of the indicator molecule nitro
blue tetrazolium in such an assay system (Baudry
et al. 1993). EUK-8 also exhibited catalase activity,
based on the ability to generate oxygen in the pres-
ence of H2O2.
Gonzalez et al. (1995) evaluated EUK-8 in a

highly stringent porcine model for sepsis-induced
adult respiratory distress syndrome (ARDS). EUK-
8 abrogated the increase in lung malondialdehyde,
indicating that it prevented tissue lipid peroxida-
tion.
Sharpe et al. (2002) investigated EUK-8 and

EUK-134 [manganese 3-methoxy N,N’-bis(salicyli-
dene-ethylenediamine chloride] as possible thera-
peutic agents in neurological disorders resulting
from oxidative stress, including Alzheimer’s dis-
ease, Parkinson’s disease, stroke, and multiple scle-
rosis. They found that in the presence of a per-
species (H2O2, ONOO

–, peracetate and persulphate),
the Mn-salen complexes are oxidised to the corre-
sponding oxo-species (oxoMn-Salen). oxoMn-
Salens are potent oxidants, and they can rapidly ox-
idise NO to NO2 and also oxidise nitrite (NO2

–) to
nitrate (NO3

–). Thus these Mn-salens have the po-
tential to ameliorate cellular damage caused by oxi-
dative and nitrosative stressors, by the catalytic
breakdown of O2

–, H2O2, ONOO
–, and NO to be-

nign species: O2, H2O, NO2
–, and NO3

–.

6.1.4.26

Schizandrins

Schizandrins are effective components extracted
from the Chinese traditional drug Fructus Schi-
zandrae. Their antioxidant effects may protect hu-
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man polymorphonuclear leucocytes stimulated
with 12-O-tetradecanoylphorbol-13-acetate from
the reactive oxygen species produced (Zhao et al.
1990). As judged by electron spin resonance spin
trapping on hydroxyl radicals, the scavenging ef-
fects of schizandrin B and schizandrol A were
greater than those of vitamin E and ascorbic acid.
The scavenging effects on O2

– surpassed those of
vitamin E but were less than by ascorbic acid.

6.1.5

Antioxidants

Antioxidants minimise oxidation of the lipid com-
ponents in foods. It is important to evaluate such
natural and/or synthetic compounds fully for both
antioxidant and pro-oxidant properties. Aesch-
bach et al. (1994) characterised the properties of
thymol, carvacrol, 6-gingerol, hydroxytyrosol and
zingerone. Thymol, carvacrol, 6-gingerol and hy-
droxytyrosol decreased peroxidation of phospho-
lipid liposomes in the presence of Fe(III) and ascor-
bate, but zingerone had only a weak inhibitory ef-
fect on the system. The compounds were good scav-
engers of peroxyl radicals (CCl3O2 ; calculated rate
constant 106 M–1s–1) generated by pulse radiolysis.
Thymol, carvacrol, 6-gingerol and zingerone were
not able to accelerate DNA damage in the bleomy-
cin-Fe(III) system. Hydroxytyrosol promoted de-
oxyribose damage in the deoxyribose assay and
also promoted DNA damage in the bleomycin-
Fe(III) system. This promotion was inhibited
strongly in the deoxyribose assay by the addition of
bovine serum albumin to the reaction mixtures.

Carotenoids act as antioxidants in solution, mi-
celles, and liposomes (Hill et al. 1995,Mortensen
and Skibsted 1997, Mortensen et al. 1997, Woo-
dall et al. 1997). The scavenging ability of the ca-
rotenoids: -carotene, 8’-apo- -caroten-8’-al, can-
thaxanthin, 7’-apo-7’,7’-dicyano- -carotene, ethyl
8’-apo- -caroten-8’-oate, and 7,7’-diapo-7,7’-di-
phenylcarotene towards radical HOO correlated
with their redox properties (Polyakov et al. 2001).

Adhatoda vesica (Justicia adhatoda) leaf extract
contains a number of different principles: alkaloids
(vesicine, vesicinone, vesinol), essential oil (be-
tane), vitamins (ascorbic acid, -carotene), a non-
crystalline steroid (vasakin) and a mixture of fatty
acids contributing to the observed medicinal effects
of the plant. Singh et al. (2000) examined the mod-
ulatory effect of the extract on the liver, lung, kid-
ney and forestomach of 8 weeks old Swiss albino
mice. Significant increase in the activities of acid
soluble sulphydryl content, cytochrome P450,
NADPH-cytochrome P450 reductase, cytochrome
b5, NADPH-cytochrome b5 reductase, glutathione S-

transferase, DT-diaphorase, superoxide dismutase,
catalase, glutathione peroxidase and glutathione re-
ductase were observed in the liver. Adhatoda vesica
acted as bifunctional inducer since it induced both
phase I and phase II enzyme systems. Treated
groups showed significant decrease in malondialde-
hyde formation in liver, suggesting its role in pro-
tection against prooxidant induced membrane
damage.
Coe et al. (2002) investigated the role of the anti-

oxidant glutathione in the response of embryonic
stem cells to oxidative stress. Embryonic stem cells
express -glutamylcysteine synthetase, a critical en-
zyme in glutathione (GSH) biosynthesis. Treatment
with the pro-oxidant menadione led to elevation of
GSH, a strong apoptotic response and reduced clo-
nogenic survival. Addition of d,l-buthionine-[S,R]-
sulphoximine, a specific -glutamylcysteine synthe-
tase inhibitor depleted GSH pools and prevented
the menadione-induced increase in GSH, sensitis-
ing the cells to oxidative insult.
The peroxiredoxins, a novel family of antioxi-

dant proteins which catalyse the reduction of per-
oxides using their conserved cysteine residues, can
be divided into two subgroups, one containing a
single conserved cysteine residue, and the other
containing an additional conserved cysteine residue
(Rhee et al. 1999). 1-cys-peroxiredoxin is abundant
in the lung (Kim et al. 2002). While there was little
change in 1-cys-peroxiredoxin expression during
the prenatal period, a marked increase in expres-
sion occurred immediately after birth. Enzymatic
(peroxidase and phospholipase) activities increased
gradually after birth and reached adult level at 7–14
postnatal days. Expression of the protein was in-
duced in the presence of dexamethasone in cultures
human and rat lung epithelial cells and also was up-
regulated in neonatal rat lung in vivo.
In COS-1 cell, flavonoids (onion extract and

quercetin) increased the intracellular glutathione
level by transactivation of the -glutamylcysteine
synthetase catalytical subunit promoter (Myhr-
stad et al. 2002).
Chalcones (1,3-diaryl-2-propen-1-ones) are fla-

vonoids lacking a heterocyclic C ring. Also this cat-
egory of flavonoids displays a broad spectrum of
bioactivities such as anticancer, antifungal, antibac-
terial, antiviral, and anti-inflammatory properties
(Calliste et al. 2001). Dihydrochalcones, which do
not have – double bond, comprise phloretin
[ -(4-hydroxyphenyl)-1-(2,4,6-
trihydroxypropiophenone) and its glucoside, phlo-
ridzin (phloretin 2- -d-glucose). Comparison with
structurally related compounds revealed that the
antioxidant pharmacophore of phloretin is 2,6-
dihydroxyacetophenone (Rezk et al. 2002). The po-
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tent activity of 2,6-dihydroxyacetophenone is due to
stabilisation of its radical via tautomerisation. The
antioxidant pharmacophore of the dihydrochalcone
phloretin, i.e. the 2,6-dihydroxyacetophenone
group, is different from the antioxidant pharmaco-
phores previously reported in flavonoids.
The anti-oxidant and pro-oxidant properties of

tannic acid and its structural component gallic acid
were compared by Khan et al. (2000). It was shown
that tannic acid is the most efficient generator of
the hydroxyl radical in the presence of Cu(II), as
compared with gallic acid and its analogues sy-
ringic acid and pyrogallol. On the other hand, tan-
nic acid provided the maximum protection against
cleavage of plasmid DNA, while gallic acid and its
structural analogues were found to be non-
inhibitory or partially inhibitory. Restriction analy-
sis of treated phage DNA and thermal melting pro-
files of calf thymus DNA indicated that tannic acid
strongly binds to DNA.
An aqueous extract from an infusion of Ilex pa-

raguariensis (Aquifoliaceae) inhibited the enzy-
matic and nonenzymatic lipid peroxidation in rat
liver microsomes in a concentration-dependent
fashion, with IC50 values of 18 g/ml and 28 g/ml,
respectively (Schinella et al. 2000). The extract
also inhibited the H2O2-induced peroxidation of red
blood cell membranes with an IC50 of 100 g/ml
and exhibited radical scavenging properties toward
O2

– (IC50 = 15 g/ml) and 2,2-diphenyl-1-picrylhy-
drazyl radical. In the range of concentrations used
the extract was not a scavenger of HO .
Interplay between different protective mecha-

nisms can occur. -Tocopherol interacts with the
activity of other antioxidants like GSH (Haenen
and Bast 1983) and ascorbic acid (McCay 1985,
Wijesundara and Berger 1994, Hamilton et al.
2000). -Tocopherol inhibited human glutathione
S-transferase in a concentration-dependent man-
ner, with an IC50 value of 0.5 M (Van Haaften et
al. 2001). At -tocopherol additions above 3 M
there was no glutathione S-transferase activity
left.

Caffeic acid (3,4-dihydroxycinnamic acid) is a
widespread phenolic acid with a well-known antioxi-
dant activity (Nardini et al. 1995,Vieira et al. 1998).
In human monocytic U937 cells it inhibited both
ceramide-induced NF- B binding activity and apop-
tosis at molar concentrations (Nardini et al. 2001).
Other antioxidants were totally ineffective in inhibit-
ing apoptosis, although affecting NF- B activation.
Caffeic acid was found to inhibit protein tyrosine ki-
nase activity, suggesting that this mechanism can be
on the basis of the inhibition of apoptosis.
Apigenin, chrysin, and kaempferol strongly en-

hanced the inhibition of inducible cyclooxygenase

and inducible nitric oxide synthase promoter activ-
ities in lipopolysaccharide-activated macrophages,
which contain the peroxisome proliferator-
activated receptor expression plasmids (Liang et
al. 2001).
Comparison of the pKa values to the pH-

dependent antioxidant profiles, determined by the
Trolox equivalent antioxidant capacity, revealed
that for various hydroxyflavones the pH-dependent
behaviour is related to hydroxyl moiety deprotona-
tion, resulting in an increase of the antioxidant po-
tential upon formation of the deprotonated form
(Lemańska et al. 2001).
Ollila et al. (2002) studied the interaction be-

tween flavonoids and membranes composed of di-
palmitoylphosphatidylcholine by means of nonco-
valent immobilized artificial membrane chroma-
tography and flavonoid-induced calcein release
from fluid egg phosphatidylcholine vesicles. Flavo-
noids with more hydroxyl groups showed longer re-
tention delays in the immobilized artificial mem-
brane studies, suggesting stronger interactions be-
tween the flavonoids, which are rich in hydroxyl
groups, and the dipalmitoylphosphatidylcholine
membrane interface. Both polar and nonpolar
forces were shown to have a significant impact on
the flavonoid-biomembrane interactions.

Rosemary (Rosmarinus officinalis) contains fla-
vonoids, phenols, volatile oil and terpenoids. Topi-
cal application of rosemary extract, carnosol or ur-
solic acid tomouse skin inhibited the covalent bind-
ing of benzo[a]pyrene to epidermal DNA (Huang
et al. 1994), tumour initiation by 7,12-dimethylbenz
[a]anthracene (Singletary and Nelshoppen

1991), 12-O-tetradecanoylphorbol-13-acetate-induc-
ed tumour promotion, ornithine decarboxylase (EC
4.1.1.17) activity and inflammation. Carnosol
showed potent antioxidative activity in , -diphe-
nyl- -picrylhydrazyl free radicals scavenge and
DNA protection from Fenton reaction (Lo et al.
2002).
The formation of flavonoid metal complexes in-

creased the capacity of rutin and dihydroquercetin
to protect peritoneal macrophages against chryso-
tile asbestos-induced injury (Kostyuk et al. 2001).
Metal complexes of all flavonoids were found to be
considerably more potent than parent flavonoids in
protecting red blood corpuscles against asbestos-
induced injury.
Hyperforin, a component of Hypericum perfora-

tum L. (Saint John’s-wort) incubated with human
coronary endothelial cells reduced the expression of
endothelial leucocyte adhesion molecules ICAM-1
(intercellular cell adhesion molecule-1, CD54) and
VCAM-1 (vascular cell adhesion molecule-1,
CD196), whereas the expression of E-selectin
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(CD62E) was unchanged (Fitzl et al. 2002). Elec-
tron microscopy showed slight ultrastructural
changes of the endothelial cells, e.g., enhanced ve-
siculation, disturbance of mitochondria, and
stronger adhesion of the cells to the substrate.
Dimerumic acid, isolated as the active compo-

nent with a radical scavenging action from the
mould Monascus anka, and traditionally used for
the fermentation of foods, inhibited NADPH- and
iron(II)-dependent lipid peroxidation of rat liver
microsomes at 20 and 200 M, respectively (Taira
et al. 2002). The antioxidant action of dimerumic
acid is due to one electron donation of the hy-
droxamic acid group in the dimerumic acid mole-
cule toward oxidants resulting if formation of ni-
troxide radical.
The inhibition of lipid peroxidation by cinnari-

zine seems to be independent of the oxidant system
used to induce the peroxidation, as was verified
when using xanthine oxidase and iron (Janero et
al. 1988), as well as simple exposure to air (for rat
liver homogenates; Fernandes et al. 1991), copper
(for human plasma and erythrocytes; Fernandes
et al. 1991) or H2O2 (for human erythrocytes; Fer-
nandes et al. 1991).

6.2

The L-Arginine-Nitric Oxide Pathway

The demonstration of the synthesis of nitric oxide
from the amino acid l-arginine by vascular endo-
thelial cells has led to the elucidation of the impor-
tance of the l-arginine-nitric oxide pathway as a
regulator of cell function in a number of tissues
(Moncada et al. 1989). The reaction involves a 5-

electron oxidation of one of the chemically equiva-
lent guanidino-nitrogens of l-arginine, leading to
the concomitant production of l-citrulline and NO.
It is accompanied by an NADPH-dependent reduc-
tion of molecular oxygen (Mayer et al. 1991),
which is incorporated into both reaction products
(Kwon et al. 1990, Leone et al. 1991).

NOS-positive neurones and activated neuroglial
cells were the most prominent citrulline-positive
structures (Keilhoff et al. 2000). Lack of
citrulline-immunoreaction in neurones of nNOS
knockout mice emphasised the dependency of cit-
rulline positivity on NOS activity, and likewise
there was no citrulline staining after application of
the NOS inhibitors 7-nitroindazole and l-N5-(1-
iminoethyl)lysine. The inhibition of argininosuc-
cinate synthetase by -methyl-dl-aspartate in-
creased the number of citrulline-positive cells, ap-
parently due to the reduction of the turnover rate of
citrulline. Cells positive for NOS but negative for
citrulline may indicate that the enzyme is either not
activated or inhibited by cellular control mecha-
nisms. The fact that not all citrulline-positive cells
were NOS positive may be explained by an insuffi-
cient detection sensitivity or by disparate sites of
citrulline production and recycling.
Using chemiluminescence resulting from the re-

action of NO and O3, Maurer and Fung (2000)
characterised enzyme activity for purified murine
macrophage NOS II. They also estimated the inhibi-
tory parameters for a series of competitive antago-
nists and mechanism-based inactivators of NOS II.
The estimated parameters were in agreement with
those reported using other methods.
The most promising of all methods proposed

thus far for direct measurement of NO appears to
be the use of spin traps from stable paramagnetic
adducts detectable by the electron paramagnetic
resonance (EPR) method (Vanin 1999). Such traps
were found to be complexes of bivalent iron with
hydrophobic and hydrophilic derivatives of dithio-
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carbamate, a representative of thiocarbonic acids.
The possibility of such trap application for scaveng-
ing and detecting NO in animal organisms was
demonstrated for the first time by Vanin et al.
(1984). 10 mg Sodium diethyldithiocarbamate
(DETC) in 0.2 ml of saline injected intraperitone-
ally into mice entered organ tissues, bound endoge-
nous iron and formed NO traps, hydrophobic Fe2+-
DETC which locates themselves in cell membranes.
To a culture of NO-producing macrophages from

murine bone marrow (5×106 cells in 2 ml of cul-
tural medium) superoxide dismutase (10–6 M), Na-
DETC (1 mg/ml) and FeSO4 · 7 H2O (10–5 M) are
added successively (Vanin et al. 1991, 1993). In 2 h,
the cells harvested with the medium are centrifuged
for 10 min at 1,500×g, reconstituted in 0.3 ml of su-
pernatant, and frozen in liquid nitrogen for the EPR
analysis. The formed hydrophobic mononitrosyl
iron complexes with DETC are located in membra-
nous compartments of all cells.
A magnetic resonance imaging (MRI) technique

for non-invasive detection of stable NO-iron com-
plexes, such as dinitrosyl-iron complex and
mononitrosyl-iron-dithiocarbamate, is based on the
electron spin resonance-enhanced nuclear Over-
hausen effect of the paramagnetic species on proton
magnetic relaxation (proton-electron double reso-
nance imaging). Fichtlscherer et al. (1997) ana-
lysed the contrasting effect of NO-iron complexes
in conventional proton NMR imaging buffered so-
lutions of mononitrosyl-iron-dithiocarbamate with
proline- and N-methyl-d-gluconate-dithiocarba-
mate as well as dinitrosyl-iron complex with l-cyste-
ine, glutathione and bovine serum albumin for
their effect on changes in T1 (longitudinal) and T2
(transverse) proton relaxation using a 1.5 Tesla
whole body NMR imager. All NO complexes exhib-
ited contrast agent-like properties (decrease in T1
and T2) most strongly the protein bound dinitro-
syl-iron complex.
Exposure of rat liver to sodium nitroprusside by

ex vivo and in situ perfusion induced a composite
X-band electron spin resonance spectrum of iso-
lated liver characteristic of a mononitrosyl-iron
complex and dinitrosyl-iron complex (Mülsch et
al. 1999). On storage of the tissue, the mononitro-
syl-iron complex signal disappeared and the
dinitrosyl-iron complex signal intensity increased.
Correspondingly, in cross-sectional proton-electron-
double-resonance imaging images taken at room
temperature, the nitroprusside-exposed livers ini-
tially exhibited a weak signal that strongly in-
creased with time.
The aqueous-soluble complex of Fe and N-me-

thyl-d-glucamine dithiocarbamate (MGD) formed
MGD2-Fe-NO complex with a characteristic triplet

EPR signal (aN 12.5 G and giso = 2.04) at room tem-
perature, in native isolated rat hearts following
40 min global ischaemia and 15 min reperfusion
(Komarov et al. 1997). Diethyldithiocarbamate
(DETC) and Fe formed in ischaemic reperfused
myocardium the lipophilic DETC2-Fe-NO complex
exhibiting an EPR signal (G = 2.04 and gII = 2.02 at
77 K) with a triplet hyperfine structure at g .
Diethyldithiocarbamate-Fe-NO complexes detected
by both trapping agents were abolished by the NO
synthase inhibitor, NG-nitro-l-arginine methyl es-
ter. Quantitatively, both trapping procedures pro-
vided similar values for tissue NO production,
which were observed primarily during ischaemia.
Although NO rapidly reacts with molecular oxy-

gen under air atmospheric conditions, thereby los-
ing its biological functions, the lifetime of this gas-
eous radical increases under physiologically low in-
tracellular oxygen tensions (Inoue et al. 1999). Ki-
netic analysis revealed that NO enhanced the gen-
eration of cyclic GMP and induced vasorelaxation
of resistance arteries more potentially under physi-
ologically low oxygen tensions than under hyper-
baric conditions. NO reversibly inhibited the respi-
ration of isolated mitochondria, intact cells and Es-
cherichia coli; The inhibitory effect was more
marked under hypoxic conditions than under hy-
perbaric conditions. Kinetic analysis revealed that
NO has pivotal action to increase arterial supply of
molecular oxygen for the generation of ATP in pe-
ripheral tissues and to suppress energy production
in mitochondria and cells in an oxygen dependent
manner. These functions of NO are enhanced by
decreasing oxygen tension in situ and suppressed
by locally generated superoxide radicals.

6.2.1

Nitric Oxide Synthase (NOS)

Macrophages form nitric oxide by an enzyme in-
ducible by cytokines as interferon- (Tayeh and
Marletta 1991), which is Ca2+-independent and
requires NADPH and the monooxygenase cofactor
tetrahydrobiopterin. Hepatocytes and macrophages
express an identical cytokine-inducible nitric oxide
synthase gene (Wood et al. 1993). Iron regulates
nitric oxide synthase activity by controlling nuclear
transcription (Weiss et al. 1994). Adams et al.
(1994) found that endogenous nitric oxide produc-
tion may be linked to 1,25-dihydroxy vitamin D3
synthesis in HD-11 cells in vitro, indicating that
macrophage NO-generating capacity could be func-
tionally linked to endogenous synthesis of the ac-
tive vitamin D metabolite.
The nitric oxide synthases are single polypep-

tides that encode a haeme domain, a calmodulin-
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Table 15. Isoforms of NO synthase

Type Cosubstrates, cofactors Regulated by Mr [kDa]

Ia (soluble) NADPH, BH4, FAD/FMN Ca2+/calmodulin 155
Ib (soluble) NADPH Ca2+/calmodulin 135
Ic (soluble) NADPH, BH4, FAD Ca2+ (not calmodulin) 150
II (soluble) NADPH, BH4, FAD/FMN ? 125
III (particulate) NADPH, BH4, FAD/FMN Ca2+/calmodulin 135
IV (particulate) NADPH ? ?

binding motif, and a flavoprotein domain with se-
quence similarity to P450 reductase. Despite this
simple structural similarity, the three major NOS
isoforms differ significantly in their rates of NO
synthesis, cytochrome c reduction, and NADPH
utilisation and in the Ca2+ dependence of the rates.
The maximal rate of NO synthesis is determined by
the maximum intrinsic ability of the reductase do-
main to deliver electrons to the haeme domain (Ni-
shida and Ortiz de Montellano 1998). The Ca2+

independence of iNOS requires interactions of cal-
modulin with both the calmodulin binding motif
and the flavoprotein domain. The effects of tetrahy-
drobiopterin and l-arginine on electron transfer
rates are mediated exclusively by haeme domain in-
teractions. Moali et al. (2001) recently illustrated
the key role of tetrahydrobiopterin in the reaction
mechanism and substrate selectivity. The equilib-
rium dissociation constant (Kd) for arginine is ap-
proximately 0.5 M for the tetrahydrobiopterin re-
plete neuronal (nNOS) and inducible (iNOS) iso-
forms of nitric oxide synthase, while the endothelial
isoform (eNOS) has a slightly higher Kd (1.5 M)
(Smith et al. 2001). N-OH-arginine (an intermedi-
ate) binds to nNOS with a Kd of around 0.2 M,
while the inhibitors N-methyl-arginine and N-
nitro-arginine bind more tightly.
All isoenzymes use l-arginine as a substrate and

all are inhibited by N -monomethyl-l-arginine (l-
NMMA) and N -nitro-l-arginine (l-NA). Types Ia,
II, and III have been cloned by several laboratories,
show about 50 to 60% homology, and obviously
represent separate gene products. Some isoforms
may also present posttranslational modifications. It
is also recognised that this classification given by
Murad (1994) is probably incomplete, as addi-
tional isoforms are expected from future purifica-
tion, cloning and posttranslational modification ex-
periments.
Eight cDNA sequences have been reported deriv-

ing from three known NOS genes in human, cow,
rat and mouse (Nathan and Xie 1994).
The inhibitory effect of aluminium on in vitro

tetrahydrobiopterin synthesis in brain preparations
may be due to competition with the magnesium re-

quired to convert dihydroneopterin triphosphate to
8-tetrahydrobiopterin (Ganrot 1986).

Constitutive nitric oxide synthase (cNOS) has
been localised in the hypothalamus, particularly in
the supraoptic and paraventricular nuclei, and
throughout the neurohypophysis (Bredt et al.
1990, Vincent and Kimura 1992). cNOS-reactive
cells are significantly more numerous in the supra-
optic nucleus of female than of male Long-Evans
rats (Wang andMorris 1996). While in normal os-
motic conditions, only half of the cells showed NOS
reactivity, in Brattleboro rats nearly all cells were
NOS positive. NO synthase activity, reflected by the
intensity of NADPH diaphorase staining, was hete-
rogenously distributed in the supraoptic and para-
ventricular nuclei and markedly increased and de-
creased in this areas after water and food depriva-
tion, respectively (Gundlach et al. 1993). In hypo-
thalamic neuronal regeneration NO synthase ex-
pression was increased (Wu and Scott 1993).

In the rat anterior pituitary gland, nitric oxide syn-
thase is present in gonadotrophs and in folliculo-
stellate cells (Ceccatelli et al. 1993). Castration
and ovariectomy, respectively, resulted in markedly
increased nitric oxide synthase mRNA levels. In the
male rat a small, but not significant, increase was
seen 12 h after surgery, whereas at 3 h levels were
still similar to sham-operated rats. After 24 h there
was a 3-fold increase in mRNA levels, and this re-
mained elevated for 14 days, the longest period
studied. Also in the female rats, there was a clear
but less strong increase at 4 and 14 d after ovariec-
tomy. Substitution treatment with testosterone or
estrogen completely prevented these increases in
male and female rats, respectively.
In a model of idiopathic pneumonia syndrome

after bone marrow transplantation, iNOS deletional
mutant mice (–/–) given donor bone marrow and
spleen T cells (BMS) exhibited improved survival
compared with matched BMS controls (Yang et al.
2001). Bronchoalveolar lavage fluids obtained on
day 7 post bone marrow transplantation from
iNOS(–/–) BMS mice contained less tumour necro-
sis factor- and interferon- , indicating that NO
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stimulated the production of proinflammatory cy-
tokines. However, despite suppressed inflammation
and decreased nitrotyrosine staining, iNOS(–/–)
mice given both donor T cells and cyclophospha-
mide died earlier than iNOS-sufficient BMS + cy-
clophosphamide mice. Alveolar macrophages from
iNOS(–/–) BMS + cyclophosphamide mice did not
produce NO but persisted to generate strong oxi-
dants as assessed by the oxidation of the intracellu-
lar fluorescent probe 2’,7’-dichlorofluorescein.

Endothelial nitric oxide synthase (eNOS, previ-
ous alternative abbreviations: Type III NOS and
NOS-3) is highly membrane-bound (Busconi and
Michel 1993) and can be found in the Golgi appa-
ratus (Sessa et al. 1995) and in small protein-rich
invaginations of the plasmalemma called caveolae
(Shaul et al. 1996). Within the caveolae of endothe-
lial cells, eNOS is bound to a protein called
caveolin-1 – this interaction involves a conserved 20
amino acid region within caveolin-1 and a pro-
posed caveolin-binding sequence in eNOS in the
oxidative domain (Feron et al. 1996, Michel et al.
1997). A microenvironment within caveolae might
modulate eNOS activity by controlling the local
concentration of cofactors and substrate. Addi-
tional membrane binding interactions also exist.
The presence of glycine as the second amino-acid
residue found in eNOS, serves as an acceptor site
for tetradecanoic acid (C13H27COOH) which is criti-
cal for the binding of eNOS to the plasma mem-
brane (Busconi and Michel 1993, 1994). Artificial
site-directed mutagenesis of this residue converts
eNOS from a membrane-bound to a cytosolic en-
zyme (Busconi and Michel 1993). Palmitoylation
(C15H31COOH) of eNOS at two cysteine residues
near the N-terminus stabilises this membrane bind-
ing (Robinson and Michel 1995, Robinson et al.
1995). This dual acylation is unique among the NOS
isoforms (Michel and Feron 1997).
The presence of eNOS was detected in epithelial

cells of mucosa and in endothelium of vascular tis-
sues and myosalpinx during all studied days of the
porcine oestrous cycle (Gawronska et al. 2000).
One major difference between arteries and veins

is the intensity of endogenous NO production in en-
dothelial cells. Stimulation of venous endothelium
results in a low production of NO as demonstrated
by the weak endothelium-dependent vasorelaxation
in veins of different species, including humans (De
Mey and Vanhoutte 1982, Lüscher et al. 1988,
Kojda et al. 1994). The different intensity of endoge-
nous NO production by the vascular endothelium
reduces the vasodilator potency of organic nitrates
such as glyceryl trinitrate (Alheid et al. 1987, Mon-
cada et al. 1991, Kojda et al. 1994). NO (3 M, 30
min) significantly impaired bioactivation of glyceryl

trinitrate as indicated by a 30–50% reduction in the
accumulation of 1,2-glyceryl dinitrate and 1,3- glyc-
eryl dinitrate, whereas unchanged glyceryl trinitrate
was increased in rings of porcine coronary arteries
(Kojda et al. 1998).
Polymorphisms of the human endothelial nitric

oxide synthase genes were demonstrated byHingo-
rani (1997) and Vallance and Hingorani 1999).
The variable number tandem repeat polymorphism
in intron 4 is bi-allelic with individuals having 4 or
5 repeats of a 27-bp sequence element. The multial-
lelic CA repeat polymorphism in intron 13 is highly
polymorphic with allele sizes ranging from 18 to 36
CA repeats. Thus far, only one genetic variant af-
fecting the amino-acid sequence has been identi-
fied. A G T substitution in exon 7 of the gene pre-
dicts a glutamic acid (Glu) aspartic acid (Asp)
substitution at residue 298 of the mature protein
(Hingorani et al. 1995, Yasue et al. 1995).
Endothelial nitric oxide synthase gene-deficient

mice (eNOS–/–) demonstrated marked retardation
in postnatal bone formation, reduced bone volume,
and defects in osteoblast maturation and activity
(Aguirre et al. 2001).
In bovine aortic endothelial cells 16 h treatment

with cyclosporine A induced a transcriptional me-
diated increase of eNOS gene expression
(Navarro-Antolı́n et al. 2000). A 2 h treatment
with cyclosporine A induced a dose-dependent in-
crease in the intracellular formation of NO
(Navarro-Antolı́n et al. 2001). An elevation of the
cyclosporine A-induced relative amounts of forma-
tion of superoxide anion and NO provided data
consistent with a role of O2

–, and not NO, as the
limiting factor in the intracellular formation of
ONOO– in the vascular endothelial cells (Navarro-
Antolı́n et al. 2002).
Despite intracellular l-arginine concentration

that should saturate eNOS nitric oxide production
depends on extracellular l-arginine. Hardy and
May (2002) addressed this ‘arginine paradox’ in bo-
vine aortic endothelial cells by simultaneously com-
paring the substrate dependence of l-arginine up-
take and intracellular eNOS activity, the latter
measured as l-[3H]-arginine conversion to l-[3H]-
citrulline. Whereas Km of eNOS for l-arginine was
2 M in cell extracts, the l-arginine concentration
of half-maximal eNOS stimulation was increased to
29 M in intact cells. This increase likely reflected
limitation by l-arginine uptake, which had a Km of
108 M. The effect of inhibitors of endothelial nitric
oxide synthesis also suggested that extracellular l-
arginine availability limits intracellular eNOS activ-
ity. Treatment of intact cells with calcium iono-
phore A23187 reduced the l-arginine concentration
of half-maximal eNOS activity, which is consistent
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with a measured increase in l-arginine uptake. In-
creases in eNOS activity induced by several agents
were closely correlated with enhanced l-arginine
uptake into cells (r = 0.89).
In rabbit pial arterioles, topical application of

10 M l-arginine, but not d-arginine or l-lysine,
induced moderate vasodilatation of 4.0±0.9% (Ha-
berl et al. 1991). When cumulative application of
l-arginine (100 nM to 10 M) was followed by addi-
tion of 100 M angiotensin [3–8] an angiotensin
peptide fragment, potentiated dilation of 21.2 ±
2.9% was seen. Angiotensin [3–8] itself did not in-
duce dilation. Methylene blue, a known inhibitor of
endothelium-dependent responses, abolished the
dilation to both l-arginine and l-arginine followed
by angiotensin [3–8]. NG-monomethyl-l-arginine
acetate (300 M), an inhibitor of NO formation
from l-arginine, did not block endothelium-depen-
dent responses to acetylcholine and angiotensin II.
Chen et al. (1996) demonstrated ecNOS in hu-

man platelets. Tetramethylpyrazine concentration
(50 and 200 M)- and time (15 and 30 min)-
dependently triggered ecNOS protein expression in
human platelets (Sheu et al. 2000).
In numerous inflammatory settings the capacity

to express inducible nitric oxide synthase (iNOS,
previous alternative abbreviations: Type II NOS,
NOS-2, macNOS, and hepNOS) appears to signal
predominantly deleterious effects.

Human bronchial epithelial cells stimulated with
50 ng/ml interleukin-1 , tumour necrosis factor- ,
and interferon- express iNOS mRNA, protein and
increased nitrite in the cell culture media, which
was inhibited by the selective iNOS inhibitor
1400 W (Donnelly and Barnes 2002). Cells de-
rived from patients with asthma produced less ni-
trite than cells from normal subjects (6.59 ±
0.99 M nitrite, n = 15 versus 3.89±0.42 M nitrite,
n = 20; P 0.05). This was not attributed to steroid
treatment of subjects with asthma because there
was no difference in the amount of nitrite released
from steroid-naı̈ve and steroid-treated cells
(3.51±0.46 versus 4.27±0.7 M nitrite, n = 10).
Neither dexamethasone nor budesonide inhibited
iNOS mRNA induction, protein expression, or ni-
trite accumulation. The cells were not steroid insen-
sitive because steroid inhibited GM-CSF release.
Intratracheal instillation of crocidolite asbestos

fibres resulted in an increased iNOS mRNA and
protein expression in the lungs from wild-typemice
(Dörger et al. 2002). In contrast, iNOS knockout
mice displayed an attenuated oxidant-related tissue
injury reflected in a decrease in protein leakage and
lactate dehydrogenase release into the alveolar
space as well as weaker nitrotyrosine staining of
lung tissue compared to wild-type mice.

Incubation of ratmesangial cells with chemically
modified tetracyclines resulted in a time- and dose-
dependent inhibition of NO production that was
maximal at 48 h ( 20% of control) and at a drug
concentration of 5 g/ml (P 0.05) associated with
parallel alterations in steady-state iNOS mRNA
abundance and protein expression (Trachtman et
al. 1996).
Inflamed mucosa biopsies from patients with ul-

cerative colitis and Crohn’s disease showed strong
expression of iNOS in the epithelial cells (Dijkstra
et al. 1998). The distribution was focal, with more
intense staining at the apical sites of the crypts. Un-
inflamed mucosa of two ulcerative colitis and four
Crohn’s disease patients showed no iNOS expres-
sion.
Pentoxifylline potentiated NO production and

the expression of iNOS in porcine hepatocytes after
stimulation with lipopolysaccharide (Hoebe et al.
2001).
12-O-Tetradecanoylphorbol-13-acetate synergis-

tically increased interferon regulatory factor-1 and
iNOS induction in interferon- -treated RAW 264.7
cells (Momose et al. 2000).
In stimulated macrophages, arginase (EC 3.5.3.1)

and nitric oxide synthase compete for their com-
mon substrate, l-arginine. N -Hydroxy-nor-l-
arginine as a selective arginase inhibitor was about
40-fold more potent than N -hydroxy-l-arginine,
an intermediate in the l-arginine/NO pathway, to
inhibit the hydrolysis of l-arginine to l-ornithine
catalysed by unstimulated murine macrophages
(IC50 values 12±5 and 400±50 M, respectively;
Tenu et al. 1999). Stimulation of murine macro-
phages with interferon- and lipopolysaccharide re-
sulted in clear expression of iNOS and an increase
in arginase activity. N -Hydroxy-nor-l-arginine
was also a potent inhibitor of arginase in inter-
feron- + lipopolysaccharide-stimulated macro-
phages (IC50 values 10±3 M]. In contrast to N -
hydroxy-l-arginine, N -hydroxy-nor-l-arginine is
neither a substrate nor an inhibitor of iNOS.
In cultures of purified microglial cells and astro-

cytes from newborn rats, the immunocytochemical
localisation of iNOS and the release of NO showed
that microglia were primarily responsible for NO
production upon endotoxin stimulation (Vincent
et al. 1996). In a discussion of mechanisms of NO
genotoxicity, Laval et al. (1997) concluded that ge-
notoxicity either by direct chemical alterations of
DNA or interference with the repair system would
be from an iNOS source.
There was significantly increased activity of both

total NOS (P 0.04) and iNOS (P 0.05) in chronic
venous ulcer tissue compared with normal skin,
and significantly increased activity of arginase (P
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0.01) in chronic venous ulcer tissue in compari-
son with normal skin (Abd-El-Aleem et al. 2000).
Isoform-specific effects on NOS-catalysed l-

citrullin formation was found by Schrammel et al.
(1998). Salt inhibited iNOS monotonously, whereas
nNOS and eNOS were stimulated up to 3-fold at
low, and inhibited at high ( 0.1–0.2 M) salt con-
centrations. The effectiveness of different ions
mostly followed the Hofmeister series, indicating
that the effects can for a large part be ascribed to
changes in protein solvation. Km(Arg) increased in
the presence of NaCl, demonstrating the impor-
tance of charge interactions for substrate binding.
The coupling of NADPH oxidation to NO produc-
tion was not affected by KCl. Salts ( 1 M) had no
major impact on the tertiary and quaternary struc-
ture, or on the state of the heme.
Romagnani et al. (1999) assessed the expression

of iNOS mRNA and protein in the kidneys of pat-
ents with graft failure due to chronic rejection. In
chronic allograft nephropathy, iNOS protein was lo-
calised not only in inflammatory cells, but also in
vascular, glomerular, and, more rarely, tubular
structures.
In Japanese encephalitis virus infection of inbred

Swiss mice, NOS activity and particularly that of
iNOS was significantly enhanced (Saxena et al.
2001). The response was sensitive to anti-
macrophage-derived factor antibody treatment and
NG-monomethyl-l-arginine.
Both iNOS and nitrotyrosine, a marker of per-

oxynitrite formation, were localised in rat skeletal
muscle after a period of 2 h warm ischaemia and re-
perfusion exclusively to mast cells except after 24 h
reperfusion when some macrophages and neutro-
phils also showed positive immunoreactivity (Mes-
sina et al. 2000).

Neuronal nitric oxide synthase (nNOS, previous
alternative abbreviations: Type I NOS, NOS-1, and
bNOS) does not produce nitric oxide unless high
concentrations of superoxide dismutase are added,
suggesting that nitroxyl (NO–) or a related molecule
is the principal reaction product of NOS, which is
superoxide dismutase-dependently converted to
NO (Murphy and Sies 1991). However, Komarov
et al. (2000) found identical N-methyl-d-gucamine
dithiocarbamate-Fe-NO complexes both from S-
nitroso-N-acetyl-penicillamine and Angeli’s salt but
not from nitrite. Moreover, the yield of N-methyl-d-
gucamine dithiocarbamate-Fe-NO complex from
Angeli’s salt was stoichiometric even in the absence
for superoxide dismutase.
nNOS is anchored to receptor complexes

through protein-protein interactions. It must be lo-
cated in close proximity to the synaptic membrane.
So NO can be efficiently produced, released, and

bound to the postsynaptic target cells to elicit a par-
ticular response. nNOs is targeted to the synaptic
membrane by binding PDZ containing proteins
such as synthrophin, PSD-95–SAP90, or PSD-93
(Brenman et al. 1996). This association, which
brings nNOS and N-methyl d-aspartate receptors
together, is proposed to be the reason why calcium
influx following glutamate activation of the N-
methyl d-aspartate receptor leads to rapid nNOS
activation. Additionally, N-methyl d-aspartate re-
ceptor mediated neurotoxicity, neurotransmitter re-
lease, and cAMP elevation all require nNOS activity
as these actions are blocked by nNOS-specific in-
hibitors, demonstrating the importance of nNOS
for proper N-methyl d-aspartate functioning (Daw-
son and Dawson 1996). Jaffrey et al. (1998) iden-
tified a nNOS protein interactor called CAPON
(carboxy terminal PDZ ligand of nNOS), which is a
soluble cytoplasmic protein competing with PSD-
95–SAP90, and PSD-93 for nNOS binding indicating
this protein may participate in the translocation of
nNOS and may impede the activation of the nNOS
enzyme, blocking NO production. CAPON is very
selective for nNOS, a contrast from other nNOS
binding proteins such as PSD-95–SAP90 and cal-
modulin, which bind to other proteins.
In the rat subiculum ultrastructural criteria sug-

gest that both pyramidal and nonpyramidal neu-
rons are immunopositive for nNOS (Lin and Tot-
terdell 1998).
Performing immunoblot analysis and quantifica-

tion of formazan produced by its specific NADPH
diaphorase activity, Planitzer et al. (2001) found
nNOS to be enriched in rat skeletal muscles with a
high proportion of fast-switch myofibres. The NO
donors 1-hydroxy-2-oxo-3-(N-methyl-6-aminohex-
yl)-3-methyl-1-triazene (NOC-9) and S-nitroso-N-
acetyl-d,l-penicillamine both reduced cytochrome
oxidase activity in all myofibres.
Protein kinase B has been demonstrated to be in-

volved in the regulation of NOS3 activity (Dimme-
ler et al. 1999, Fulton et al. 1999, Gallis et al.
1999). Protein kinase B is a serine/threonine kinase
that is itself activated by two distinct phosphoryla-
tion events, that probably both involve the PH
domain-containing kinase phosphatidylinositol
(3,4,5)P3-dependent protein kinase-1, which is up-
stream of protein kinase B.
A NOS variant localised in rat brain mitochon-

dria (mtNOS) was detected in synaptosomes (Ri-
obó et al. 2000). This 144 kDa protein was present
only in purified mitochondria. It was not recog-
nised either by antibodies against the N-terminal
(1-181) region of NOS I or against the other NOS
isoforms. The Km for l-arginine of the mtNOS vari-
ant was higher that that for cytosolic NOS I
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(12.7 M vs. 2.0 M). The activity was dependent
on Ca/CaM, NADPH and BH4 and inhibited by NG-
nitro-l-arginine, coincubation with an anti NOS I
antibody or proteinase K treatment.
mtNOS in freshly isolated mitochondria was

continuously active (Ghafourifar and Richter

1997). Upon exposure to respiratory substrates and
Ca2+ mitochondria formed peroxynitrite in addi-
tion to NO (Ghafourifar et al. 1999). Intramito-
chondrially formed ONOO– stimulated the specific,
NAD+-linked Ca2+ release from mitochondria
(Bringold et al. 2000).
Liver submitochondrial particles supplemented

with 0.25–2 M ONOO– showed a O2
– production

that indicated ubiquinone formation and autooxi-
dation (Valdez et al. 2000). The nitration of mito-
chondrial proteins produced after addition of
200 M ONOO– was observed by Western blot anal-
ysis. Protein nitration was prevented by the addi-
tion of 50–200 M ublquinol-0 or reduced glutathi-
one (GSH). An intramitochondrial steady state con-
centration of about 2 nM ONOO– was calculated,
taking into account the rate constants and concen-
trations of ONOO– coreactants.
The catalytic efficiency of purified recombinant

neuronal and macrophage nitric oxide synthases
markedly decreased in the order

arginine N -hydroxy-L-arginine homo-L-arginine homo-
N -hydroxy-L-arginine,

as shown by the 20- and 10-fold decrease of kcat/Km

observed for NOS I and NOS II, respectively, when
comparing arginine to homo-N-hyrdoxy-l-arginine
(Moali et al. 1998). The greater loss of catalytic ef-
ficiency for homo-l-arginine, when compared to
that for arginine appears to occur at the first step
(N-hydroxylation) of the reaction.
The equilibrium between inactive and active

NOS is differentially regulated at the posttransla-
tional level to give rise to the low and high output
pathways (Nathan and Xie 1994).
Activation of neuronal NOS following Ca2+ entry

through the N-methyl-d-aspartate receptor has
been implicated in excitotoxicity to cortical neuro-
nal cultures (Dawson et al. 1991) and in ischaemia
due to middle cerebral artery occlusion in mice
(Huang et al. 1994). Peroxynitrite may be the pos-
sible terminal cytotoxic mediator. Some neurones,
especially cortical neurones expressing high levels
of neuronal NOS, seem to be resistant to NO toxic-
ity (Koh et al. 1986, Koh and Choi 1988), but may
kill neighbouring neurones because of their Ca2+-
induced NO production (Dawson et al. 1993). In
cerebellar granule cells, elevated [Ca2+]i caused both
NOS activation and cytotoxicity. However, in cere-

bellar granule cells, glutamate-triggered, Ca2+-
mediated cell death is independent of endogenous
NO production (Lafon-Cazal et al. 1993). Expo-
sure to NO donors stimulated the N-methyl-d-
aspartate receptors, probably because NO-related
species stimulate the release of endogenous ago-
nists (Leist et al. 1997). This sort of autocrine stim-
ulation eventually causes apoptosis (Bonfoco et al.
1996).

Calmodulin plays a critical role in activating
NOS, because its bonding triggers electron transfer
to the heme (Abu-Soud et al. 1994). The NOSs dis-
play different affinities toward calmodulin with the
general order being iNOS eNOS nNOS. Ac-
cording to Mayer (2000) enzymatic formation of
superoxide/hydrogen peroxide is a general feature
of NOS and reduced oxygen species are certainly
not ‘non-specific by-products’ of the reaction, as
suggested by Xu (2000). Both 5-ethoxycarbonyl-5-
methyl-1-pyrroline N-oxide (EMPO) and 5-
diethoyphosphoryl-5-methyl-1-pyrroline N-oxide
(DEPMPO) reacted with superoxide generated from
eNOS to yield more persistent superoxide adducts
than 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as
demonstrated by the higher signal-to-noise ratio of
the electron paramagnetic resonance spectra at the
same rate of superoxide formation (Vásquez-
Vivar and Kalyanaraman 2000). Superoxide was
only marginally detected with resting enzyme and
was abolished by the addition of superoxide dismu-
tase.

Melatonin, a pineal indole hormone inhibited rat
cerebellar nitric oxide synthase activity (Pozo et al.
1994). A significant inhibition of enzyme activity
( 22%) was observed at 1 mM melatonin, which is
in the range of the physiological serum concentra-
tion of the hormone at night. The inhibitory effect
of melatonin was observed exclusively in the pres-
ence of Ca2+. The melatonin-induced suppression of
NOS activity is believed to be a consequence of the
binding of calmodulin by melatonin (Pozo et al.
1997, Anton-Tay et al. 1998). With a drop of NO
synthesis, the formation of ONOO– is curtailed, and
the potential oxidative damage resulting from
ONOO– is averted (Pryor and Squadrito 1995). In
the rat hypothalamus, melatonin reduced NOS ac-
tivity (Bettahi et al. 1996). Whether melatonin re-
duces NOS activity in all tissues containing this en-
zyme is unknown.

Muramyldipeptide and granulocyte-macrophage
colony-stimulating factor enhanced interferon- -
induced nitric oxide production by rat alveolar
macrophages (Jorens et al. 1993).

Relaxin increased the expression of eNOS in
mouse uterine surface epithelium, glands, endome-
trial stromal cells, and myometrium, leaving iNOS
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expression unaffected (Bani et al. 1999). Moreover,
relaxin inhibited myometrial contractility, and this
effect was blunted by nitro-l-arginine, thus indicat-
ing that the l-arginine-NO pathway is involved in
the relaxant action of relaxin on the myometrium.

Autoinhibition of neuronal nitric oxide syn-
thase. With the use of purified NOS-1, l-arginine
turnover initially operated at Vmax (0–15 min,
phase I), although despite the presence of excess
substrate and cofactors, prolonged catalysis
(15–90 min, phase II) was associated with a rapid
decline in l-arginine turnover (Kotsonis et al.
1999). Tsikas et al. (2000) presented evidence for
the hypothesis that the endogenous NOS inhibitors
methylarginines, asymmetric dimethylarginine be-
ing the most powerful (IC50 1.5 M), are responsible
for the l-arginine paradox.
In Sprague-Dawley rats, asymmetric dimethylar-

ginine decreased mean arterial blood pressure and
heart rate simultaneously. Intracerebroventricular
injection of both N -nitro-l-arginine methylester
and asymmetric dimethylarginine significantly in-
hibited the baroreflex function, indicating a regula-
tory role of central nitric oxide in controlling baro-
reflex function (Jin and D’Alecy 1996). In contrast
to the central effect, intravenous injection of asym-
metric dimethylarginine caused dose-dependent in-
creases in mean arterial blood pressure that could
be blocked by N -nitro-l-arginine methylester pre-
treatment.

6.2.1.1

Nitric Oxide Synthase Inhibitors

Hypoxia (0.2% O2, 6.2% CO2) inhibited the pro-
duction of NO but did not affect the transcription
of iNOS mRNA in rat smooth muscle cells treated
with IFN- , lipopolysaccharide, or both (Hong et
al. 2000).
Geldanamycin and 17-allylamino-17-demetho-

xygeldanamycin both dose-dependently reduced
nitrite accumulation, iNOS steady-state mRNA lev-
els, and the cytokine-dependent activation of a rat
2.2-kB iNOS promoter construct stability expressed
in rat glioma C6 cells (Murphy et al. 2002).
The critical role played by the l-arginine/ NO

pathway and the three major isoforms of NOS in
regulating physiological and pathophysiological
processes has induced significant efforts to develop
isoform-selective NOS inhibitors.

6.2.1.1.1

Substrate Analogues

Parkinson (2000) reviewed the l-arginine-based
substrate analogues, the most commonly used of

which are NG-methyl-l-arginine and NG-nitro- l-
arginine. Modification of the guanido (but not the
N ) terminal of l-arginine appears to be a pre-
requisite for prevention of endothelium dependent
relaxation since N -monocarbobenzoxy-l-arginine
was inactive whilst insertion of either a nitro (as in
NG-nitro-l-arginine) or a methyl group (as in NG-
methyl-l-arginine) into the guanido terminus of l-
arginine produces potent inhibitors (Moore et al.
1990). However, the natue of the chemical substitu-
tion in the region of the molecule is important since
the introduction of an NG-tosyl moiety dis not pro-
duce an effective inhibitor. Bulky substitutes on the
N region results in weak, non-specific inhibitors of
endothelium-dependent relaxation, while addition
of an -methyl group to the carboxyl moiety of l-
arginine does not impair the metabolism of l-
arginine.

A naturally occurring compound, asymmetric N -
N -dimethyl-l-arginine (l-ADMA), has been sug-
gested as an inhibitor of the inducible isoform of
nitric oxide synthase (Vallance et al. 1992) in-
creasing blood pressure after intravenous injection
(Calver et al. 1993). ADMA concentration is in-
creased in certain diseases including renal failure
(Vallance et al. 1992), muscle dystrophy (Inoue et
al. 1979, Lou 1979), hypercholesterolaemia (Yu et
al. 1994), and pregnancy with preeclampsia (Fick-
ling et al. 1993). ADMA concentration in urine was
increased in premature infants, in whom it is
closely related to protein breakdown and was not
related to dietary intake of arginine (Yudkoff et al.
1984). In vitro ADMA (10–4 M) in phenylephrine-
preconditioned rat aortic rings significantly in-
creased the concentration of acetylcholine for the
threshold response (EC15) and half-maximum re-
sponse (EC50), indicating that ADMA inhibited the
constitutive isoform of nitric oxide synthase in the
endothelium (Jin and D’Alecy 1996).

N-Iminoethyl-l-ornithine (100 M) significantly
(P 0.05) decreased the capillary-like tube net-
works formed by human umbilical vein endothelial
cells cultured on reconstituted basement membrane
matrix Matrigel thus antagonising treatment with
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the NO donor, S-nitroso-N-acetylpenicillamine
(100 M) which significantly (P 0.05) increased
the capillary network area (Lee et al. 2000).
l-Canavanine, H2N–C(NH)–NH–O–(CH2)2–CH

(NH2)–COOH, is an antimetabolite of arginine
(Walker 1955).

7-Nitroindazole is a selective inhibitor of nNOS,
roughly equipotent to other NOS inhibitors
(Moore et al. 1993). A comparison of studies shows
that 7-nitroindazole given systemically or via the
dialysis probe (Babbedge et al. 1993, Moore et al.
1993, Desvignes 1999) shows a similar relationship
to that seen with NG-nitro-l-arginine (Salter et al.
1996). 7-Nitroindazole increased extracellular do-
pamine levels when administered alone and re-
versed the effects of N-methyl-d-aspartate in the
frontal cortex and raphe nuclei of the freely moving
rat (Smith and Whitton 2001).
7-Nitroindazole and 3-bromo-7-nitro indazole

reduced the EEG power density in all frequency
bands in the rat (Dzoljic et al. 1997). This effect of
7-nitroindazole was more prominent during the day
than during the night, indicating a circadian varia-
tion in the NOS response to NOS inhibitors.

6.2.1.1.2

Heme Ligands

The presence of heme in the NOS active site and the
critical function of heme in NOS catalysis led to the
discovery and characterisation of heme-binding
compounds as NOS inhibitors. Imidazole and
imidazole-containing compounds are known inhib-
itors of heme-containing enzymes, particularly P450
(Cole and Robinson 1990).

6.2.1.1.3

Pterin Antagonists

On account of the requirement of NOS for tetrahy-
drobiopterin, two general approaches toward a
modulation of NOS activity seem feasible, manipu-
lation of intracellular tetrahydrobiopterin levels and
pterin-binding site antagonists. However, recombi-
nant tetrahydrobiopterin-free NOS II catalysed the
oxidation of four N-hydroxyguanidines tested by
NADPH and O2, with formation of NO2

– and NO3
– at

rates between 20 and 80 nmol min–1 (mg of
protein)–1 (Moali et al. 2001). In the case of N-(4-
chlorophenyl)-N’-hydroxyguanidine, formation of
the corresponding urea and cyanamide was also de-
tected besides that of NO2

– and NO3
–. These

tetrahydrobiopterin-free NOS II-dependent reac-
tions were inhibited by modulators of electron
transfer in NOS such as thiocitrulline or imidazole,

but not by l-arginine, and were completely sup-
pressed by superoxide dismutase.

2,4-Diamino-6-hydroxypyrimidine, 6R-5,6,7,8-
tetrahydro-l-biopterin and l-sepiapterin were po-
tent inhibitors of the recombinant interferon- -
induced production of nitrogen oxides in intact cul-
tured rat alveolar macrophages with I50 values for
6R-5,6,7,8-tetrahydro-l-biopterin and l-sepiapterin
of approximately 10 M (Jorens et al. 1992).

4-Amino-tetrahydrobiopteridin is a potent
pterin antagonist of nitric oxide synthases. The es-
sential pterin requirement for de novo synthesis of
functionally intact iNOS renders it possible that this
drug exhibits selectivity towads the inducible iso-
form of NOS in vivo (Pitters et al. 1997).

2-Thiouracil is a selective inhibitor of nNOS an-
tagonising tetrahydropteridin-dependent enzyme
activation and dimerisation (Palumbo et al. 2000).
It caused a 60% inhibition of H2O2 production in
the absence of l-arginine and tetrahydropteridin,
and antagonised tetrahydropteridin-induced dime-
risation of nNOS, but did not affect cytochrome c
reduction.

Cloricromene (2, 20 or 200 M) inhibited the ex-
pression but not the activity of the inducible form
of nitric oxide synthase in lipopolysaccharide
(100 ng/ml)-stimulated murine J774 macrophages
in a concentration-dependent manner (Zingarelli
et al. 1993). Maximal inhibition (84.0±8.0%) was
observed when cloricromene (200 M) was added
to the cells 6 h before lipopolysaccharide, whereas it
was ineffective when given 6 h after endotoxin.
Subcutaneous application of Fe-citrate (Fe doses

of 120 and 240 M/kg mouse) inhibited iNOS ex-
pression after a simultaneous intravenous injection
of 6 mg Escherichia coli lipopolysaccharide per
mouse (Komarov et al. 1998), while exogenous iron
did not affect systemic NO levels when given at 6 h
after LPS injection, i.e. after iNOS expression (Ko-
marov et al. 1997). In exercised (after a training
period of 30 and 60 min, swimming for 120 min per
day for 3, 6, and 12 months, respectively) rats,
plasma nitric oxide and iron concentrations were
negatively correlated (Xiao and Qian 2000).

Chloroquine markedly reduced nitric oxide pro-
duction from stimulated murine (C57BL/6) perito-
neal macrophages in a dose-dependent manner and
induction of iNOS mRNA was also suppressed by
chloroquine pre-treatment (Park et al. 1999).
Nitric oxide production was inhibited by 39 and

54% in brain submitochondrial particles from hal-
operidol (1 mg/kg)-treated mice (single- and
double-dose treatments, respectively) (Arnaiz et al.
1999). Haloperidol neurotoxicity might be medi-
ated by a decreased mitochondrial NO production,
a decreased intramitochondrial NO steady-state
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concentration, and by an inhibition of mitochon-
drial electron transfer with enhancement of O2

–

and H2O2 production. This inhibition does not
seem to be caused by increased NO or ONOO– for-
mation.

Troglitazone, a thiazolidine derivative, inhibited
the expression of iNOS in adipocytes in 3T3-L1
cells and in Otsuka Long-Evans Tokushima Fatty
rats (Dobashi et al. 2000).
The anticonvulsant zonisamide (50 mg/kg, i.p.)

reduced NOS activity, accelerated by N-methyl-d-
aspartate (30 mg/kg, i.p.) with/without l-buthioni-
ne-[S,R]-sulfoxime (150 mg/kg, i.p.) treatment, to
the control levels in the rat hippocampus (Noda et
al. 1999).
C3-tris-malonyl-C60-fullerene and D3-tris-malon-

yl-C60-fullerene derivatives inhibited citrulline and
NO formation by all three NOS isoforms (Wolff et
al. 2000).

Lipoprotein(a) oxidised by hypochlorite de-
creased iNOS mRNA synthesis in lipopolysaccha-
ride/interferon stimulated mouse macrophages
(J774A.1) as shown by reverse transcription-
polymerase chain reaction (Moeslinger et al.
2000).

6.2.2

Activation of Guanylate Cyclase by Nitric Oxide

Bovine lung soluble guanylate cyclase (EC 4.6.1.2)
contains a pentacoordinated high-spin ferrous
haeme with histidine as the proximal ligand (Stone
and Marletta 1994). Unlike most other haemop-
roteins (e.g. haemoglobin and myoglobin) it does
not bind oxygen to the sixth coordination position
of the haeme. This highly unusual feature enables
the enzyme to be stimulated by binding NO under
aerobic conditions. The formation of a pentacoor-
dinated ferrous-nitrosyl-haeme complex supports
the hypothesis that the bound of the proximal histi-
dine ligand to the iron is broken upon binding of
NO to the haeme (Traylor and Sharma 1992).
Nitric oxide production, first associated with

vascular endothelium (Radi et al. 1992) and now
linked with a multitude of cell types (Moncada
and Higgs 1991), activates cell cyclic guanosine
monophosphate (cGMP) synthesis by inducing a
structural change in guanylate cyclase (Ignarro
1992). This occurs via incompletely understood re-
actions with enzyme thiol or heme-iron moieties
and is catalysed not only by NO, but also by HO
(Mittal and Murad 1977), thiol-reactive agents
(Wu et al. 1992), and other oxidant states of NO
(Fukuto et al. 1992). Denninger and Marletta
(1999) reviewed the role of soluble guanylate cy-
clase in signalling, its relationship to the other nu-

cleotide cyclases, and on what is known about solu-
ble guanylate cyclase genetics, heme environment
and catalysis.
NO has been shown to open potassium channels

through a cGMP-dependent protein kinase (Ar-
cher et al. 1994). Opening of potassium channels
seems to be involved in the hyporesponsiveness to
vasoconstrictors in isolated rat aorta obtained from
endotoxaemic animals (Chen et al. 1999). Incuba-
tion with nitric oxide donors (3–300 M sodium
nitroprusside or 70–200 M S-nitroso-acetyl-d,l-
penicillamine) reproduces the hyporesponsiveness
to phenylephrine (Terluk et al. 2000). NO alone
accounts for most, if not all, the refractoriness to
vasoconstrictors present in septic shock. Soluble
guanylate cyclase activation and opening of potas-
sium channels, more specifically the calcium-
activated subtype, play a predominant role in this
NO-induced hyporesponsiveness to phenylephrine
in the rat aorta.
NO, through generation of cyclic GMP and acti-

vation of G kinase, modifies profoundly 17 -
œstradiol early signalling and contributes to regu-
late long-term actions of the steroid (Falcone et al.
2002).

Deactivation is an essential process in the con-
trol of local levels of cGMP (Waldman andMurad
1987). Stone andMarletta (1995) have suggested
that simple dissociation of NO from soluble guanyl-
ate cyclase could be the deactivation mechanism.
Deactivation occurs within seconds to minutes
(Palmer et al. 1987), with half-lives for NO dissoci-
ation from five-co-ordinate NO-hemes, as it is
found in NO-activated soluble guanylate cyclase,
are generally found to be in the range of 12–12,000
min (Traylor and Sharma 1992). Since the oxida-
tion state of thiols (Brandwein et al. 1981,
Braughler 1982), the Fe atom in the heme (Burs-
tyn et al. 1995), and NO (Dierks and Burstyn

1996) are important in soluble guanylate cyclase
function, redox potentiation seems a reasonable
path for enzyme deactivation. Dierks and Burs-

tyn (1998) found deactivation of soluble guanylate
cyclase from bovine lung by air occurring slowly,
while deactivation by ferricyanide was faster and
methylene blue fastest. The mechanism of deactiva-
tion of soluble guanylate cyclase by dioxygen in the
air id straightforward: the heme is oxidised to Fe(I-
II)heme and nitrate is formed. This reaction is sim-
ilar to that of dioxygen with NOHb and NOMb as
occurs in cured meats. Methylene blue and ferricya-
nide deactivate soluble guanylate cyclase by a dif-
ferent, as yet undetermined mechanism.
The ability of some non-biological substances

and in particular methylene blue (formula [79]) to
act as electron carrier in a way similar to that of the
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coenzymes incited Pullman and Pullman (1959)
to calculate energies of molecular orbitals for this
compound. The relative small absolute value of the
coefficient of the energy of the lowest empty molec-
ular electronic orbital in oxidized methylene blue
(MeB+), which is of the same order of magnitude as
that of oxidizes diphosphopyridine nucleotide or
oxidized flavin mononucleotide, indicates high
electroaffinity and accounts thus for the well-
known electron-acceptor properties of this sub-
stance.

In a p-benzoquinone-induced writhing model in
the mouse, l-arginine displayed antinociceptive ef-
fects at the doses of 0.125–1.0 mg/kg (Abacioglu
et al. 2000). When the doses of l-arginine were in-
creased gradually to 10–100 mg/kg, a dose-depend-
ent triphasic pattern of nociception-antinocicep-
tion-nociception was obtained. NG-nitro-l-arginine
methyl ester (18.75–150 mg/kg) possessed antinoci-
ceptive activity. Methylene blue (5–160 mg/kg) also
produced a dose-dependent triphasic response.
When l-arginine (50 mg/kg) was combined with
NG-nitro-l-arginine methyl ester (75 mg/kg), l-
arginine-induced antinociception did not change
significantly. Cotreatment of l-arginine with 5 mg/
kg methylene blue significantly decreased methy-
lene blue-induced antinociception and reversed the
nociception induced by 40 mg methylene blue to
antinociception.

Cyclic GMP stimulation by the spontaneous NO
donor SIN-1, which releases NO independently of
enzymatic catalysis, remained unimpaired in LLC-
PK1 kidney epithelial cells pre-treated with glyceryl
trinitrate or NO-aspirin (Grosser and Schroeder
2000). Prolonged treatment with NO-aspirin caused
down-regulation of the cellular cyclic GMP re-
sponse, suggesting that tolerance may occur during
therapy with NO-aspirin.
2-Hydroxy-benzoic acid 3-nitrooxymethyl-phen-

yl ester (B-NOD) in vitro increased cGMP produc-
tion in platelets in a dose-dependent manner (Bing
et al. 2000). The effect of sodium nitroprusside do-
nor was greater than that of B-NOD. Inhibition of
platelet aggregation was approximately 25% as
compared to the control sodium nitroprusside.
Cyclic GMP possibly represents a factor inhibit-

ing autophagy, as opposed to stimulation by cyclic
AMP (Pfeifer 1976).
Isatin, an endogenous indole, can be transported

to human platelets, where it inhibited NO-
stimulated soluble guanylate cyclase activity (Med-
vedev et al. 2002). The effect was most pronounced
at 10–8 M isatin and is the most potent effect of isa-
tin yet observed. The dose response curve was bell-
shaped with higher doses becoming less effective.
The maximal inhibition observed was 40%. Isatin
had no effect of protoporphyrin IX-stimulated gua-
nylate cyclase.

6.2.3

Indirect Inhibition of Mitochondrial
Dihydroorotate Dehydrogenase Activity

Dihydroorotate dehydrogenase (EC 1.3.99.11) catal-
yses the oxidation of dihydroorotate to orotate in
the pyrimidine biosynthesis pathway. Inhibition of
cytochrome c oxidase indirectly inhibits dihydroo-
rotate dehydrogenase activity. In digitonin-
permeabilized cells, sodium 1,1-diethyl-2-hydroxy-
2-nitroso-hydrazine, a chemical nitric oxide donor,
induced a dramatic decrease in dihydroorotate-
dependent O2 consumption (Beuneu et al. 2000).
The inhibition was reversible and more pronounced
at low O2 concentration; it was correlated with a de-
crease in orotate synthesis.
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Metal ion

[3Fe-4S] [M3Fe-4S]

Addition of a metal ion to a [3Fe-4S] cuboidal cluster to yield
a [4Fe-4S] cubane [80]

6.2.4

Nitric Oxide and Iron Proteins

Iron sulphur clusters have long been recognized as
molecular targets of NO generated by endogenous
synthases or exogenous donors (for review see
Cairo et al. 2002). Dobry-Duclaux (1960) has
shown that black Roussin’s salt, [Fe4S2(NO)7]K, ef-
fectively inhibits the enzyme alcohol dehydrogen-
ase at very low concentrations ( 1×10–7 M).
Gordy and Rexroad (1961) demonstrated that
complexes of nitric oxide with haemoglobin and cy-
tochrome c exhibited electron spin resonance spec-
tra that could be employed to elucidate the elec-
tronic structures of the iron atoms in these biologi-
cally important molecules. McDonald et al. (1965)
investigated complexes formed in aqueous solu-
tions from Fe(II), NO, and a variety of inorganic
and organic ligands.
Ferrimyoglobin (horse skeletal muscle) at pH 7.4

binds nitric oxide to yield nitric oxide adducts
(Reichenbach et al. 2001). In the presence of glu-
tathione (GSH) nitrosoadducts of metmyoglobinIII

react with it to give nitrosoglutathione.
Cellular Fe both regulates and is regulated by

iNOS (Nathan and Xie 1994) as well as serving as
NO’s most important target (Cooper 1999; for re-
view see Bouton 1999). The reaction of NO with
iron can be divided depending upon whether they
involve mere binding or binding + metabolism. The
redox state of the iron (ferrous, ferric or ferryl) also
dramatically modulates whether binding is fa-
voured over metabolism, and in the former case the
strength of the iron-NO bond.

6.2.4.1

Iron Regulatory Protein-1 RNA-Binding Activity

Iron regulatory protein (IRP)-1 RNA-binding activ-
ity was induced by nitric oxide (Drapier et al.
1993,Weiss et al. 1993). Activation in cells required
a time of treatment similar to desferrioxamine, and
while it remains possible that NO indirectly in-
duces IRP-1 via modulation of intracellular iron
levels, the in vitro analysis of recombinant IRP-1
suggested that NO can direct affect the [Fe-S] clus-
ter (Drapier et al. 1993).
When prepared in the presence of oxygen, IRP-1

contains both the [3Fe-4S]1+ and the [4Fe-4S]2+

forms (2000 to 5000 nmol of cis-aconitate/min × mg
protein) (Soum et al. 2000). When exposed to nitric
oxide generated by 3-morpholino-sydnonimine
(SIN-1) in the presence of superoxide dismutase for
2 h at 37 °C, IRP-1 lost about 80% of its aconitase
activity and its iron responsive element-binding ca-
pacity was increased 3- to 5-fold when further ex-

posed to low concentrations of reductants. 3 to 5
iron atoms were released per molecule of IRP-1.
Electron paramagnetic resonance experiments per-
formed at 12 K revealed that IRP-1 treated under
the same conditions gave a progressively weaker
[3Fe-4S]1+ electron paramagnetic resonance signal.

From a pathophysiologic viewpoint, reactive nitro-
gen species-induced inactivation of IRP-2 may be of
grater relevance than a concomitant activation of
IRP-1. IRP-2 is highly expressed in macrophages,
and exhibits stronger affinity than IRP-1 for ferritin
iron responsive elements (Theil 2000). IRP-2 is
highly homologous to IRP-1 (79% at the amino
acid level) but lacks aconitase activity, probably be-
cause it inability to assemble a [4Fe-4S] cluster, and
is characterized by the presence of a 73 amino acid
insertion in the N-terminus (Henderson 1996,
Hentze and Kuhn 1996).
The presence of a mitochondrial ferritin en-

coded by an intronless gene on chromosome 5q23.1
(Levi et al. 2001) in mammals is particularly stimu-
lating, because this organelle is tightly involved in
iron trafficking, and has a key role in important cel-
lular activities, including respiration, the produc-
tion of reactive oxygen species and the regulation of
apoptotic pathways. Heme is specifically synthe-
sized inside the mitochondrial matrix by the ferro-
chelatase enzyme, which inserts ferrous iron inside
protoporphyrin IX (Ponka 1997). There is an in-
creasing body of evidence showing that Fe-S clus-
ters are synthesized only inside the mitochondria
and are locally used by mitochondrial enzymes or
exported for insertion in cytosolic and nuclear en-
zymes (Lill et al. 2000).
Deletion mutants of a plasmid containing the

iNOS promoter and a chloramphenicol-acetyltrans-
ferase (CAT) indicator gene were transfected into
murine fibroblasts (NIH3T3) and murine J774 mac-
rophages (Dlaska et al. 1997). When using the par-
ent plasmid containing the whole iNOS promoter
stimulation of the cells with IFN- /LPS and iron re-
sulted in reduced CAT activity as compared to IFN-
/LPS treated cells, while addition of the iron chela-
tor, desferroxamine enhanced CAT expression. Af-
ter deleting the promoter region upstream of base
750 (thus deleting “region II” which contains multi-
ple binding sites for various transcription factors)
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the relative effects of iron perturbation on CAT ex-
pression were reduced but still present. This indi-
cated that a factor in this region must be in part re-
sponsible for transducing iron-mediated regulation
towards iNOS expression. By means of electromo-
bility shift assays Dlaska et al. (1997) identified a
transcription factor, induced by stimulation of cells
with interferons, the binding affinity of which to-
wards the iNOS promoter was modulated by iron
perturbations. Since iron-mediated regulation was
still evident after cutting out this region although to
a lesser extent they then tried to identify other fac-
tors contributing to iron-mediated transcriptional
regulation of iNOS: region I (extending from –50 to
–300 bp upstream and containing another cluster of
transcription factor binding sites) iron also modu-
lated the binding of a yet not identified protein to
this iNOS promoter region.
Catalase (EC 1.11.1.6) rapidly formed a revers-

ible complex stoichiometrically with nitric oxide
with the Soret band shifting from 406 to 426 nm
and two new peaks appeared at 540 and at 575 nm,
consistent with the formation of a ferrous-nitrosyl
complex (Brunelli et al. 2001). Catalase consumed
more nitric oxide upon the addition of hydrogen
peroxide. Conversely, micromolar concentrations of
nitric oxide slowed the catalase-mediated decompo-
sition of hydrogen peroxide. Catalase pre-treated
with nitric oxide and hydrogen peroxide regained
full activity after dialysis.

6.2.5

Modulation of NO Production
in the Respiratory Tract

In the lower respiratory tract, nitric oxide is pro-
duced by inflammatory cells, alveolar and bronchi-
olar epithelial cells, and vascular endothelial cells.
Demirakça et al. (1997) measured expiratory NO
concentration in 20 healthy adult subjects (aged
20–25 y), 20 healthy children (aged 4–16 y) and 7
patients (aged 4–14 y) given l-arginine to trigger
growth hormone incretion. Increasing O2 concen-
tration from 21% to 50%, at the end of the expira-
tion NO concentrations raised from 10±3 ppb to
13±4 ppb. In 10% O2 hypoxia (voluntary adults
only) at the end of the expiration NO concentra-
tions declined from 7±2 ppb to 3±1 ppb. Under ar-
ginine application, within 30 min NO concentra-
tions at the end of the expiration raised from
3±2 ppb to 10±5 ppb, thereafter they declined but,
after 120 min, failed to reach the starting values.
In the isolated perfused lungs of Sprague-Dawley

rats given silica (50 mg) intratracheally, nitrate pro-
duction as an index of NO production, was signifi-
cantly greater (53.5±12.0 nmol/90 min) compared

with controls (22.5±5.1 nmol/90 min; P 0.05) ac-
companied by grater (P 0.0001) 90-min [3H]l-
arginine uptake (Nelin et al. 2002). The cell type in-
volved in the increase in l-arginine transport found in
the silica-treated lungs was not directly determined,
but Schapira et al. (1998) found that l-arginine up-
take was increased in alveolar macrophages and neu-
trophils harvested from silica-exposed rat lungs.

Guinea pig tracheal epithelial cells maintained in
primary culture produced significantly more reac-
tive nitrogen species when stimulated with either
10 ng TNF /ml (specific activity 2.86×107 U/mg)
or 10 ng lipopolysaccharide/ml, the latter having a
greater stimulatory effect (Rochelle et al. 1998).

6.2.6

Modulation of Endocrine Feedback Control
Systems

Nitric oxide modulates the release of corticotropin-
releasing hormone from rat hypothalamic tissue
cultivated in vitro (Costa et al. 1993). l-Arginine is
a potent stimulus to growth hormone secretion in
man (Knopf et al. 1969, Merimee et al. 1969). Hu-
man growth hormone-releasing hormone may
stimulate the synthesis of NO in vitro, at least partly
through cAMP, thereby partly inhibiting hGHRH-
induced GH secretion (Kato 1992). In vitro studies
of dispersed rat anterior pituitary cells suggested
that NO inhibits gonadotropin-releasing-hormone-
stimulated luteinizing hormone release (Cecca-
telli et al. 1993). Thus there may be a dual mecha-
nism for NO in the control of anterior pituitary
hormone secretion, an autocrine mediation of lu-
teinizing hormone release on gonadotrophs, and a
paracrine effect on growth hormone secretion in-
volving folliculo-stellate cells closely related to so-
matotrophs. Ceccatelli et al. (l.c.) speculated that
NO may participate in producing the pulsatile se-
cretion pattern of the two pituitary hormones. Aki
et al. (1994) suggested that NO may participate in
V2 vasopressin-receptor-mediated renal vasodilata-
tion. The anti-ulcer activity of calcitonin gene-
related peptide was inhibited, in a dose-dependent
manner, by pre-treatment of rats with NG-nitro-l-
arginine methyl ester, a nitric oxide synthase-
inhibitor (Clementi et al. 1994). Endogenous
nitric oxide induced by interleukin-1 in rat islands
of Langerhans and HIT-T15 cells caused significant
DNA damage (Delaney et al. 1993).
Deta nonoate [2,2’(hydroxynitrosohydrazono)bis-

ethanamine], a zwitterion nitric oxide donor, po-
tently inhibited forskolin- and angiotensin II-
stimulated aldosterone production in human adre-
nocortical H295R cells in a concentration-depen-
dent manner (Kreklau et al. 1999).
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LOO• + •NO LOONO chain determination [81]

Lipid peroxyl radical can be scavenged by nitric oxid

6.2.7

Modulation of DNA Repair Proteins

Asbestos induced nitric oxide production synergis-
tically with interferon- (Thomas et al. 1994). In
the presence of aerobic NO formamidopyrimidine-
DNA glycosilase (Fpg protein) activity was inhib-
ited (Wink and Laval 1994). This enzyme repairs
alkylating damage to guanine, such as 2,6-diamino-
4-hydroxy-5-N-methylformamidopyrimidine resi-
dues (Fapy) and oxidative damage such as 8-oxo-
guanine residues (reviewed by Laval 1996). This
protein has a glycosylase activity, incised DNA at
abasic sites by a – elimination reaction, has a
dRPase activity and contains a zinc finger motif
which is mandatory for its various activities
(O’Connor et al. 1993). It was suggested that N2O3
nitrosated the thiol residues, resulting in the ejec-
tion of the Zn2+. Kroncke et al. (1994) showed that
the zinc finger protein, LAC9, was degraded in the
presence of NO. Using Raman spectroscopy,
Kroncke et al. (1994) showed that S-nitrosothiol
adducts were formed.
Exposure of human foetal kidney cells trans-

fected with a 4-kilobase fragment of the comple-
mentary DNA encoding human iNOS to generate
NO (EcR293 clone 11) to muristerone A (1 M and
10 M) resulted in a 4–5-fold increase in expression
of the DNA-dependent protein-kinase catalytic sub-
unit, one of the key enzymes involved in repairing
double-stranded DNA-breaks (Xu et al. 2000). This
NO-mediated increase in enzymatically active
DNA-protein kinase not only protected cells from
the toxic effects of NO, but also provided crosspro-
tection against clinically important DNA-damaging
agents, such as X-ray radiation, adriamycin, bleo-
mycin and cisplatin. Treatment of EcR293 clone 11
cells with SIN-1 (300 M and 900 M) resulted in 2-
fold and 2.8-fold increases, respectively, in activity
of the DNA-dependent protein kinase catalytic sub-
unit promoter.

6.2.8

Nitric Oxide and Apoptosis

Low doses of NO inhibited apoptosis in human B
lymphocytes (Mannick et al. 1994, Genaro et al.
1995). In contrast, NO functions as an apoptotic
inducer for macrophages, hepatocytes, neurones
and glial cells. The proapoptotic activity of NO is
mediated via the release of mitochondrial cyto-
chrome c into the cytosol, the sequential loss of mi-
tochondrial membrane potential, and the activation
of members of the caspase family of proteases (Ue-
hara et al. 1999, Brookes et al. 2000,Moriya et al.
2000). Cibelli et al. (2002) analysed the NO-

induced apoptotic signalling cascade in human SH-
SY5Y neuroblastoma cells and observed a striking
increase in early growth response (Egr)-1 promoter
activity as a result of NO-induced cell death. Like-
wise, they detected an activation of the transcrip-
tional activation potential of the ternary complex
factor Elk1, a key transcriptional regulator of serum
response element-driven gene transcription. Egr-1
is a zinc finger transcription factor that couples ex-
tracellular signals to long-term responses by alter-
ing expression of Egr-1 target genes. The Egr-1 5’-
flanking region contains five serum response ele-
ments (SRE) that function as genetic elements for
stimulus-transcription coupling. Moreover, these
SREs are binding-sites for Elk1, suggesting that NO
activated Egr-1 gene transcription via activation of
Elk1.

6.2.9

Nitric Oxide and Lipid Peroxidation

Nitric oxide can both promote and inhibit lipid per-
oxidation (Hogg and Kalyanaraman (1999). By
itself, NO acts as a potent inhibitor of the lipid per-
oxidation chain reaction by scavenging propagatory
lipid peroxyl radicals (formula [81]). It can also in-
hibit many potential initiators of lipid peroxidation,
such as peroxidase enzymes. In the presence of O2

–,
NO forms peroxynitrite (see equation [46]), a pow-
erful oxidant capable of initiating lipid peroxida-
tion and oxidising lipid soluble antioxidants.

Exposure to NO donors, S-nitrosoglutathione
(250 M) or sodium nitroprusside (500 M) in-
duced lipid peroxidation in primary cultures of cer-
ebellar granule cells of 7-day-old Wistar rats as in-
dicated by the significant increase in thiobarbituric
acid reactive substances (Wei et al. 1999). In cells
pre-treated with l-ascorbic acid 2-[3,4-dihydro-
2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-
2H-1-benzopyran-6-yl-hydrogen phosphate] potas-
sium salt (EPC-K1), superoxide dismutase or NO
scavenger haemoglobin, the formation of thiobarbi-
turic acid reactive substances was markedly sup-
pressed.
Brain-derived neurotrophic factor (50 ng/ml) ac-

celerated nitric oxide donor (100 M sodium
nitroprusside)-induced apoptosis of cultured corti-
cal neurones from brains of embryonic day 20 Wis-
tar rats (Ishikawa et al. 2000).
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O2
•– + •NO ONOO– (pKa = 6.8)

ONOO– +H+ ONOOH

ONOOH HO• + •NO2 (20–30% yield), NO3
– + H+ (rest)

[82]

[83]

[84]

6.2.10

Peroxynitrite

Superoxide anion and nitrogen monoxide engender
peroxynitrite at almost diffusion-controlled rates
(6.7×109 M–1. s–1; Huie and Padmaja 1993; for re-
view see Ducrocq et al. 1999). Its high rate con-
stant means that NO competes effectively with su-
peroxide dismutase for reaction with O2

– (Hogg et
al. 1992).

Peroxynitrite can be generated when 2- and 4-
hydroxyœstrogens are incubated in vitro with NO
donor compounds (Paquette et al. 2001). Using di-
hydrorhodamine 123 as a specific probe for ONOO–

formation, a ratio of 100 M dipropylenetriamine
NONOate to 10 M 4-hydroxyœstradiol gave an op-
timal ONOO– production of 11.9±1.9 M. Quantifi-
cation of ONOO– was not modified by mannitol,
supporting the idea that the hydroxyl radical was
not involved. This production of ONOO– required
the presence of the catechol structure of œstrogen
metabolites since all methoxyœstrogens that were
tested were inactive.
Oxidations by peroxynitrite can take place either

directly by ground-state peroxynitrous acid,
ONOOH, or indirectly by ONOOH* where
ONOOH* is an activated form of peroxynitrous
acid (Goldstein et al. 1996). In the direct oxida-
tion pathway the reaction is first order in peroxyni-
trite and first order in substrate, and the oxidation
yield approaches 100%. In the indirect oxidation
pathway the reaction is first order in peroxynitrite
and zero order in substrate. In the presence of suffi-
cient concentrations of a substrate that reacts by the
indirect oxidation pathway, about 50–60% of the
ONOOH directly isomerize to nitric acid, and about
40–50% of the ONOOH is converted to ONOOH*.
The involvement of hydroxyl radicals in indirect ox-
idations by peroxynitrite is ruled out on the basis of
kinetics and oxidation yields.
Peroxynitrite itself is not a free radical because

the two unpaired electrons of superoxide and nitric
oxide have combined to form a new bond. Peroxy-
nitrite is an isomer of nitrate, but is 36 kcal × mol-1
higher in energy (Koppenol et al. 1992). The half-
life of peroxynitrous acid (HOONO), which is 7 s at
0 °C and 1 s at 37 °C, should be long enough to allow
the molecule to diffuse inside the cell and react
with DNA. The decomposition pathway of HOONO,
leading to the formation of nitric acid, remains

open to debate (Cadet et al. 1997). Peroxynitrite
decomposition catalysts (Salvemini et al. 1998)
may represent a unique class of antiinflammatory
agents.
Peroxynitrite can be used as a source of biologi-

cally relevant reactive species in a competition reac-
tion method to evaluate antioxidant activity of dif-
ferent compounds (Balavoine and Geletii 1999).
Pyrogallol red was the most advantageous detecting
molecule. It has high reactivity towards radicals
generated from peroxynitrite and a strong absorp-
tion band. This allows the use of very low concen-
trations of antioxidants (typically 10 M to 1 mM)
to quantify their activity.

Nitrogen dioxide ( NO2) is a key biological oxi-
dant. It can be derived from peroxynitrite via the
interaction of nitric oxide with superoxide, from ni-
trite with peroxidases, or from autoxidation of
nitric oxide. Ford et al. (2002) generated submicro-
molar concentrations of NO2 in 1 s using pulse
radiolysis, and the kinetics of scavenging NO2 by
glutathione, cysteine, or uric acid were monitored
by spectrophotometry. The formation of the urate
radical was observed directly, while the production
of the oxidising radical obtained on reaction of
NO2 with glutathione, cysteine, and urate were esti-
mated as 2×107, 5×107, and 2×107 M–1 s–1, re-
spectively. The lifetime of NO2 in cytosol is
10 s. Reactions between NO2 and thiols/urate

severely limit the likelihood of reaction of NO2
with NO to form N2O3 in the cytoplasm.
Among the biological molecules in human

plasma whose rates of reaction with peroxynitrite
have been reported, carbon dioxide is one of the
fastest with a pseudo-first-order rate constant kCO2/
plasma = 46 s

–1 (Squadrito and Pryor 1998). Nitro-
soperoxycarbonate (ONOOCO2

–) is formed as a re-
active intermediate, which then rapidly homolyzes
to form a pair of caged radicals [CO3

–/ NO2], which
can then diffuse apart and become free radicals or
combine to form the nitrocarbonate (O2NOCO2

–)
which then decomposes to NO3

– and CO2. The last
reaction is responsible for the catalytic action of
CO2 during the decomposition of peroxynitrite
(Squadrito and Pryor 1998). The therapeutic ef-
fect of uric acid may be related to the scavenging of
the radicals CO3

– and NO2 that are formed from
the reaction of peroxynitrite with CO2 (Squadrito
et al. 2000).

Aldehydes, like CO2, react rapidly with peroxyni-
trite and catalyse its decompensation (Uppu et al.
1997). The pH dependence of the reaction is consis-
tent with the addition of ONOO– (not ONOOH) to
the carbonyl carbon atom of the free aldehyde
forming a 1-hydroxyalkylperoxynitrite anion ad-
duct, which structurally resembles the nitrosoper-
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oxycarbonate adduct formed from the reaction
ONOO– with CO2. 1-Hydroxyalkylperoxynitrite or
the secondary products derived from it, dacay to
give NO3

– and regenerated aldehyde, with small but
significant yields of H2O2, organic acids, and or-
ganic nitrates. In analogy with the peroxynitrite/
CO2 system, Uppu et al. (1997) suggested that 1-
hydroxyalkylperoxynitrite undergoes homolytic or
heterolytic cleavage at the O–O bond, giving a
caged radical pair [RCH(OH)O / NO2] or interme-
diate ion pair [RCH(OH)O–/+NO2]. These radical
and ions can recombine within the solvent to form
1-hydroxyalkylnitrate [RCH(OH)ONO2], which can
then dissociate to give nitrate and regenerate the al-
dehyde.

Aconitase is readily inactivated by peroxynitrite,
but not by its precursor, nitric oxide (Castro et al.
1994).
In many instances, it is becoming apparent that

peroxynitrite serves as a mediator in oxidative ac-
tions originally attributed to nitric oxide or other
oxygen-derived species, as noted for aconitase inhi-
bition (Castro et al. 1994). Peroxynitrite is now be-
ing revealed as a key contributing reactive species
in pathological events associated with stimulation
of tissue production of NO, e.g. systemic hyperten-
sion, inhibition of intermediary metabolism (Radi
et al. 1994), ischaemia-reperfusion injury (Ma-
theis et al. 1992), ultraviolet B radiation-induced
skin injury (Deliconstantinos et al. 1996), im-
mune complex-stimulated pulmonary oedema,
cytokine-induced oxidant lung injury, and inflam-
matory cell-mediated pathogen killing/host injury
(Zhu et al. 1992, Denicola et al. 1993). Peroxyni-
trite oxidised -tocopherol, ascorbate, and many
thiols in synaptosomes isolated from rat brain (Va-
tassery 1996).

Dopamine is oxidised by peroxynitrite (molar
ratio 1 :1) to 6-hydroxyindole-5-one as character-
ised by HPLC and photodiode array spectra, akin to
the products of the tyrosinase-dopamine reaction,
but no evidence of dopamine nitration was ob-
tained (Kerry and Rice-Evans 1999). Although
peroxynitrite did not cause nitration of dopamine
in vitro, the catecholamine is capable of inhibiting
the formation of 3-nitrotyrosine from peroxynitrite-
mediated nitration of tyrosine. The plant-derived
phenolic compounds, caffeic acid and catechin, in-
hibited peroxynitrite-mediated oxidation of dopa-
mine. In contrast, the monohydroxylated hydroxy-

cinnamates, p-coumaric acid and ferulic acid,
which inhibit tyrosine nitration through a mecha-
nism of competitive nitration, did not inhibit
peroxynitrite-induced dopamine oxidation.

Melatonin (4 mM in a phosphate buffer) upon
vortex mixing with an equal volume of a solution of
peroxynitrite (4 mM) formed 6-hydroxymelatonin
and 5-methoxy-2-hydropyrroloindole (Zhang et al.
1998). The formation of the melatoninyl radical cat-
ion in the peroxynitrite/melatonin reaction pro-
vides a direct evidence for the one-electron oxida-
tion ability of peroxynitrite. Melatonin is a scaven-
ger of peroxynitrite (Gilad et al. 1997). The overall
peroxynitrite/melatonin reaction is first-order in
melatonin and first-order in peroxynitrite, but the
hydroxylation of melatonin is presumed to be zero-
order in melatonin (Zhang et al. 1999). Melatonin
is metabolised in the liver, mainly to 6-hydroxyme-
latonin, which is a better chain-breaking antioxi-
dant than melatonin. CO2 modulates the reactions
of peroxynitrite. The reaction of peroxynitrite with
melatonin in the absence of added bicarbonate pro-
duces mainly 6-hydroxymelatonin and 1,2,3,3 ,8,8
-hexahydro-1-acetyl-5-methoxy-8 -
hydroxypyrrolo[2,3-b]indole, with some isomeric
1,2,3,3 ,8,8 -hexahydro-1-acetyl-5-methoxy-3 -
hydroxypyrrolo[2,3-b]indole. In the presence of
added bicarbonate, product yields decrease and 6-
hydroxymelatonin is not formed.
Peroxynitrite (ONOO– accompanied by

ONOOCO2
–) in aqueous-buffered solutions par-

tially transforms melatonin into 1-nitrosomelatonin
and several oxidised derivatives. Kinetic studies by
stopped-flow spectrophotometry indicated that
these conversions followed the first-order kinetic
rate of peroxynitrite decay. The same melatonin
transformation occures with NO in the presence of
oxygen, but at a lower kinetic rate. Under these con-
ditions, nitrosation is the sole transformation of
melatonin (Blanchard and Ducrocq 2000).
Reactive nitrogen intermediates such as peroxy-

nitrite also react with DNA, forming (among oth-
ers) the adduct 7,8-dihydro-8-oxo-2’-deoxyguano-
sine (Inoue and Kawanishi 1995, Liu and Hotch-
kiss 1995, Douki and Cadet 1996). 7,8-Dihydro-8-
oxo-2’-deoxyguanosine is far more susceptible to
peroxynitrite than 7,8-dihydro-2’-deoxyguanosine,
which emphasises the fact that more stable oxida-
tive end products than 7,8-dihydro-8-oxo-2’-
deoxyguanosine exist (Douki et al. 1996, Uppu et
al. 1996). Spencer et al. (1996) treating calf thymus
DNA (0.2 mg/ml) with peroxynitrite (1 mM) found,
in addition to 8-nitroguanine, increased levels of
both oxidised and deaminated base products, in-
cluding 5-hydroxyhydantoin, 5-(hydroxymethyl)-
uracil, thymine glycol, 4,6-diamino-5-formamide-
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pyrimidine, 2,6-diamino-5-formamidepyrimidine,
8-oxoadenine, 8-oxoguanine, hypoxanthine, and
xanthine.

DNA strand breakage in calf thymus DNA oc-
curred after exposure to authentic peroxynitrite, or
to SIN-1, a sydnonimine compound that generates
both NO and O2

– and thus can be considered as a
peroxynitrite donor (Inoue and Kawanishi 1995).
Yermilov et al. (1995), however, suggested that
peroxynitrite did not increase C8-oxoguanine levels
in DNA. In addition to oxidation products, 8-
nitroguanine has also been detected as a product of
peroxynitrite reacting with guanine, suggesting
that nitration could be an important process (Yer-
milov et al. 1995). In cell culture, deRojas-

Walker et al. (1995) have suggested that oxidative
damage to DNA in activated macrophages is due to
the formation of peroxynitrite. In J774 macro-
phages and cultured rat aortic smooth muscle cells
exposure to authentic peroxynitrite caused a dose-
dependent increase in DNA strand breakage
(Szabó et al. 1996).
The conditions to induce strand breaks, oxida-

tion and deamination of DNA require high concen-
trations of reactive nitrogen oxide species or NO
which may not be physiologically relevant (Laval et
al. 1997). In vivo, antioxidants and reactive nitrogen
oxide species scavengers, such as ascorbate and re-
duced glutathione, are abundant decreasing the
chance that these chemical species directly modify
DNA.
SIN-1 (0.1–15 mM), generating ONOO– by the

simultaneous release of NO and O2
–, dose- and

time-dependently induced single-strand breaks in
isolated human peripheral blood lymphocytes as
assessed by single cell gel electrophoresis (Doulias
et al. 2001). Exposure of the cells to SIN-1 (5 mM)
in the presence of excess of superoxide dismutase
(0.375 mM) increased the formation of single
strand-breaks significantly, whereas 1000 U/ml cat-
alase significantly decreased the quantity of single
strand-breaks. The simultaneous presence of both
superoxide dismutase and catalase before the addi-
tion of SIN-1 brought the level of single-strand
breaks to that of the untreated cells. Pre-treatment
of the cells with the intracellular Ca2+-chelator
BAPTA/AM inhibited SIN-1-induced DNA damage,
indicating the involvement of intracellular Ca2+

changes in this process. Pre-treatment of the same
cells with ascorbate or dehydroascorbate did not of-
fer any significant protection in this system.
Toxic effects of superoxide dismutase overex-

pression are commonly attributed to increased
H2O2 production. Still, published experiments yield
contradictory evidence on whether superoxide dis-
mutase overexpression increases or decreases H2O2

production. Gardner et al. (2002) analyzed this is-
sue using a minimal mathematical model. The most
relevant mechanisms of superoxide consumption
are trated as pseudo first-order processes, and both
superoxide production and the activity of enzymes
other than superoxide dismutase were considered
constant. Even within this simple framework, su-
peroxide dismutase overexpression may increase,
hold constant, or decrease H2O2 production. At nor-
mal superoxide dismutase levels, the outcome de-
pends on the ratio between the rate of processes
that consume superoxide without forming H2O2 and
the rate of processes that consume superoxide with
high ( 1) H2O2 yield. In cells or cellular compart-
ments where this ration is exceptionally low ( 1), a
modest decrease in H2O2 production upon superox-
ide dismutase overexpression is expected. Where
the ratio is higher than unity, H2O2 production
should increase, but at most linearly, with superox-
ide dismutase activity.
In confluent cultures of the murine lung epithe-

lial cell line, LA-4 stimulated with cytokines to ex-
press iNOS, peroxynitrite caused a concentration-
dependent decrease in NO (Robinson et al. 2001).
Similar results were obtained when SIN-1 was
added to the flasks.
Treatment of A549 human pulmonary epithelial

cells with 1 mM peroxynitrite resulted in ADP-
ribosylation, NADP+ depletion, inhibition of mito-
chondrial respiration, and increased epithelial pa-
racellular permeability (Szabó et al. 1997). The
poly (ADP-ribose) synthetase (PARS) inhibitor 3-
aminobenzamide (1 mM) provided a significant,
partial protection against the energetic and func-
tional changes. Similarly, inhibition of PARS activ-
ity by 3-aminobenzamide reduced the peroxynitrite-
induced suppression of mitochondrial respiration
in BEAS-2B human bronchial epithelial cells.
In human lung epithelial cells authentic ONOO–

(100–500 M) increased Mn-superoxide dismutase
mRNA transcripts in a concentration-dependent
fashion but did not change HPRT (Jackson et al.
1997). ONOO– stimulated luciferase gene expres-
sion driven by a 2.5 kb fragment of the rat Mn-
superoxide dismutase gene 5’ region. Induction due
to ONOO– was inhibited by 10 mM l-cyteine,
50 mM N-acetylcysteine and partially inhibited by
10 mM PDTC. Neither H2O2 nor NO2

–, breakdown
products of SIN-1 and ONOO–, had any effect on
Mn-superoxide dismutase mRNA expression.
ONOO– has direct, stimulatory effects on Mn-
superoxide dismutase gene expression.
A study in the saline-perfused heart of knockout

mice (with a defective eNOS gene) proved clear evi-
dence that endogenously formed NO significantly
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contributed to ischaemia-reperfusion injury, most
likely by peroxynitrite formation from NO
(Flögel et al. 1999).
On exposure of cultured mouse embryo cardiac

myocytes to 0.2 mM ONOO–, [Ca2+]i increased to
beyond the systolic level within 5 min with a con-
comitant decrease in spontaneous contraction of
myocytes followed by complete arrest (Ishida et al.
1996). Addition of a l-type Ca2+ channel blocker or
removal of extracellular Ca2+ prevented the ONOO–-
induced increase in [Ca2+]i, indicating that the in-
crease in [Ca2+]i was caused by the enhanced influx
of Ca2+ through the plasma membrane and not by
the enhanced release from sarcoplasmic reticulum.
Plasma membrane fluidity and concentration of the
thiobarbituric acid-reactive substance in the cells
remained unchanged under the ONOO– treatment.
Peroxynitrite causes irreversible inhibition of

mitochondrial respiration and damage to a variety
of mitochondrial components via oxidising reac-
tions as reviewed by Brown (1999). Thus it inhibits
or damages mitochondrial complexes I, II, IV and
V, aconitase, creatine kinase, the mitochondrial
membrane, mitochondrial DNA, superoxide dis-
mutase, and induces mitochondrial swelling, depo-
larisation, calcium release and permeability transi-
tion. Peroxynitrite exposure to rat heart mitochon-
drial preparations resulted in significant inactiva-
tion of electron carriers such as succinate dehydro-
genase and NADH dehydrogenase as well as the mi-
tochondrial ATPase (Radi et al. 1994).
In mouse embryo ventricular heart muscle cells

ONOO– increased [Ca2+]i through disturbance of
Ca2+ transport systems in the plasma membrane
and impaired contractile protein (Ishida et al.
1996). Immunohistology demonstrated that the
ONOO–-mediated nitration product nitrotyrosine
was formed in postischaemic but not in normally
perfused controls (Wang and Zweier 1996). Most
of the reactive oxygen species-positive cells in in-
flamed mucosa biopsy specimens from inflamma-
tory bowel disease patients and control subjects
were also positive for nitrotyrosine (Dijkstra et al.
1998). Nitrotyrosine-modified proteins were found
on the surface of reactive oxygen species-positive
cells.
Reaction of peroxynitrite with tyrosine residues

gives 3-nitrotyrosine and dityrosine, as well as hy-
droxylated ring products (Ischiropoulos et al.
1992, van der Vliet et al. 1994, Ischiropoulos
1998). 3-Nirotyrosine appears to be a specific
marker of reactive nitrogen species, though it
should be noted that this species can undergo fur-
ther reaction with excess oxidant to give 3,5-
dinitrotyrosine (Yi et al. 1997). Low levels of per-
oxynitrite can cause inactivation of the heme-

thiolate protein prostacyclin (PGI2)-synthase by ni-
tration of a tyrosine residue (Mehl et al. 1999).
Spectral and kinetic analyses allow to conclude on a
ferryl nitrogen dioxide complex as an intermediate
which decomposes in the presence of an excess of
peroxynitrite under formation of dioxygen, nitrite,
and nitrate. This occurs in a catalytic cycle which
was more efficient with P450nor than with microper-
oxidase. If phenol was added to the reaction mix-
ture of peroxynitrite and the ferric complexes the
ratio of hydroxylated to nitrated phenols decreased
compared to the metal-free system. Phenol com-
peted with the formation of dioxygen indicating
that the ferryl intermediate was involved in both
pathways. Alternatively, the ferry nitrogen dioxide
complex can oxidise a second peroxynitrite mole-
cule to the radical, ONOO , which can decompose
to dioxygen and NO. The latter forms N2O3 with
the remaining NO2 radical. A third pathway con-
sists in the isomerization to nitrate which also is ca-
talysed by the heme proteins since the ratio of ni-
trite/nitrate does not change significantly during
the catalytic reaction with excess of peroxynitrite.
Immunohistology demonstrated that the

ONOO–-mediated nitration product nitrotyrosine
was formed in postischaemic but not in normally
perfused controls (Wang and Zweier 1996). Most
of the reactive oxygen species-positive cells in in-
flamed mucosa biopsy specimens from inflamma-
tory bowel disease patients and control subjects
were also positive for nitrotyrosine (Dijkstra et al.
1998). Nitrotyrosine-modified proteins were found
on the surface of reactive oxygen species-positive
cells.
Both peroxynitrous acid and peroxynitrite react

with methionine, kacid = (1.7±0.1) × 10
3 M–1 s–1 and

kanion = 8.6±0.2 M–1 s–1, respectively, and with N-
acetylmethionine kacid = (2.8±0.1) × 10

3 M–1 s–1 and
kanion = 10.0±0.1 M

–1 s–1, respectively, to form sulf-
oxides (Perrin and Koppenol 2000).
d,l-Selenomethionine is oxidised by peroxyni-

trite by two competing mechanisms, a one-electron
oxidation that leads to ethylene, and a two-electron
oxidation that gives methionine selenoxide (Pad-
maja et al. 1997). Kinetic modelling of the experi-
mental data suggests that both peroxynitrous acid
and the peroxynitrite anion react with d,l-
selenomethionine to form methionine selenoxide
with rate constants of 20,460±440 M–1s–1 and
200±170 M–1s–1, respectively at 25 °C. In the pres-
ence of added bicarbonate, the yield of ethylene ob-
tained from the reaction of 0.4 mM peroxynitrite
with 1.0 mM selenomethionine, decreased by 35%
with an increase in the concentration of bicarbon-
ate from 0 to 25 mM. Kinetic simulations showed
that the decrease in the yield of methionine selen-
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oxide is due to reaction of the peroxynitrite anion
with CO2.
When peroxynitrite (100–200 nmol site–1) was

injected into the skin of anaestethized rats, the loss
of nitrated proteins appeared biphasic with an ini-
tial (t1⁄2 = 2 h) and slower loss (t1⁄2 = 22 h), and a
major nitrated protein was identified as albumin by
Western blot analysis (Greenacre et al. 1999).
Peroxynitrite at low concentrations (3–10 M)

inhibited agonist-induced platelet aggregation by a
mechanism not dependent on the formation of cy-
clic guanosine monophosphate (Low et al. 2002).
Platelets recovered completely from peroxynitrite-
induced inhibition within 30 min. Peroxynitrite in-
duced nitration of cytosolic proteins, but this di-
minished to near basal levels within 60 min of ex-
posure to the oxidant. During this period there was
a reduction in tyrosine phosphorylation of specific
proteins such as syk, but this was not due to the di-
rect nitration of the same proteins. The inhibition
of phosphorylation was reversible with platelet pro-
teins recovering the ability to be phosphorylated
within 15 min of exposure to peroxynitrite. Con-
versely, peroxynitrite increased phosphorylation of
other proteins, but again these events were not di-
rectly linked to nitration.
The peroxynitrite generator, 3-morpholinosyd-

nonimine (SIN-1), in vitro caused a concentration-
dependent inhibition of eosinophil chemotactic ac-
tivity (Sato et al. 1999). Peroxynitrite reduced
RANTES (regulated on activation, normal T-cell ex-
pressed and secreted) and interleukin-5 binding to
eosinophils and resulted in nitrosotyrosine forma-
tion. In vitro peroxynitrite significantly (P 0.05)
attenuated eotaxin-induced chemotactic activity in
a dose-dependent manner (Sato et al. 2000). The
inhibitory effect was not significant on eotaxin-
induced chemotactic activity induced by leukotri-
ene B4 or complement-activated serum incubated
with peroxynitrite. The reducing agents deferoxa-
mine or dithiothreitol reversed eotaxin-induced
chemotactic activity inhibition by peroxynitrite,
and exogenous l-tyrosine abrogated the inhibition
by peroxynitrite. 3-Morpholinosydnonimine (SIN-
1) caused a concentration-dependent inhibition of
eotaxin-induced chemotactic activity by eotaxin.
Consistent with its capacity reduce eotaxin-induced
chemotactic activity, peroxynitrite treatment re-
duced eotaxin binding to eosinophils.
In the central nervous system, OONO– induced

modification of neuronal function. It stimulated the
release of neurotransmitters including -amino-
butyric acid (GABA) and acetylcholine from mouse
cerebral cortical neurones (Ohkuma et al. 1995).
Hydroxyl radical scavengers such as N,N’-dimethyl-
thiourea (DMTU), mannitol, and uric acid signifi-

cantly increased OONO–-evoked [3H]GABA release,
whereas urea showed no effects on the release
(Higo et al. 1998). Removal of Ca2+ from incubation
buffer abolished the enhancement of the release by
DMTU, although DMTU showed no effects on the
basal release with and without Ca2+ in extracellular
space.
Uric acid is present in human plasma at much

higher levels than those encountered in other pri-
mates because the enzyme urate oxidase is absent
from human tissues (Cutler 1984). it has therefor
e been proposed that uric acid is an important anti-
oxidant for humans (Ames et al. 1981). Urate reacts
with peroxynitrite with an apparent second order
rate constant of 4.8×102 M–1 · s–1 in a complex pro-
cess, which is accompanied by oxygen consumption
and formation of allantoin, alloxan, and urate de-
rived radicals (Santos et al. 1999). The main radi-
cal was identified as the aminocarbonyl radical by
the electrospray mass spectra of its 5,5-dimethyl-l-
pyrroline-N-oxide adduct. Mechanistic studies sug-
gested that urate reacts with peroxynitrous acid and
with the radicals generated from its decomposition
to form products that can further react with per-
oxynitrite anion.
The degradation of the glycosaminoglycan hy-

aluronan by peroxynitrite was prevented to varying
extents by addition of alternate target molecules (Li
et al. 1997). Thiourea was extremely effective as a
protective agent, dimethyl sulfoxide was moderately
effective, while sodium benzoate and mannitol
were slightly effective. A similar pattern of protec-
tion was observed when hyaluronan was degraded
by hydroxyl radical generated by a metal ion/H2O2
system.
Phosphorylation activity of five tyrosine kinases

of the src family from both human erythrocytes and
bovine synaptosomes was stimulated by treatment
with 30–250 M peroxynitrite (Mallozzi et al.
1999). This effect was not observed with syk, a non-
src family tyrosine kinase. Higher concentrations of
peroxynitrite inhibited the activity of all kinases,
indicating enzyme inactivation.
In order to quantify peroxynitrite scavenging by

different antioxidants Balavoine and Geletii

(1999) developed a convenient “tube” assay. Peroxy-
nitrite was employed as a biologically relevant
source of radicals with Pyrogallol Red as a detect-
ing molecule. A variety of compounds have been
examined, namely polyphenols, uric acid, glutathi-
one, and ascorbic acid. Competition kinetics were
observed for the majority of examined compounds,
except thymol and ascorbic acid. Pyrogallol Red
was fully protected by ascorbic acid against the
bleaching by peroxynitrite until its total consump-
tion. The deviation from competition kinetics in
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the case of thymol was due to the formation of radi-
cals from thymol and their subsequent reaction
with Pyrogallol Red. Quercetin was the most effi-
cient scavenger of free radicals. The measurements
of relative antioxidant activities using Pyrogallol
Red and other detecting molecules, such as gallocy-
anine and carminic acid, were in fair agreement.

Carotenes (lycopene, -carotene, and -carotene)
and oxocarotenoids ( -cryptoxanthin, zeaxanthin,
and lutein) prevented the formation of rhodamine
123 from dihydrorhodamine 123 caused by peroxy-
nitrite, suggesting that the carotenoids react with
peroxynitrite (Panasenko et al. 2000). Oxocarote-
noids were as effective as biothiols (glutathione,
cysteine, and bovine serum albumin), known scav-
engers of peroxynitrite, whereas lycopene, -carot-
ene, and -carotene exhibited a considerably more
pronounced effect. Peroxynitrite caused a loss of
carotenoids in low-density lipoprotein. Class II con-
gestive heart failure (according to the New York
Heart Association) patients showed significantly
lower malondialdehyde levels and significantly
higher levels of vitamin A, vitamin E, lutein, and ly-
copene than class III patients (Polidori et al.
2002).

Hydroxytyrosol, one of the o-diphenolic com-
pounds in extra virgin olive oil, was highly protec-
tive against the peroxynitrite-dependent nitration
of tyrosine and DNA damage by peroxynitrite in
vitro (Deiana et al. 1999). The lignans (+)-1-
acetoxypinoresinol and (+)-pinoresinol are major
components of the phenolic fraction of olive oils
(Owen et al. 2000). These lignans, which are potent
antioxidants, are absent in seed oils and virtually
absent in refined virgin oils but are present in con-
centrations of up to 100 mg/kg (mean±SE,
41.53±3.93 mg/kg; range, 0.65–99.97 mg/kg) in ex-
tra virgin oils.
Green tea extract and its polyphenols markedly

inhibited luminol-dependent chemiluminescence
activated by peroxynitrite or SIN-1 (Van Dyke et
al. 2000). At high doses of tea or antioxidants, the
light generated from the reaction of peroxynitrite
and luminol was clearly inhibited. However, at di-
lute concentrations of antioxidants, one can often
observe stimulation of light. Wörth et al. (2000)
developed an analytical method capable of separat-
ing six different catechins and caffeine in tea by mi-
cellar electrokinetic chromatography in only
20 min without extensive sample preparation and
compared the amount of catechins and caffeine in
several teas and different preparation methods.
Valcic et al. (2000) isolated and identified a previ-
ously unreported reaction product of (–)-epigal-
locatechin gallate and three reaction products of
(–)-epigallocatechin. In the (–)-epigallocatechin

gallate product, the B-ring was transformed into a
ring-opened unsaturated dicarboxylic acid moiety.
The (–)-epigallocatechin products included a
seven-membered B-ring anhydride and a symmet-
rical (–)-epigallocatechin dimer, both analogues of
previously described (–)-epigallocatechin gallate
oxidation products. The third (–)-epigallocatechin
product was an unsymmetrical dimer.

Catechins inhibited invasion of mouse MO4 cells
into embryonic chick heart fragments in vitro
(Bracke et al. 1991). The anti-invasive effects could
be ranked as follows:

(+)-catechin (–)-epicatechin 3-O-methyl-(+)-catechin
3-O-palmitoyl-(+)-catechin

Most of the catechins are unstable in cell culture
media, and their spontaneous rearrangement prod-
ucts tend to bind to extracellular matrix.
Iron(III) meso-tetra(2,4,6-trimethyl-3,5-disulph-

onato)porphyrine chloride (FeTMPS) is oxidised by
peroxynitrite to produce oxoFe(IV)TMPS and NO2

(k1 = 1.3 × 10
5 M–1s–1) (Shimanovich and Groves

2001). The porphyrin is then reduced back to Fe(II-
I)TMPS by nitrite, but this rate (k2 = 1.4 × 104

M–1s–1) is not sufficient to maintain the catalytic
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NO2 + NO N2O3• [87]

NH2–R + N2O3 R–NHNO + NO2
– [88]

R–NHNO RNNOH [89]R–OH + N2•

process at the observed rate. A “cage -return” reac-
tion between the generated oxoFe(IV)TMPS and
NO2 (k8 = 5.4 × 10

4 M–1s–1), affording Fe(III)TMPS
and nitrate, and a reaction between oxoFe(IV)TMPS
and peroxynitrite (k7 = 2.4 × 10

4 M–1s–1) that afford
oxoFe(IV)TMPS and nitrate are presented.

6.2.11

N2O3: Nitrosative Stress

The term “nitrosative stress” emphasises a close re-
lationship to oxidative stress, where among other
targets, metals and thiols are modified by oxida-
tion. Oxidants and nitrosants can interact to form
other oxidising/nitrosating species, which in turn
can potentiate the toxicity of either species is capa-
ble of imposing by itself.
Studies suggest that there exists a balance be-

tween NO and two of the major reactive nitrogen
oxide species, dinitrogen trioxide (N2O3) and per-
oxinitrite (Miles et al. 1995, 1996,Wink et al. 1997)
that can determine the toxicological outcome under
conditions involving both or either NO and reac-
tive oxygen species.
Dinitrogen trioxide (N2O3) can be derived from

several sources: the reaction of NO with O2, acidic
nitrite, or from the NO/O2-reaction (Wink et al.
1993). The primary mode of chemistry is to nitro-
sate amines and thiols to form nitrosamines and S-
nitrosothiols (Williams 1988).

It was proposed that nitrosation of the exocyclic
amide group resulted in a primary nitrosamine:

This was then followed by rapid deamination re-
sulting in hydroxy group:

Nitrosylated albumin was detected in activated
macrophage supernatants using an anti-NO-acetyl-
ated cysteine antibody (Gobert et al. 1999). It was
estimated that 10% of N2O3 produced by activated
cells participate in extracellular nitrosylation. N2O3
thus appears to be a new effector molecule of the
immune system, as an agent for the nitrosylation of
albumin, the main nitric oxide carrier in vivo.
The NO-mediated deamination of nucleobases

depends on the presence of oxygen, indicating that
N2O3 is involved (Nguyen et al. 1992). This chemis-
try would result in the conversion of cytosine to
uracil, guanine to xanthine, methylcytosine to
thymine, and adenine to hypoxanthine. Single-

stranded DNA is far more susceptible to nitrosative
chemistry than double-stranded DNA (Merchant
et al. 1996). It has been proposed that these mecha-
nisms involving NO could contribute to the sponta-
neous deamination which occurs in vivo. Another
possible pathway for the mutagenicity of N2O3 is the
endogenous formation of nitrosamines, which are
powerful DNA-alkylating agents (Bartsch et al.
1990).
Na2N2O3, Angelis’ salt, as a source of NO

– was
found to be cytotoxic to Chinese hamster V79 lung
fibroblast cells over a concentration range of
2–4 mM (Wink et al. 1998). The presence of equi-
molar ferricyanide, Fe(III)(CN)6

3–, which converts
NO– to NO, afforded dramatic protection against
Angelis’ salt-mediated cytotoxicity. Treatment of
V79 cells with l-buthionine sulfoximine to reduce
intracellular glutathione markedly enhanced the cy-
totoxicity of Angelis’ salt, which suggests that GSH
is critical for cellular protection against the toxicity
of NO–. At a molecular level, exposure to Angelis’
salt resulted in DNA double strand breaks in whole
cells, and this effect was completely prevented by
coincubation of cells with ferricyanide or 4-hydro-
xy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL).
The beneficial effect of TEMPOL, however, is

limited because its short lifetime in tissues (Kuppu-
samy et al. 1996). Polynitroxylated macromolecules
such as polynitroxyl-human serum albumin enable
maintaining a sustained concentration of TEMPOL
for longer periods in tissue. In rats medicated with
polynitroxyl-human serum albumin + TEMPOL is-
chaemic myocardial infarct volume was signifi-
cantly smaller than that in control rats given saline
(Li et al. 2002).
Because of their versatility and favourable prop-

erties, in addition to their relative nontoxicity in
both in vitro and in vivo systems (Swartz et al.
1995, Damiani et al. 2000), it is likely that nitroxi-
des will find increasing use in viable biological sys-
tems. The results obtained overall by Damiani et al.
(2000) in an in vitro study of oxidative DNA dam-
age and the effect of nitroxides shed more light on
the antioxidant activity of this particular class of
compounds and lead to a better understanding of
the full exploitation of these powerful tools.

6.2.12

Nitric Oxide/Nucleophile Complexes

Adducts of NO with nucleophiles (NONOates) have
long been known in the chemical literature (Drago
1962). Their biological properties, however, have
not been explored until recently. The biologically
important polyamine, spermine or sulphite ions
form adducts showing vasorelaxant properties with
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EC50 values of 6.2 M and 62 M, respectively
(Morley and Keefer 1993). NONOates may have
the potential to address some of the limitations of
currently available nitrovasodilators. They maintain
NO stability during storage in solid form and are
highly soluble in aqueous media. The rate at which
NO is generated on dissolution of these com-
pounds in a biologic system can be chemically pre-
dicted and adjusted by altering the carrier nucleo-
phile. In acute lung injury induced by intravenous
injection of oleic acid (cis-9-octadecanoid acid) in
the pig, aerosolised nonoate following surfactant
pre-treatment improved oxygenation and reduced
pulmonary hypertension (Jacobs et al. 2000).
Exposure of rat skeletal muscle to diethylamine

NONOate (5 mM) resulted in a 50% reduction in
catalase (EC 1.11.1.6), glutathione peroxidase (EC
1.11.1.9), and a dose-dependent inhibition of Cu,Zn
superoxide dismutase (EC 1.15.1.1) (Lawler and
Song 2002).
When [14C]acetaminophen was incubated at

pH 7.4 with reactive nitric oxygen species, the same
new product (3NAP) was produced by at least three
separate pathways represented by the following
conditions: myeoloperoxidase oxidation of NO2

–,
NO2Cl, and ONOO

– or 3-morpholinosydnonimine
(Lakshmi et al. 2000). Human polymorphonucler
neutrophils incubated with [14C]acetaminophen
and stimulated with 12-O-tetradecanoylphorbol-13-
acetate produced 3NAP in the presence of NO2

–

Neutrophil 3NAP formation was verified by mass
spectrometry and was consistent with myeoloper-
oxidase oxidation of NO2

–. Spermine NONO sup-
ported 3NAP formation by stimulated cells in the
absence of NO2

–. Results demonstrated that 3NAP is
a product of nitrating reactive nitric oxygen species
generated by at least three separate pathways and
may be a biomarker for nitrating mediators of in-
flammation.

6.2.13

S-Nitrosothiols as Intermediates
in the Metabolism or Bioactivity of NO

In view of the fact that the plasma and cellular mi-
lieu contains reactive species that can rapidly inac-
tivate NO, it has been postulated that NO is stabi-
lised by a carrier molecule that preserves its biolog-
ical activity. Reduced thiol species are candidates
for this role. as they readily react in the presence of
NO to yield biologically reactive S-nitrosothiols
that are more stable, and possibly more potent than
NO itself (Ignarro et al. 1981, Mendelsohn et al.
1990). Sulfhydryl groups in proteins, and free cyste-
ine and GSH represent an abundant source of re-
duced thiol in biological systems. There is increas-

ing evidence that at least part of the activity of NO
is attributable to S-nitrosothiols derived from the
reaction of NO with intracellular thiol compounds
like cysteine or GSH (Ignarro 1990, Myers et al.
1990). S-Nitrosothiols may play the same role in the
mechanism of action of endothelium-derived relax-
ing factor (EDRF) as NO; the potent and long-
lasting effects of vasodilatation and platelet inhibi-
tion that they cause are mediated by guanylate cy-
clase activation (Ignarro et al. 1981, Mellion et
al. 1983). These observations suggest that S-
nitrosothiol groups in proteins may serve as inter-
mediates in the cellular metabolism or bioactivity
of NO and that their formation may represent an
important cellular regulatory mechanism (Stam-
ler et al. 1992). S-Nitrosothiols have also been pro-
posed as biologically active intermediates in the
metabolism of organic nitrates (Ignarro et al.
1981, Mellion et al. 1983, Loscalzo 1985).
The reactivity of NO with sulfhydryl (R–SH)

groups depends on the electron configuration of its
2p- antibonding orbital, as reviewed by Stamler
et al. (1992). The presence of one (radical) electron
in this orbital does not ordinarily confer reactivity
with R–SH groups, though it clearly allows reaction
with thiyl radical species. On the other hand, loss of
this electron to form NO+ confers strong electrophi-
licity and reactivity towards most biological R–SH
species (Stamler et al. 1992, Arnelle et al. 1995).
A second electron in the 2p-H orbital, forming NO–,
may under certain circumstances confer reactivity
with relatively electropositive R–SH species, partic-
ularly in the presence of ferrous ion or other transi-
tion metals (Stamler et al. 1992, Arnelle et al.
1995, Vanin et al. 1997).
The reductive decomposition of S-nitrosogluta-

thione by l-ascorbic acid yields NO which was
monitored both electrochemically and spectropho-
tometrically (Smith and Dasgupta 2000). The rate
of reaction and NO release was found to be pH de-
pendent in a manner which dramatically increases
with pH demonstrating that the l-ascorbic acid
dianion is by far the most reactive species of l-
ascorbic acid. S-Nitrosoglutathione is relatively sta-
ble in the dark, aqueous medium and even in the
presence of trace quantities of Cu2+. Induced cata-
lytic decomposition of S-nitrosoglutathione only
becomes significant above ca. 10 M Cu2+, but be-
yond this it shows linear dependency.
Gorren et al. (1996) have suggested that the

Cu+-promoted decomposition of S-nitrosoglutathi-
one does not involve reoxydation of Cu+, since no
complex formation occurred when the specific Cu2+

chelator cuprizone was added. Noble et al. (1999)
found that Cu2+ is complexed more strongly to S-
nitrosoglutathione than it is to cuprizone, since
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GSNO + e– GS– + •NO [90]

GSNO + e– GS• + NO– [91]

RH2 + O2 RH• +O2
•– + H+

RH2 + Cu2+ Cu1+ + RH• + H+

2 GSNO–Cu1+ GSSG + 2 •NO

RH2 + •NO RH• + NO– + H+

2 •NO + O2 2 •NO2

RH2 + •NO2 RH• + HNO2

O2
•– + O2

•– H2O2 + O2
•NO + O2

•– ONOO–

2RH2 + ONOOH 2 RH• + HNO2 + H2O

6 RH• 3 RH2 + 3 R

H+ ONOOH

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Oxidation mechanism of adrenaline and its cyclic deriva-
tives by the system GSNO/CuSO4 in aerobic conditions. 
RH2, RH•, and R indicate the o-diphenol, semiquinone, and 
o-quinone forms of adrenaline and its cyclic derivatives 
(leucoadrenochrome and adrenolutin), respectively. (from 
RIGOBELLO et al. 2001)

when Cu2+ was added to equal concentrations of
cuprizone and S-nitrosoglutathione, no cuprizone
complex was formed. However, they also found that
cuprizone stopped the reaction of S-nitroso-N-
acetylpenicillamine, added either at the start or af-
ter 60% reaction. In this case the disulphide does
not have an inhibiting effect on the reaction.

One-electron reduction of S-nitrosoglutathione
(GSNO) has been found to proceed via a pathway to
give glutathione and nitric oxide (Atsipapa et al.
1999):

rather than thiyl radicals and nitroxyl anion:

The carbon dioxide radical anion reacted with
GSNO at a rate first-order in [GSNO] with k =
7×108 dm3 mol–1 s–1. The differential absorption
spectrum (product – reactants) after 100 s, when
reaction was complete, corresponded closely to the
bleaching of the ground state of GSNO ( max =
34 nm). This indicates little (if any) production of
GS , which absorbs significantly at 250 – 450 nm.
The lack of production of GS was confirmed by the
negligible production of ABTS – radical from 2,2’-
azinobis(3-ethylbenzothiazoline-6-sulphonate),
characteristic of oxidation of the chromophore.
Atsipapa et al. (2000) used kinetic competition

experiments involving superoxide reacting with
GSNO, compared with its dismutation, to measure
the reactivity of O2

– to GSNO. Superoxide reacted
with GSNO about seven orders of magnitude slower
than superoxide dismutase.
Noble and Williams (2000) speculated what

might occur in vivo with reference of NO release
from GSNO. At micromolar levels, NO will be gener-
ated rapidly from GSNO if there is present a sufficient
concentration (also around micromolar levels) of a
Cu2+ source (peptide of protein bound; Dicks and
Williams 1996) together with again a low concentra-
tion of a thiol or other reducing agent to effect Cu+

formation. The importance of the transnitrosation
process now loses its significance, although it may
occur in parallel, but may be too slow at low thiol
concentrations to compete. The same conclusion ap-
plies to the possible enzymatic transformation,
which leads to SNO–CysGly, which behaves much
like GSNO at micromolar concentrations in its ability
to generate NO by the copper-catalysed reaction.
Adrenaline and its cyclic derivatives (adreno-

chrome and adrenolutin) may be oxidised by S-

nitrosoglutathione (Rigobello et al. 2001). Adren-
aline was first oxidised to adrenochrome that, after
isomerization to adrenolutin, was further oxidised
to products monitored as fluorescence decrease. To
occur to a significant extent, this oxidation requires
copper ions that, in addition to a direct effect on the
oxidation of the o-diphenol moiety, are also able to
compose nitrosothiols, giving rise to nitric oxide.
The latter, after interaction with oxygen and super-
oxide, produces nitrogen oxides and peroxynitrite,
respectively, that are important contributors to the
oxidative process. In this context, catecholamines
might act as regulatory factors toward nitric oxide
and its derivatives.

Vanin et al. (2002) analysed the influence of copper
and iron ions on the process of decomposition of S-
nitrosocysteine, the most labile species among S-
nitrosothiols. Copper or iron ions, especially in the
presence of the reducing agent ascorbate, acceler-
ated the decomposition of S-nitrosocysteine and
markedly attenuated the amplitude and duration of
the relaxant effect of S-nitrosocysteine. By contrast,
the iron and copper chelators bathophenantroline
disulphonic acid and bathocuproine disulphonic
acid exerted a stabilizing effect on S-nitrosocyste-
ine, prolonged its vasorelaxing effect, and abolished
the influence of ascorbate. In the presence of ascor-
bate, bathophenantroline disulphonic acid dis-
played a selective inhibitory effect toward the influ-
ence of iron ions (but not toward copper ions) on
S-nitrosocysteine decomposition and vasorelaxant
effect, while bathocuproine disulphonic acid pre-
vented the effects of both copper and iron ions.
Although inhibition of NOS, transfection with

iNOS, or addition of NO donors did not affect ma-
trix metalloproteinase-9 induction in airway epi-
thelial cells by inflammatory cytokines, addition of
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NO2
– + Carotene•+

α-Tocopherol• + H+

NO2
• + Carotene

RO2
• + α-Tocopherol

[102]

[103]

Carotene•+ = AscH Carotene + Asc•– + H+ [104]

Carotene•+ = AscH2 Carotene + AscH• + H+ [105]

LO2
• + Carotene LOO Carotene•

02LOO Carotene-OO• [106]

S-nitrosothiols dramatically inhibited matrix
metalloproteinase-9 expression, which was potenti-
ated by depletion of cellular GSH (Okamoto et al.
2002). Cytokine-induced matrix metalloproteinase-
9 expression involves the activation of the tran-
scription factor NF- B, and S-nitrosothiols, in con-
trast to NO, were found to inhibit cytokine-
induced nuclear translocation and DNA binding of
NF- B.

6.2.14

Cell Protection Against NOx

Both in vivo and in vitro cell protection against the
peroxynitrite anion and the nitrogen dioxide radi-
cal was demonstrated for -carotene in the pres-
ence of vitamin E and ascorbic acid (Böhm et al.
1998).

In the presence of ascorbic acid (Asc), Böhm et al.
(1998) observed a synergistic rather than an addi-
tive effect in their studies in human lymphoid and
Jurkat cells and this implied an interaction between
these individual anti-oxidant components.

While there is direct evidence for the regeneration
of the parent carotenoid from its radical cation via

ascorbic acid, an interaction between -tocopherol
and carotene is more speculative. In polar environ-
ment -tocopherol + would be rapidly deprotonated
(Parker and Bisby 1993) so that no interaction
between -tocopherol + and carotene would be pos-
sible. Indeed, for the water-soluble vitamin E ana-
logue, Trolox C, they saw the quenching of caro-
tene + by Trolox C.
Tsuchihashi et al. (1995), using 2,2’-azobis(2,4-

dimethylvaleronitrile) as a radical initiator and con-
ventional spectroscopic techniques, suggested that
any protective effect of -carotene which they ob-
served was not due to carotene + production, but
rather due to the formation of uncharged species
via addition reaction of the type:

where LO2 is a peroxyl radical deep inside the non-
polar region of the membrane.
The glutathione redox system may regulate NOx-

mediated protein thiol modification by participat-
ing in the repair of protein thiols modified by NOx

(Padgett and Whorton 1997). Many protein thi-
ols have pKa values lower than free cysteine and are
therefore more reactive toward NOx. These protein
thiols would be expected to react preferentially with
NOx over glutathione. The observed requirement
for glutathione may thus be to reverse the nitrosyla-
tion of protein thiols in a manner similar to the role
for glutathione in reversing protein thiols oxidized
by H2O2.
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