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I. Introduction 

The realization that superoxide, and other reactive 
oxygen species, is produced in significant quantities in 
biological systems is a relatively recent one and the 
nature and purpose of the radical-generating systems is 
in most cases, only beginning to be understood. It is the 
purpose of this review to describe the known biological 
sources of superoxide, the enzymic machinery used to 
generate it, and the possible functions to which it is put. 

II. Free radicals derived from autoxidation of small 
molecules 

There are a number of small intra- and extracellular 
components which are capable of undergoing redox 
reactions with molecular oxygen to generate superoxide 
(O~-). These include thiols [1], flavins [2,3], quinones, 
catecholamines [4] and pterins [5,6]. In addition many 
xenobiotics exert their biological effects, both beneficial 
and detrimental, through the production of O~- and 
other reactive oxygen species by undergoing redox cy- 
cling reactions with enzymes, notably NADPH-cyto-  
chrome P-450 reductase [7]. 

III. Superoxide as an enzyme-bound intermediate 

Superoxide is an enzyme bound intermediate in a 
number of enzymic reactions and can be bound to a 
variety of prosthetic groups: flavins (in 2-nitropropane 
dioxygenase [8]); haem (in cytochrome P-450 [9]); 
copper (in galactose oxidase [10]); non-haem iron (in 

ferredoxin [11]). The bound superoxide is not normally 
released. In addition to superoxide dismutase, at least 
one enzyme, indolamine 2,3-dioxygenase uses O 2- as a 
substrate [12]. 

IV. Neutrophil N A D P H  oxidase 

1V-A. Composition and properties 

The superoxide generating system of neutrophils is a 
membrane-associated enzyme complex present in a 
dormant form in unstimulated cells which is converted 
to the active form after treatment of the cells with a 
suitable agonist. This is accompanied by the consump- 
tion of oxygen (the respiratory burst) and the produc- 
tion of the superoxide anion radical. This "increased 
respiration of phagocytosis" was first reported by Bal- 
dridge and Gerrard in 1933 [13] and was thought to 
result from the stimulation of mitochondrial respiration 
to provide energy for phagocytosis. The system respon- 
sible for the respiratory burst was shown to be non- 
mitochondrial in origin when it was found to be insensi- 
tive to the classic mitochondrial inhibitors, cyanide and 
antimycin [14]. The same oxidase is believed to be 
present in all the microbicidal phagocytic cells; poly- 
morphonuclear leukocytes (PMN, neutrophils); mono- 
cytes; macrophages (including at least some tissue mac- 
rophages) and eosinophils. It consists of at least two 
redox active components, a ravin adenine dinucleotide 
(FAD)-containing flavoprotein and a unique low-poten- 
tial b-type cytochrome, cytochrome b-245. It has been 
the subject of a number of recent excellent reviews 



[15-17]. The source of electrons for the reduction of 
oxygen is NADPH, formed by the hexose monophos- 
phate pathway; the activity of the latter is greatly 
stimulated during the respiratory burst. The flavo- 
protein is likely to accept two electrons from NADPH 
and pass them one at a time to cytochrome b-245, 
which in turn performs a single electron reduction of 
molecular oxygen to form 02 ,  as shown in Scheme I. 

Cytochrome b-245 was originally reported in equine 
neutrophils by Hattori in 1961 [18] and it was later 
suggested by Shinagawa [19] that it might be involved in 
the respiratory burst on the basis of its autoxidizability 
and capacity to bind carbon monoxide, both properties 
expected of cytochrome oxidases. This work was rather 
ignored until the observations of Segal and co-workers 
that the cytochrome was absent from the neutrophils of 
some [20,21] but not all [22] patients with chronic 
granulomatous disease (CGD) in which the respiratory 
burst is absent. The cytochrome was found to be local- 
ized in both the plasma membrane and the specific 
granule fraction. The cytochrome became incorporated 
into the phagolysozomal membrane during phagocytosis 
[23,24] and became reduced on stimulation of the cells 
under anaerobic conditions and reoxidized when air was 
readmitted [25]. In those CGD patients who had the 
cytochrome it was not reduced on stimulation, suggest- 
ing the deficiency of some other component [26]. These 
findings were elegantly supported by complementation 
studies in monocytes using cells from patients with 
cytochrome b-245-positive and -negative forms of CGD 
[27]. Recent work has shown that the majority of pa- 
tients with the cytochrome b-positive form of CGD are 
lacking one or other of the two cytosolic proteins of 
molecular mass 47 kDa or 66 kDa which appear to be 
involved in the activation process (reviewed by Curnutte, 
Ref. 28). The cytochrome has an extremely low mid- 
point oxidation-reduction potential (Em7 = -245 mV) 
[29], lower than any other mammalian cytochrome and 
sufficiently low to reduce oxygen to superoxide (Em7 = 
- 160 mV [30]). The cytochrome was originally detected 
only in the specialized phagocytic cells [31] (but vide 
infra); its synthesis was induced in both the DMSO-in- 
duced differentiation of the promyelocytic HL-60 cell 
line and after interferon-,r treatment of a macrophage 
cell line, concomitantly with the ability to produce 0 2 
[32,33]. In common with many terminal oxidases, cyto- 
chrome b-245 can form complexes with ligands other 
than molecular oxygen, but with rather low affinities 
[19,34-43]. The K m of the oxidase for oxygen is be- 
tween 5 and 30 /~M [42,44-46] but for the classic 
cytochrome oxidase inhibitor, carbon monoxide, the K m 

is much higher (1.4 mM) and CO is not inhibitory in the 
presence of oxygen [34]. Such resistance to CO is not 
unique among oxygen-ligating haemoproteins. De- 
creased affinity can be due to steric hindrance of the 
linear Fe-CO complex by amino-acid residues near the 

2 e -  e -  NADPH ) Flavoprotein )Cytochrome b-245 

Scheme I. 
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binding site which favour the bent F e - O \ o  ligand 
[47,48]. Hurst and Barrette have suggested that cyto- 
chrome b-245 shows chemical properties consistent with 
those of a strongly hydrogen-bonded mono- or bis- 
histidyl hemin, which would also be compatible with 
reduced CO-binding affinities [15]. The cytochrome also 
binds pyridine, imidazole and butyl isocyanide, which 
are inhibitors of the oxidase [49,50]. Kinetic studies 
have shown the reduced cytochrome to be reoxidized by 
oxygen very rapidly (vide infra) [34,51-53]. In most 
purifications of the oxidase the cytochrome b-245 has 
been found to co-purify with enzymic activity [35,36, 
38,50,51,54-60], although this has not always been the 
case [61-63]. Cytochrome b-245 has now been purified 
and shown to be a heterodimeric protein consisting of a 
heavily glycosylated (/3) subunit of 76-92 kDa and 
non-glycosylated 23 kDa (a) subunit [64-66], both of 
which are absent in the more common form of X-linked 
CGD. Both genes have been sequenced [67,68] but the 
derived amino acid sequences bear no obvious similarity 
to those of other cytochromes, with the exception of a 
limited region in the a-subunit which is similar to a 
region of mitochondrial cytochrome oxidase poly- 
peptide I [68] and to bovine chromaffin granule cyto- 
chrome b [69]. Two recent studies suggest the haem- 
bearing subunit is the a subunit [43,70]. Surprisingly, 
the a-subunit appears to be transcribed in many non- 
myeloid cell types in the absence of the haem spectrum 
[68] and is not regulated by interferon-r [71], unlike the 
/3 subunit which is largely confined to myeloid cells and 
is upregulated by interferon. 

The involvement of a flavoprotein had been sug- 
gested from the early studies of Babior and co-workers, 
who found that the addition of FAD to detergent 
extracts of oxidase containing membranes restored ac- 
tivity lost in the presence of certain detergents [59,72,73]. 
Enzymic activity was inhibited by certain flavin ana- 
logues whilst the oxidase activity in the presence of 
other flavin analogues correlated with their oxidation- 
reduction potential [51,74]. The subcellular distribution 
of FAD is found to be similar to that of cytochrome 
b-245 [75] and there are altered levels of FAD in the 
neutrophils of patients with CGD [75-78]. Light-in- 
duced photoreduction of ravin results in the reduction 
of cytochrome b-245 in the absence of oxygen [42,75] 
and in oxygen uptake under aerobic conditions (Cross 
and Jones, unpublished data). In the presence of 
NADPH both cytochrome and flavoprotein(s) are re- 
duced under anaerobic conditions [50,52]. FAD has 
been found in the most purified preparations of the 
oxidase [55,59,62] although in differing amounts, per- 
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haps reflecting a progressive loss during purification 
procedures and the difficulty in its accurate estimation 
in small quantities of pure enzyme. The flavoprotein is 
fluorescent with excitation and emission bands similar 
to those Of free FAD [52,75,79,80]. The redox potential 
of the ravin has been determined by ESR spectroscopy 
to be -280 mV [46] and is thus thermodynamically 
competent to participate in electron transfer from 
NADPH (Era7  = - - 3 2 0  mV) to cytochrome b-245 (Era7 

= - 245 mV). The redox potential was the same whether 
the membranes were prepared from resting or active 
cells. The flavin semiquinone was formed much more 
rapidly in the presence of NADPH in preparations of 
active membranes compared to those made from resting 
cells, suggesting little interaction between NADPH and 
FAD in the resting enzyme. The semiquinone formed is 
of the blue neutral type [46,74], commonly found in 
flavoproteins of the dehydrogenase/electron transferase 
type, such as cytochrome P-450 reductase [81]. Partial 
purification of the flavoprotein has resulted in prepara- 
tions where the major component polypeptide had a 
molecular mass of 51 kDa (by gel filtration [57]), 72 
kDa, 87 kDa (both by non-denaturing gel electrophore- 
sis [82,83]) or 65-67 kDa (by SDS-PAGE [62,63,84,85]). 
Affinity labelling with reactive NADPH analogues have 
also identified proteins of 65-68 kDa [86,87] and 45, 55 
and 66-70 kDa [85]. It has recently been shown that the 
66 kDa membrane component labelled wi th  o-dial- 
dehyde NADPH is probably not part of the oxidase 
[85,88]. We have used the potent inhibitor of the neu- 
trophil superoxide-generating system, diphenylene 
iodonium (DPI),to label a single polypeptide of 45 kDa 
(by SDS-PAGE) in neutrophils [89], macrophages [90] 
and eosinophils [91]. This polypeptide is induced during 
interferon--r treatment of a monocytic cell-line in syn- 
chrony with the ability to produce 0 2 [33]. The poly- 
peptide has been purified and has properties consistent 
with it being the flavoprotein component of the oxidase 
[801. 

Some workers have suggested that ubiquinone may 
be a component in the electron transport pathway of 
the radical generating system [58,92-96]. However, 
analyses by other groups have found only small quanti- 
fies of ubiquinone in neutrophils, and this has been 
associated with the mitochondrial fractions [97]. 
Ubiquinone is not present in cytoplasts, which can 
perform a normal respiratory burst [98], or in partially 
purified oxidase preparations [55,62] and its participa- 
tion in electron transfer reactions within the oxidase is 
unlikely on thermodynamic grounds. 

An important advance in the understanding of the 
superoxide-generating system was made with the devel- 
opment of a cell-free activation system consisting of 
disrupted resting cells, NADPH and SDS or arachi- 
donate [99-102]. Fractionation of membranes, mem- 
brane extracts and cytosol fractions has identified 

several components in these compartments [68,102-106]. 
By mixing cytosol and membranes from normal individ- 
uals and patients with various types of CGD it has been 
possible to localize the sites of the patients' lesions. Two 
cytosolic proteins of 47 kDa and 65-67 kDa have been 
identified which are essential for oxidase activity and 
which are missing in the commoner forms of autosomal 
recessive CGD [107-112]. Sequence data suggest that 
these proteins are GTP-binding proteins related to the 
ras and src families. A further ras-related 22 kDa 
protein has been shown to associate with the cyto- 
chrome b-245 [113]. Addition of GTP or its non-hydro- 
lysable analogues markedly increases oxidase activity in 
the cell-free system [105,114-120]. In addition to these 
two proteins, both data obtained by the fractionation of 
cytosol and data obtained from experiments measuring 
the kinetic of activation of the oxidase indicate that 
there are likely to be at least two more cytosolic factors 
required, but these are so far unidentified [106,111,121- 
123]. 

1V-B. Electron transfer mechanism in N A D P H  oxidase 

Measurements on NADPH oxidase solubilized from 
activated neutrophil membranes show that the electrons 
donated by NADPH are quantitatively transferred to 
02 forming stoichiometric amounts of O~- (Cross, un- 
published observations); no H202 is formed directly by 
the oxidase and the reaction may be represented thus: 

NADPH + H + + 202 oxidase>NADP + + 2H + + 20]- (1) 

The pK of the dissociation: 

O2H~O { +H + (2) 

is 4.7 [124] and so superoxide is present very largely as 
the anion at physiological pH. Wood [30] has calculated 
that the couple 0 2 / 0  ~ has E 0 = -330 mV (at Po2 = 1 
atm). Even under non-standard conditions, of equal 
concentrations of dissolved O z and 0 2 ,  the Era7 for 
0 2 / 0  2 is 9160 mV. Thus for kinetic efficiency the 
direct donor of electrons from the oxidase complex to 
O z should have Em7 close to, or lower than, -160 mV. 
The arrangement of electron transfer components sug- 
gested in Scheme I is compatible with this requirement. 
The abundant cytochrome b which is characteristic of 
neutrophils and which is present in other 'professional 
phagocytes' has Em7 = -245 mV [29]. 

When dithionite-reduced neutrophil plasma mem- 
branes or solubilized oxidase were rapidly mixed with 
oxygenated buffers the cytochrome b was oxidized 
quickly [53], with a pseudo-first-order rate constant of 
147 s -1. The addition of NADPH to active oxidase 
caused approx. 8.8% reduction of the cytochrome b in 
aerobic steady-state spectra, indicating that the turnover 
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of the cytochrome b was 13.08 mol s -1. Since the 
measured rate of superoxide production by this pre- 
paration was 13.03 mol s - t  (mol cytochrome b) -1 it 
can be seen that all the electrons transferred to O 2 by 
the NADPH oxidase passed through the cytochrome b. 
Thus, it is extremely unlikely that FADH 2 or ravin 
semiquinone (FADH') formed during oxidase turnover 
interacts directly with Q2 to make O~-. 

The oxidation-reduction properties of the FAD asso- 
ciated with plasma membrane NADPH oxidase have 
been determined by ESR spectroscopy [46]. In both 
stimulated and resting cells the Era7 of the flavin was 
-280 mV. A flavin free-radical intermediate was de- 
tected on addition of NADPH, with an ESR signal 
suggesting that it was a neutral semiquinone; this signal 
was absent from membranes prepared from unstimu- 
lated cells. The flavin free radical titrates with Em7 for 
the FAD/FADH couple of -304 mV and Era7 for 
FADH/FADH 2 of -256 mV. These midpoint poten- 
tials are sufficiently low that plasma membrane reduced 
ravin could reduce 02 directly to form O~-, but the 
kinetic studies quoted above suggest that this is un- 
likely, and that the FAD participates in two electron 
transfer from NADPH and one electron transfer to 
cytochrome b. A possible arrangement for such trans- 
fers is shown in Scheme II. Each of the flavin semi- 
quinone couples is sufficiently reducing to reduce the 
cytochrome b with its Era7 = - 2 4 5  inV. 

During steady electron transfer from NADPH to O 2 
the cytochrome b of the oxidase is typically around 10% 
reduced and the FAD 53% reduced [53,125]. From the 
Nernst equation it can be calculated that the cyto- 
chrome b is poised at - 190 mV. At this redox poise the 
FAD should be only 0.09% reduced. Obviously, there is 
a barrier to the transfer of electrons from flavin to 
cytochrome b, resulting in extensive ravin reduction. 
Visible spectroscopy gives no evidence for the presence 
of a ravin semiquinone: the latter may be unstable, 
perhaps undergoing disproportionation to restore 
FADH2, and this suggestion is supported by the mea- 
surements [46] showing that Era7 FAD/FADH" is more 
reducing than Em7 FADH'/FADH2, unlike most 
pyridine nucleotide-dependent flavoproteins. The kinetic 
impediment to the transfer of electrons between FAD 
and cytochrome b may arise from the process of activa- 
tion. In 'resting' oxidase the flavoprotein does not re- 
ceive electrons from NADPH [50]; activation exposes 
the flavin to reduction. It is at present unclear whether 
all the membrane flavoprotein undergoes activation and 
whether the activation process involves any change in 
the association of flavoprotein and cytochrome b. 

Results from experiments using inhibitors support a 
form of organization of components of the NADPH 
oxidase where electrons flow from FAD to cytochrome 
b (Scheme I). The haem ligand imidazole inhibits 
NADPH oxidase: it inhibits reduction of the cyto- 

chrome b but permits reduction of FAD. The oxidase 
inhibitor [89,126] diphenylene iodonium (DPI), which 
binds to the flavoprotein component [127] prevents 
reduction of both FAD and cytochrome b by added 
NADPH. 

IV-C. Electrogenic nature of NADPH oxidase 

The O~- produced by activated phagocytes is re- 
leased on the outer face of the cell, where it enters the 
developing phagocytic vacuole and contributes to the 
microbicidal activity of phagocytes. The electron donor 
to the oxidase is NADPH produced in the cytosol by 
the pentose phosphate pathway (Scheme III). If the 
transfer of electrons is not accompanied by movement 
of other ions its activity will be electrogenic. 

A number of papers have shown that activation of 
neutrophils and other phagocytes is associated with 
changes of the plasma membrane potential. Effects on 
the transmembrane potential charge have usually been 
determined from stimulus-induced changes in the fluo- 
rescence of cationic cyanine dyes, such as di-O-C 5, 
di-O-C 6 and di-O-C 3 or from absorbance changes of the 
anionic oxonols, e.g., Oxonol V. Measurements of mem- 
brane potentials of whole neutrophils are complicated 
by the presence of large numbers of membrane-limited 
granules in the cytoplasm which contain proteins in- 
volved in the microbicidal functions of the leukocytes. 
The distribution of added lipophilic anionic or cationic 
probes of membrane potential across the membranes of 
these intracellular compartments may complicate inter- 
pretation of the absorbance or fluorescence changes. 
This may account for a lack of consistency in the 
reported effects of neutrophil activation on membrane 
potential. 

Most authors agree that activation leads to a de- 
polarisation of the plasma membrane although there 
have been reports of a hyperpolarization preceding the 
onset of superoxide generation [128-130]. Most workers 
report a depolarization of the membrane on activation 
of phagocytes [131-135], but it was suggested that de- 
polarization preceded superoxide production and that 
this change was part of receptor-response~ coupling, 
perhaps due to an influx of Ca 2+ or Na ÷. 

It is possible to prepare cytoplasts from neutrophils; 
these are vesicles of cytosol enclosed in plasma mem- 
brane but lacking the intracellular organdies [136]. Cy- 

/-"-- Cytochrome boxC,N/,,-~O2 
/~FADH 2 " ~  - -245 rnV )~-- 160 mV 

NADP + " ~  -256 ~ Cytochrome b ~  J ~ 0 2 
-33o mV t FADHe 

NADPH - ~  - 304 m V ~ " " C y t o c h r o m e  b o x ~ x ~ O  2 
FAD ~ - 2,15 my ~ -  160 my 

" - - . - _ - ~ C y t o c h r o m e  bre d / ~ 0 2 

Scheme II. Possible redox couples involved in the transfer of electrons 
in NADPH oxidase. 
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toplasts retain the capacity to produce 0 2  when treated 
with activators and have the same plasma membrane 
potential as intact neutrophils. When loaded with indi- 
cators of membrane potential the results are not dis- 
torted by partition of the probe into granule or mito- 
chondrial compartments and the low peroxidase content 
of cytoplasts diminishes the risk of peroxidative attack 
on the probe. Using Oxonol V as a probe, it was found 
[137] that the soluble stimulus, phorbol myristate acetate 
(PMA), caused a depolarization of the plasma mem- 
brane by about 30 mV, developing over about 1 min. 
The depolarization coincided with the onset of 0 2  
generation, and a new stable value for the membrane 
potential of about - 3 0  mV was attained, whilst 0 2  
production continued almost linearly. When NADPH 
oxidase was inhibited by the addition of DPI [89,126], 
superoxide generation by cytoplasts ceased and the 
plasma membrane began to repolarize. Similarly, the 
depolarization of PMA-activated cytoplasts was much 
diminished when DPI was present. These effects are 
best explained by suggesting that NADPH oxidase is 
electrogenic and so depolarizes the plasma membrane, 
but that in order to maintain electron flow and a stable 
membrane potential a channel opens which permits the 
movement of a counter ion. This conclusion is sup- 
ported by the early observation of Seligmann and Gal- 
lin [133] that the membrane potential of neutrophils 
from CGD patients did not depolarize when they were 
stimulated with PMA or fMet-Leu-Phe. Such CGD 
neutrophils respond normally with respect to degranula- 
tion and chemotaxis. 

The cytosol of neutrophils or cytoplasts becomes 
more acid following PMA stimulation and this has been 
extensively studied by Henderson and Grinstein and 
their collaborators. The major contributor to this in- 
creased [H ÷] is likely to be the NADPH oxidase itself, 
which produces 1H÷/e  - transferred to 02, as shown 
below (Scheme III). 

The maximum acidification of activated neutrophils 

Pentose phosphate pathway 

i 
NADPH + tt ÷ 

Cytosol ~ ~  

NADP + +2H + ................. 

measured using the fluorescent pH indicator BCECF is 
seen only when the N a ÷ / H  ÷ channel is blocked by 
amiloride and Cd 2÷ or Zn 2÷ ions are added to block an 
H ÷ channel [138,139]. Under these conditions neu- 
trophil cytoplasts retained 0 .8H÷/O2 generated; when 
the inhibitors were absent the intracellular H ÷ increase 
was much diminished. We have suggested [138] that the 
results are best explained if the NADPH oxidase is 
electrogenic and that H ÷ arising from NADPH oxida- 
tion cross the membrane via a Cd 2÷ or Zn2+-sensitive 
proton conducting channel (Scheme III). 

Thus H + acts as a compensating ion to accompany 
the e-  moved electrogenically to reduce 02 to 0 2 .  

The rapid spontaneous dismutation of the superoxide 
anion consumes H ÷: 

202 +2H + ~ H202 +02  (3) 

Consequently, there is little acidification of the external 
medium when neutrophil NADPH oxidase is activated. 
A slight decrease in pH is observed which probably 
derives from the CO 2 arising from the hexose mono- 
phosphate pathway in generating NADPH for the 
oxidase. 

In CGD neutrophils [140] there was no cytosolic 
acidification following treatment with PMA. Indeed 
these cells showed significant alkalinization, which was 
amiloride sensitive suggesting that N a + / H  ÷ exchange 
was activated by the PMA. Similarly, Henderson et al. 
[138] showed that cytoplasmic acidification was pre- 
vented in cells treated with DPI to inhibit NADPH 
oxidase. 

In neutrophil cytoplasts suspended in a high-K ÷ 
medium, the addition of valinomycin makes the mem- 
brane potential positive. When the NADPH oxidase is 
activated it is now energetically more difficult to trans- 
locate e-  electrogenically to make 0 2 .  Under these 
conditions the addition of an uncoupler such as FCCP 
makes possible the ready transfer of intracellular H ÷ to 

Plasma membrane 

2¢- 
FADH 2 - ~  Cyt.b 

Cd2+/ /Zn  2+ 

1 

2e- 
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Scheme III. Relationship of electron transfer by NADPH oxidase and transfer of H ÷ via a channel. 



accompany the e- and the formation of 0 2 is stimu- 
lated - a special variety of respiratory control [141]. 

The nature of the H ÷ channel is at present unclear: 
it could be a component of the NADPH oxidase itself. 
These is no decisive evidence concerning its regulation, 
although a voltage gating system is attractive. 

IV-D Inhibition of NA1)PH oxidase 

There is a large number of compounds described in 
the literature as inhibitors of the 0 2-generating system 
of phagocytes and the subject has been recently been 
reviewed [142]. The phagocyte responds to a wide range 
of different stimuli, which may involve a number of 
different signalling mechanisms, and the oxidase itself is 
complex, all of which presents a number of different 
target sites for inhibitors. The inhibitors can be broadly 
divided into two groups, those which inhibit activation 
of the oxidase and those which exert a direct inhibitory 
effect. As a result of the complexity of the signalling 
system there are a large number of more or less specific 
inhibitors which interact with these different signal 
transduction pathways. Many of these are known to be 
inhibitors of particular second messenger systems, and 
their effects are attributed to the known inhibitory 
properties. Unfortunately, it is clear that many of these 
agents are capable of interacting with the oxidase in 
ways which are quite independent of their recognised 
mechanisms and their description as specific inhibitors 
must be treated with caution [142-144]. Compounds 
which affect the activation pathways may do so in a 
number of ways, they can interfere with ligand binding 
or receptor expression [145-155], signal transduction 
[156-158], second messenger formation [150,159-165], 
activation of protein kinases [166-170], assembly of 
oxidase components [171] or they may interfere in the 
generation of NADPH required as the substrate by 
either inhibition of the hexose monophosphate shunt 
[172] or glucose uptake [173]. In addition they may 
increase the rate of deactivation of the oxidase [174]. 
Direct acting inhibitors can affect the flavoprotein 
[50,51,60,85,87-89,126,142,175,176], cytochrome b-245 
[49,50], essential phospholipid environment [50,176], di- 
valent ion requirement [177,178], essential thiols [36,50, 
60,176,179] or may inhibit charge translocation [142]. In 
addition to those compounds whose site of action is 
known or inferred, there are a number of compounds 
which do not have obvious targets [142]. 

V. 0 2 production by non-phagocytes 

Many cell-types and tissues have the capacity to 
form Of ,  often without any obvious function but some- 
times in response to specific stimuli. An account of 
these systems is given below. 
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V-A. Phagocyte oxidase-like 

V-A.1. Lymphocytes 
Human B-lymphocytes which have been transformed 

by treatment with Epstein-Barr virus express a super- 
oxide generating system [180] which is similar in many 
respects to that of neutrophils. Indeed, EBV-B- 
lymphocytes from CGD patients resemble the neu- 
trophils from such patients in their absence of super- 
oxide generating oxidase. The transformed B-lympho- 
cytes contain the low-potential cytochrome b and the 
DPI-binding 45 kDa protein characteristic of the 
NADPH oxidase of phagocytes [181], although the K m 
for NADPH and for NADH were different [182]. 

The oxidase of EBV-B lymphocytes was activated 
not only by PMA but also by protein-A-bearing 
staphylococci and by mouse monodonal antibodies to 
human IgG in the presence of a second cross-linking 
anti-mouse-Ig antibody. Some sort of stabilization of 
surface immunoglobufin aggregate appears necessary 
for effective signal transduction [183]. The oxidase of 
EBV-transformed B-lymphocytes can also be stimulated 
by the cytokines TNF a and IL-lfl and bacterial lipo- 
polysaccharides [184], which suggests that superoxide 
release may be a normal function of B-lymphocytes, 
related perhaps to proliferation and differentiation of 
these cells. 

The EBV-B lymphocyte oxidase can be activated by 
treating whole cells with CaZ+-ionophores, AIF 3 and 
arachidonate [184] suggesting that its activation path- 
way is similar to that of phagocyte NADPH oxidase. 

It is noteworthy that the low-potential cytochrome b, 
characteristic of the NADPH oxidase, can be detected 
in normal peripheral B lymphocytes [183]. It is not 
expressed at early stages of the differentiation of B 
lymphocytes (in pre-pre B cells or pre B cells), but 
appears at the early. B cell stage [185]. It disappears 
from the B cell surface during final differentiation to 
plasma cells. This transient expression of the cyto- 
chrome suggests that the superoxide generation may be 
important for B lymphocyte function at certain stages 
of development. 

V-A.2. Fibroblasts 
Fibroblasts have recently been reported to release 

0 2. Murrell et al., reported a rate of release similar to 
that of resting (unstimulated) neutrophils [186] which 
was doubled after treatment of the cells with PMA and 
Ca 2+ (compared to a 20-30-fold increase for PMN). 
Meier et al. [187] reported no detectable 0 2 production 
from adherent fibroblasts, but showed a dose-depen- 
dent stimulation of O 2 in response to interleukin-la or 
tumour necrosis factor-a (TNF) up to approx. 5 nmol 
O f / h  per 10 6 cells which continued for 4 h. TNF and 
other cytokines have also been shown to elicit 0 2 from 
adherent neutrophils, macrophages, endothelial ceils and 



288 

EBV-transformed B-lymphocytes [184,188-191]. The 
source of 02  was not XO, as it was not inhibited by 
allopurinol, or mitochondrial, as the system was insensi- 
tive to cyanide, azide and rotenone. Interestingly, the 
basal rate of 0 2 release by fibroblasts reported by 
Murrell was the same as that which was shown to 
stimulate fibroblast proliferation, suggesting a role in 
the inflammatory process [192]. Fibroblasts are known 
to participate in joint-damaging processes in rheumatoid 
arthritis; the release of O 2 might cause a direct damag- 
ing effect and also could function in the regulation of 
lymphocyte activity. 

V-A.3. Endothelial cells 
Endothelial cells release O~- at low rates (9,15 

nmol/h per 106 cells), treatment of the cells with the 
cytokines interferon-r and interleukin-1 increased this 
radical release (to 27.6 nmol/h per 106 cells). The O~- 
produced by the endothelial cells may participate in 
vascular and connective tissue injury [190]. IL-1 accel- 
erates the proliferation of endothelial cells [193], and in 
view of the recently described effect of O~- on fibroblast 
proliferation (above) it would be of interest to see if 
endothelial cells behave in a similar manner. A recent 
report describes the conversion of XDH to XO in 
endothelial cells in response to inflammatory mediators 
(C5a, TNF or fMLP) [194], although bovine aorta endo- 
thelial cells do not contain XO and therefore cannot be 
the source of 02  in this tissue [195]. The resultant 
generation of O~- can cause the recruitment of neu- 
trophils by the generation of chemotactic lipids 
[196,197], and activated neutrophils can also cause the 
conversion of XDH to XO in endothelial cells [198], 
which results in endothelial cell death. Endothelium 
derived vascular contraction factor (EDCF2) has been 
suggested to be O~- [199], supporting the suggestion of 
O~- acting as a messenger molecule in some tissues 
[2oot. 

V-A.4. Mesangial cells 
Kidney glomeruli, and the mesangial cells which are 

present in them, have been shown to produce 02 .  
Glomeruli depleted of leukocytes have been reported to 
produce SOD-inhibitable chemiluminescence in re- 
sponse to PMA which shows a lag phase similar to that 
seen in phagocytes [201]. This activity could also be  
induced by serine proteinases which can also stimulate 
neutrophils [202]. As in neutrophils, the activity is in- 
hibited by sulphydryl reagents, but unlike them, it is 
also inhibited by antimycin. Cultured rat mesangial 
cells have been reported as producing high levels of O~- 
(28-68 nmol O~-/10 min per mg) in response to com- 
plement components [203] or opsonized zymosan [204], 
the latter activity can be inhibited by histamine [205] 
probably by inducing an increase in cAMP [206]. The 
opsonized zymosan-induced O 2 was also sensitive to 

pretreatment of the cells with dexamethazone, an agent 
which inhibits neutrophil responses to fMLP [151]. The 
recent finding that high levels of the mRNA coding for 
the small subunit of the neutrophit cytochrome b-245 
are present in mouse kidney [207] may indicate the 
same 0 2 producing system is present in these cells. 

VI. Reduced oxygen species from organ systems 

VI-A. Reproductive tissue 

VI-A.1. Spermatazoa 
Several authors have reported the production of re- 

duced oxygen species from spermatozoa [208,209]. 
Aitken and Clarkson [210] suggested that O~- is the 
product after stimulation of spermatozoa with the 
calcium ionophore A23187. The activity was not in- 
hibited by mitochondrial inhibitors and NADPH was 
the probable donor, as its addition to permeabilized 
sperm stimulated O~- production. The authors speculate 
that the system might be involved in raising intra- 
cellular pH, which is associated with cellular activation. 
In another study, 02  production from spermatozoa has 
been inversely related to sperm motility. The electron 
donor for the reaction was not identified [211]. 

VI-A.2. Leydig cells 
There is a preliminary report of the production of 

Of  in rat testis Leydig cells which appears to be 
stimulated by luteinizing hormone [212]. The activity 
was suggested to be intracellular, in contrast to most 
other systems, and required the inhibition of intra- 
cellular SOD in order to detect O~- formation. It was 
proposed the activity might be involved in the genera- 
tion of lipid peroxides which are thought to be neces- 
sary for the activation of lipoxygenase/cyclooxygenase 
[213,2141. 

VI-A.3. Uterus 
A recent paper has described the formation of 02  by 

mouse ovary and uterus which is suggested to play a 
role in implantation [215]. It is not clear if this radical 
production is related to the earlier fertilization events 
which, in sea-urchin eggs, are known to involve oxygen 
radical production (described below). 

VI-B. Other organ systems 

VI-B. 1. Thyroid 
There is a system in the thyroid gland which is 

necessary for the production of H202 for thyroid 
hormone biosynthesis via thyroid peroxidase [216]. This 
cyanide-insensitive system appears to be located on the 
apical plasma membranes of thyroid cells and is 
NADPH-dependent (Km= 35 /xM) arid CaZ*-depen - 
dent, is stimulated by ATP and is inhibited by low 



concentrations of pCMB [217-219]. Unlike the phago- 
cyte oxidase, the thyroid system appears to possess 
intrinsic diaphorase activity and is not regulated by 
phorbol esters, but more probably by Ca 2÷. Although 
H202 was originally described as being the product of 
the system, recent evidence using diacetyldeuterohaem- 
substituted horse-radish peroxidase as a trap for H202 
and 02  suggests that the primary product is 02  [220] 
which then undergoes dismutation to provide the sub- 
strate for thyroid hormone synthesis. The more familiar 
assay for 02 ,  using the rate of superoxide dismutase 
(SOD)-sensitive cytochrome c reduction, had failed to 
detect 02 possibly due to high endogenous levels of 
SOD [219,221]. 

VI-B.2. Carotid body 
The carotid body is able to recognize changes in 

oxygen tension in the arterial blood and produce nerve 
signals in order to regulate respiration and circulation. 
Absorbance spectra of perfused hypoxic carotid body 
preparations show spectral changes characteristic of 
ravin and haem which are suppressed by DPI, the 
inhibitor of the neutrophil 0 2 generating system [222], 
leading to the proposal that these systems might be 
related and that this carotid system is the chemorecep- 
tor for Po2- It will be of interest to examine the system 
for evidence of O2 production (H202 has been de- 
tected by dihydrorhodamine oxidation), and to investi- 
gate the properties of the haem and flavin elements for 
comparison with the phagocytic oxidase components. 

VI-B.3. Platelets 
Like neutrophils, platelets exhibit a '  respiratory burst" 

of oxygen uptake after stimulation, but this oxygen is 
incorporated into arachidonic acid in order to synthe- 
size products of the lipoxygenase and cyclo-oxygenase 
pathways. Although small amounts of O 2 have been 
detected in platelet preparations it appears to be a 
byproduct of metabolism (possibly arising from mito- 
chondrial or arachidonate metabolism) [223]. An induci- 
ble NADH-dependent, cyanide-insensitive H202 gener- 
ating system has been reported in latex- or zymosan- 
stimulated platdets [224] but having a capacity equiv- 
alent to only 1% of the capacity of a neutrophil, its 
significance is not clear. 

VI-B. 4. Tumour cells 
The observation that respiration of Ehrlich ascites 

tumour cells was not completely inhibited by mitochon- 
drial inhibitors [225] implied that other electron trans- 
port systems are operating in these cells. The electron 
transport did not appear to be associated with cyto- 
chrome P-450 or cytochrome b 5 reductase, as only small 
amounts of these enzymes were detectable, and the 
respiratory system was not induced by phenobarbital as 
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is cytochrome P-450 reductase. It was found that the 
isolated tumour cell nuclei respired with NADH or 
NADPH as substrates in a cyanide- and antimycin-re- 
sistant manner, and contained an autoxidizable b-type 
cytochrome with absorbance maxima at 559, 531 and 
428 nm [226], very similar to the neutrophil cytochrome 
b-245 [21,23]. The NADPH-dependent activity was 
found to result in the production of 02  [227]. Another 
0 2 generating activity in hepatoma nuclear membranes 
appears different from the Ehrlich cell system and may 
be associated with a microsomal fatty acid desaturase 
activity [228]. 

VII. Mammalian plasma membranes producing reduced 
oxygen species 

VII-A. NADH-dependent 

NADH-dependent oxidase activity has been demon- 
strated on mouse liver plasma membrane and clearly 
shown to be separate from microsomal or mitochondrial 
activity on the basis of subcellular fractionation studies 
and inhibitor profiles [229]. The activity was more re- 
sistant to pCMB and more susceptible to azide than the 
microsomal or mitochondrial activities and displayed a 
high diaphorase activity with ferricyanide as the accep- 
tor. The natural acceptor was proposed to be oxygen. 
Although there is little flavin in mouse liver plasma 
membranes [230] the activity was inhibited by the flavo- 
protein inhibitor quinacrine (atebrin). Unlike the 
NADPH-dependent activity in adipocyte plasma mem- 
branes (see below), the NADH oxidase was either in- 
hibited or stimulated by insulin depending on con- 
centration. The presence of these hormone-sensitive re- 
dox systems has led to the proposal that they may be 
involved in signal transduction. Other suggested activi- 
ties for these systems, which occur in a variety of tissues 
[231,232], are for the transport of cations by active [233] 
or passive mechanisms [234,235], or transport of amino 
acids [236,237]. Similar systems have been found in 
plant plasma membranes (see below). 

VII-B. NADPH-dependent 

A cyanide-resistant, NADPH-dependent oxidase ac- 
tivity has been described in plasma membranes of rat 
adipocytes. The activity was stimulated by insulin and 
by agents which mimic insulin action, but not by mem- 
brane perturbants. The measured product was HzO z but 
it was uncertain if this was the primary product or 
whether it was derived from the dismutation of O~-. The 
activity of the oxidase system correlated with the inhibi- 
tion of adenylate cyclase, possibly by a reversible oxida- 
tion of sulphydryl groups [238]. 
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VII-C NAD(P)H-dependent 

Cytochemical staining with cerium chloride has dem- 
onstrated the presence of an O2- and H202-generating 
enzyme on the apical plasma membranes of absorptive 
cells of the rat small intestine [239]. The activity was 
sensitive to azide but not cyanide (at 10 mM) and could 
be distinguished from NADPH cytochrome P-450 re- 
ductase by its cellular location. The authors suggested 
that it may be closely related to the plasma membrane 
NADH oxidase activities described above. 

VII-D. Other 

Cultured arterial smooth muscle cells release O~- into 
their growth medium at a rate of 0.3-3 nmol O2/min  
per mg cell protein [240]. This activity is largely depen- 
dent on the presence of cystine in the growth medium 
and is thought to result from the enzymic reduction of 
cystine to thiol compounds, possibly cysteine, with free 
S-H groups [241]. These can then undergo autoxidation 
to form 0 2 and regenerate dithiols [242,243]. 

VIII. Superoxide production by mitochondria and chloro- 
plasts 

In green plants the chloroplasts contain the machin- 
ery for the conversion of light energy into ATP while 
splitting water into oxygen, protons and electrons, the 
latter being used to drive the reduction of NADP + to 
NADPH. As oxygen is formed in the chloroplast its 
concentration is somewhat higher than that in the atmo- 
sphere, and this tends to promote 'leakage' of electrons 
from the components of the electron transport chain 
involved in the production of ATP, resulting in the 
formation of O~- [244,245]. One of these, ferredoxin, an 
iron-sulphur protein, has been shown to undergo auto- 
xidation to produce O z- [11]. Little, if any of the 0 2 
normally escapes from the chloroplast due to the pres- 
ence of SOD and the impermeability of the chloroplast 
envelope, and in whole chloroplasts only HzO z can be 
detected outside. This is generated entirely from Of  
[246]. When plants are subjected to stress through 
drought, there is increased O~- production in chloro- 
plasts, with a resultant increase in lipid peroxidation 
and cellular damage to which the plants respond by 
increasing their levels of antioxidant defence mecha- 
nisms [247,248]. 

The mitochondrial respiratory chain was first shown 
to produce reactive oxygen species by Loschen in 1971 
[249]. Although the percentage of electrons which leak 
from the normal pathway is quite low (1-2%) [250], 
because of the high overall activity of mitochondrial 
metabolism, mitochondria produce considerable a- 
mounts of Of ,  particularly when the electron flow is 
inhibited by agents such as antimycin, which cause the 

accumulation of reduced redox intermediates. There are 
two separate sites of O~- production; the flavoprotein, 
NADH dehydrogenase, and the ubiquinone-cytochrome 
b segment [251,252]. The former contributes about one- 
third of the O 2 production and the latter two-thirds at 
physiological pH. It is not clear whether the source of 
O~- from the second site is from the autoxidation of 
ubisemiquinone or by the autoxidation of cytochrome 
b-566. Nohl and Jordan [253] have presented evidence 
that cytochrome b-566 is the more probable source and 
the mechanism is probably similar to that of cyto- 
chrome b 5 autoxidation. Little of the O~- formed in this 
way escapes the mitochondria due to the high levels of 
SOD which are maintained within the matrix. A role for 
O~- generation by mitochondria in the cytotoxicity of 
tumour necrosis factor (TNF) has been put forward by 
Wong [254]. TNF induces mitochondrial manganese- 
SOD which protects cells against subsequent suscept- 
ibility to TNF cytotoxicity. Antioxidants or anaerobio- 
sis also block TNF cytotoxicity [255-257], as does pre- 
treatment of cells with interleukin-1, which also induces 
manganese-SOD [258,259]. TNF increases radical pro- 
duction by susceptible cells, but the mechanism has not 
been elucidated [257]. 

Nohl has also reported another separate source of 
O~- associated with the outer membrane of rat heart 
mitochondria which is apparently quite distinct from 
the respiratory chain, since it was not inhibited by 
ethoxyformic anhydride [260]. This system is NADH- 
dependent and has a K m for 02 of 526/tM with a Vma x 

of 8.33 nmol min per mg protein compared to the 
respiratory chain derived 0 2 of 7.69 nmol min per mg 
with a K m of 645 #M (under 'classical conditions' in 
the presence of antimycin) and therefore represents a 
larger source of O~- in this tissue. It was not detected in 
rat fiver mitochondria. 

IX. Microsomal 02-; cytochrome P-450, cytochrome 
P-450 reductase and cytochrome b s 

The principal redox system of microsomes is that of 
the cytochrome P-450 family. These enzymes are re- 
sponsible for both the detoxification of drugs and other 
xenobiotics, which is achieved with very broad specific- 
ity, and for the catalysis of oxidations of fatty acids and 
steroids which is achieved with very high specificity. 
There are now thought tO be at least 60, and possibly 
more than 200, different cytochromes P-450 per mam- 
malian species grouped into a number of gene families 
[261]. Cytochrome P-450 derives its name from the 
characteristic absorption band centred around 450 nm 
of the ferrous haem-carbon monoxide complex. The 
unusual spectral properties of the enzyme derive in part 
from a thiolate haem ligand [262]. Two discrete electron 
transfer reactions to cytochrome P-450 are required for 
the turnover of the enzyme. The usual source of the first 



electron is NADPH via NADPH cytochrome P-450 
reductase (also referred to as NADPH-cytochrome c 
reductase) with the second electron arising from either 
NADPH as above, or from NADH via cytochrome b 5 
reductase and cytochrome b 5. All of these redox pro- 
teins are capable of 0 2 generation. Superoxide forma- 
tion from liver microsomes is increased 8-fold in the 
livers from phenobarbitone-treated rats, due to the in- 
duction of cytochrome P-450 [263]. The rate of 0 2 
from such microsomes is reported to be 9.6 nmol rain 
per mg protein. Uncoupling of the monoxygenase sys- 
tem with drugs increases the rate of radical formation 
[264]. O~- can be produced both by dissociation of the 
oxygenated complex of reduced cytochrome P-450 [265] 
and from the autoxidation of cytochrome P-450 re- 
ductase [266-268] which contains both FAD and FMN. 
As is the case with other flavoproteins, the O~- is 
generated by the reaction of O 2 with flavin semiquinone. 

Unlike the other haem proteins which have been 
shown to produce 02 ,  cytochrome b 5 has both the 5th 
and 6th ligand positions occupied by His-imidazole N 
atoms. In addition to its involvement in donation of the 
second electron to cytochrome P-450, cytochrome b 5 is 
involved in reduction of metHb in erythrocytes [269] 
and transfer of electrons to the cyanide-sensitive factor 
involved in fatty acid desaturase reactions [270]. Cyto- 
chrome b 5 is slowly autoxidizable [271,272] and the 
product has been shown to be O~- [273]. The rate of 
autoxidation is dependent on pH and ionic strength and 
increases with oxygen concentration, unlike that of Hb 
and Mb [274]. Under physiological conditions the rate 
of autoxidation is 5.6.10 -3 S -1, about 60-fold faster 
than the rate of oxyferromyoglobin autoxidation. The 
high K m for oxygen (230/~M) suggests the mechanism 
for 0 2 formation is by an outer sphere mechanism 
through the exposed haem edge [275], the same mecha- 
nism of electron transfer as is thought to be involved in 
the reduction of cytochrome c by O~- [276], although it 
has been argued that an inner sphere mechanism could 
be involved [277]. The redox potential of cytochrome b 5 
is around 20 mV [278] and thus the reverse reaction 
(reduction of cytochrome b 5 by 0 2) is favoured unless 
O~- is removed, this explains the increased rate of 
cytochrome b 5 autoxidation in the presence of adrenalin 
which scavenges O~- [273]. 

• X. Production of superoxide by e n z y m e s  

X-A. Xanthine oxidase 

A well-known biological source of O]- is xanthine 
oxidase (XO, eqn. 4), which is frequently used as a 
source of oxyradicals by researchers investigating the 
biological effects of O~-. 

xan th ine  + H 2 ° + 0 2 x o  )ura te  + O~- (4) 
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Unfortunately, it is often not appreciated that the major 
direct product of the reaction is H202, not O f  [279] 
and additionally the highly reactive O H  can be formed 
[280]• The role of oxygen radical production from XO in 
reperfusion injury has received much attention recently 
(reviewed in Ref. 281). It has been shown that XO is 
formed from xanthine dehydrogenase (XDH) by proteo- 
lyric cleavage [282] or reversible oxidation of a reactive 
thiol [283-285] during tissue hypoxia and reperfusion 
with oxygenated blood. XDH normally oxidizes 
xanthine and other purines at the expense of NADH 
(Eqn. 5), and does not react with oxygen at a significant 
rate. 

xan th ine  + N A D  + + H 20  XDH~urate + N A D H  (5) 

This conversion can also apparently take place in endo- 
thelial cells in response to cytokines [194] and may 
contribute to their production of 0 2 (see above). The 
source of O2 in XO correlates with the amount of 
neutral ravin semiquinone (FADH'), whilst the H202 
seems to be formed from a direct two-electron reduction 
of 02 from fully reduced ravin [286]. XDH and XO are 
complex enzymes containing molybdenum and Fe/S 
redox centres in addition to the ravin centre, but these 
are not thought to directly interact with oxygen. No 
H202 or O~- was detected in experiments using the 
deflavo form of the enzyme [280]. 

X-B. Haemoglobin and myoglobin 

Solutions of oxyhaemoglobin or oxymyoglobin yield 
02- [287-289] where the reduced haem provides the 
single electron for the reduction of oxygen to O~-, with 
the haem Fe 2+ being converted to the Fe 3+ form 
(methaemoglobin, metmyoglobin). This process can be 
easily followed by spectrophotometry. Normally this 
reaction is slow in physiological situations but is sub- 
stantially increased in the presence of certain anions 
such as cyanide or azide, or under acid conditions. In 
the normal red blood cell, the spontaneous formation of 
metHb is about 3% per day, but in the presence of 
cyanide at pH 5.0 the rate is increased 108-fold. Whilst 
anions have been observed binding to the met forms of 
the proteins, no evidence has been found for the bind- 
ing of protons or anions to the reduced forms [290]. The 
mechanism of electron transfer from Fe 2÷ to O z is 
rather complex; although the Fe -O-O bond has a 
degree of Fe3+-O2 character which would allow a 
simple dissociative mechanism, experimental evidence 
suggests direct involvement of a anion liganded to the 
haem iron as the electron donor to 02 (reviewed by 
Caughey and Watkins [291]). To prevent the loss of 
oxygen-carrying capacity due to formation of metHb, 
the erythrocyte contains an enzyme, methaemoglobin 
reductase, to regenerate Hb. 
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XI. Superoxide production in plants 

XI-A. NADH-dependent 

Corn root protopiasts exhibit a NADH-dependent 
redox system similar to that seen in mammalian plasma 
membranes (above) which oxidizes external NADH at 
the expense of oxygen, and induces a hyperpolarization 
of the membrane [292] similar to that reported in dia- 
phragm muscle membrane [235], probably as a result of 
increased K + uptake. The oxidation of NADH did not 
involve its transport into the protoplast and did not 
appear to be an artefact of protoplast isolation, since it 
also occurred in root segments, but it is difficult to 
rationalize how this system would be furnished with 
NADH in vivo. The identity of the reduced oxygen 
product has not been established. A seemingly identical 
system is present in carrot cells [293], where it was 
proposed that the oxidation of NADH was coupled to 
proton extrusion which is used to drive K + uptake. 
Recent reports implicate plasmalemma peroxidases as a 
source of some of these activities. They are able to 
oxidize NADH, yielding 02;  the latter can then dis- 
mute into H20 z (and possibly participate in more com- 
plex radical chain reactions, see below) [294-299]. 

X1-B. NADPH-dependent 

There are a number of NADPH-dependent 0 2-gen- 
erating systems which have been described in plant 
plasma membranes. 

XI-B.1. An inducible system in potato tuber tissues in 
response to infection 

Potato tuber tissues exhibit a hypersensitive reaction 
in response to infection by incompatible races of fungi 
or hyphal wall components derived from them [300]. 
This hypersensitive reaction results in rapid cell death 
which is followed by resistance metabolism. The hyper- 
sensitive cell death was suppressed by SOD, thus sug- 
gesting O 2 as a causal factor. Measurement of O~- 
production by protoplasts revealed an activity which 
was induced by hyphal wall components and was in- 
creased in the presence of NADPH [301]. It was insensi- 
tive to azide or other mitochondrial inbJbitors, but was 
inhibited by thiol reagents. Compatible races of micro- 
organisms possessed an inhibitory factor which pre- 
vented the development of the hypersensitivity reaction 
and decreased Of  production. The activity was also 
found in the leaves of potato, bean, pea, soyabean, 
tomato tobacco and sweet pepper plants and could be 
induced by digitonin, a membrane perturbing agent 
which stimulates the respiratory burst in phagocytes 
[302]. Digitonin pretreatment of leaves was found to 
prevent infection with fungi, the effect was reversed by 

SOD; therefore O~- production in plants appears to be 
a true defence mechanism. 

X1-B.2. During lignification 
Lignin biosynthesis provides an example of per- 

oxidase-mediated 0 2 production which serves a useful 
purpose as opposed to the O~- production which occurs 
as a general side reaction in several peroxidases [303, 
304], including enzymes of the cyclo-oxygenase and 
lipoxygenase pathways [305]. Lignification of plant cell 
walls involves the oxidative polymerization of phenols 
derived from cinnamic acid. It is initiated by the per- 
oxidase-dependent formation of phenoxy radicals which 
requires H202 [306,307]. The H202 is generated by the 
oxidation of NADH produced by a bound malate dehy- 
drogenase and is stimulated by monophenols and Mn 2 + 
ions [295,308,309]. During the course of these reactions 
O~ is formed by the autoxidation of the NADH semi- 
quinone (NADH)  and by the dissociation of O~- from 
peroxidase compound III, reactions that have been 
studied in detail by Halliwell and others [294,310]. 
Thus, oxygen radicals can be involved in both the 
synthesis and degradation of lignin (see below). 

XI-B.3. A system involved in the uptake of ferric iron in 
roots 

Iron-deficient plants can induce a system for the 
NADPH-dependent reduction of extracellutar ferric 
chelates to ferrous ions which can then be taken up by 
the root cells [311-313]. Anaerobically the system re- 
duces ferric chelates directly, but in the presence of 
oxygen at least part of the reduction process is mediated 
via 02  [314] and ferric reduction could be inhibited by 
superoxide dismutase. The contribution of 0 2 to the 
ferric reduction process was higher at lower ferric chelate 
concentrations and as the pH was increased from 5.5 to 
7.1. Hendry has proposed that in waterlogged or wet- 
land acid soils the increased Fe 2+ uptake by intolerant 
plants can lead to a lethal level of oxygen-derived free 
radicals in plants not adapted to cope with these condi- 
tions, as the oxidation of ferrous ions in solution leads 
to O2- production (Fe2++ 02 ~ Fe3++ Of), and hy- 
droxyl radical production (Fe2++ H202 ~ Fe3++ OH- 
+ OH') [315]. 

XII. The sea urchin respiratory burst 

The earliest observations of cellular activation date 
back to Warburg's description of the "respiratory burst 
of fertilization" of sea-urchin eggs [316], which is now 
known to occur in the eggs of different species [317]. 
The purpose of the burst is to provide H202 for a 
peroxidase-mediated cross-linking of tyrosine residues 
of the glycoprotein coat of the egg surface to convert it 
to a rigid, relatively impermeable fertilization mem- 
brane [318]. Like the thyroid system, it is activated by 
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Ca 2÷ and ATP [319,320], is NADPH-dependent ( g  m = 
40 /~M) and cyanide-insensitive, but unlike the thyroid 
it is inhibited by protein kinase C inhibitors. In fact, the 
susceptibility to these inhibitors and to phenothiazines 
closely parallels that of the phagocytic oxidase [320]. 
Although most authors suggest that O~- is not an inter- 
mediate in H202 production, a recent report suggests 
that 0 2 is present during the respiratory burst, al- 
though this may be derived from a reaction between 
ovoperoxidase and H202 [321]. In any case, the similari- 
ties between the NADPH-oxidase activities of the egg 
fertilization, the thyroid gland and the phagocyte O~- 
generating system deserve further investigation. 

XIII. Formation of reduced oxygen species by micro- 
organism 

XII-A. Acanthamoeba 

Amoebae share some striking behavioural similarities 
with neutrophils in that, during growth on bacteria, 
they must phagocytose, kill and digest their prey. Brooks 
and Schneider [322] have examined the biochemical 
parallels between the neutrophil and Acantharnoeba 
castellanii and have found an increase in respiration 
during phagocytosis of latex beads which, like the neu- 
tropliil oxidase, is insensitive to cyanide but sensitive to 
salicylhydroxamate and quercetin. The respiratory ac- 
tivity was concentrated in the phagolysozomal fraction 
of the disrupted cells, used NADPH as substrate, and 
was labile. Interestingly, the membrane fractions also 
contained a b-type cytochrome. Unfortunately, the 
authors do not report whether the product of the oxidase 
activity was O~-. Unlike the neutrophil, the unstimu- 
lated amoebae demonstrated a rather large cyanide-in- 
sensitive respiration. 

XIII-B. White rot fungi 

The white-rot fungi are capable of degrading both 
the polysaccharides (cellulose) and lignin present in 
wood. These extracellular enzyme systems are of great 
interest due to the large quantity of this valuable re- 
source that is currently largely wasted due to the diffi- 
culty in extracting glucose feedstocks and other useful 
chemicals from it. This difficulty is a consequence of 
the crystallinity of the cellulose and its intimate associa- 
tion with lignin. One of the enzymes involved in the 
biological degradative process is cellobiose oxidase, 
whose function is to oxidise the reducing ends of cel- 
lodextrin chains and cellobiose to the corresponding 
lactones. Cellobiose oxidase is a glycoprotein of molecu- 
lar mass 93 kDa [323] or 74 kDa which contains 1 mole 
each of FAD and haem [324]. Eriksson showed that in 
the presence of oxygen the rate of cellulose breakdown 
is more than doubled [325]. This observation, coupled 

with those which showed that a hydroxyl-radical-gener- 
ating system increased cellulose susceptibility to cel- 
lulases due to the loss of hydrogen bonds and decreased 
ordered structure, has led to the suggestion that cel- 
lobiose oxidase might generate O~-, which in a series of 

reactions with Fe 2+ as a catalyst could generate OH" 
Evidence has been presented that this is the case 
[324,326,327]. The reduction of oxygen is inhibited by 
cyanide and the iron ligand a-bipyridyl, but there is no 
spectral evidence for the formation of a haem ligand. 
The redox potential of the haem is + 115 mV at pH 7.0 
(Cross, unpublished data), substantially higher than that 
of the neutrophil cytochrome b-245 and thermodynami- 
cally unfavourable for the production of 0 2 (Em7 = 
- 1 6 0  mV [30]). It may be that O~- is formed by the 
reaction of 02 with the flavin semiquinone. Cellobiose 
oxidase can be classified as a flavoprotein oxidase, since 
it forms a flavin sulphite adduct and stabilizes a red 
anionic semiquinone [324] (and thus differs from the 
neutrophil oxidase flavoprotein), but differs from other 
flavoprotein oxidases since it forms 0 2 rather than 
H202. In this behaviour it resembles 'old yellow en- 
zyme' (EC 1.6.99.1) which also stabilizes a red semi- 
quinone and yields 0 2 [81]. 

XIV. Hypothesis 

The generation of 0 2 in many cell types (frequently 
associated with a b-type cytochrome) suggests a func- 
tion in these cells distinct form the known microbicidal 
system present in the professional phagocytes. One at- 
tractive possibility is that of 'a role in cellular signalling. 
It has been shown that 0 2 causes proliferation of 
fibroblasts and this may be a more widespread phenom- 
enon than is now appreciated. Fibroblasts are stimu- 
lated to produce 0 2 by cytokines which are released 
during inflammation. Another inflammatory mediator, 
interleukin-1, causes the proliferation of endothelial cells 
and stimulates O 2 from them [190]. Similarly, oxidants 
have been shown to stimulate T-cell proliferation and 
activation [328], whilst antioxidants suppress prolifera- 
tion and IL-1 synthesis [329]. 0 2 has been suggested to 
signal a increase in intracellular pH in certain cultured 
cells and spermatozoa, leading to cellular activation 
[210,330]. A role for 0 2 in cellular signalling may be 
similar to that which has now been discovered for NO 
(EDRF) possibly by the ligation of these small ligands 
with the Fe of the haem of GMP cyclase causing its 
stimulation or inhibition. Indeed, endothelium-derived 
vascular contraction factor (EDCF2) has been suggested 
to be 0 2 [199]. Prostaglandin synthetase requires the 
continuous presence of lipid hydroper0xides and H202 
for activity; these can be provided by neutrophils [331] 
and therefore by other O~--producing cells. It is not 
known whether or not the cytochrome which is involved 
in the fibroblast activity is identical to cytochrome 
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b-245, but  it is known that m R N A  coding for the 
haem-bear ing  subuni t  of cytochrome b-245 is expressed 
in a number  of non-myelo id  cell-types where it could 
conceivably part icipate in  these activities [68,207]. A 
further signalling role for oxygen radicals may  be that  
of the modif icat ion of low density l ipoprotein (LDL),  

which promotes b ind ing  of the LDL to macrophage 
membranes .  In  atherosclerosis this leads to the uncon-  

trolled uptake of large amounts  of cholesterol by  these 
cells, and their conversion to foam cells [332]. Alter- 
a t ion of LDL can be achieved by incuba t ion  with 

certain cell types; endothelial  ceils, smooth muscle cells 

and  macrophages [333-336], all of which can generate 
O~- (see above), and  seems to be dependen t  on the 
oxidat ion of LDL lipids [337]. A role for oxidants  and  

p lasma membrane  redox activities in  the control  of 
growth and development  has been reviewed by  Rama-  
sarma, and  Crane  and  co-workers [231,232]. 
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