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Abstract

Iodonium compounds, especially diphenylene iodonium and iodonium diphenyl are used extensively as inhibitors of NADH–ubiquinone
reductase and NADPH oxidase activity. Here, the use of a new iodonium compound, phenoxaiodonium is reported. The IC of50

neutrophil superoxide production, measured using the superoxide dismutase inhibitable rate of cytochrome c reduction, was approxi-
mately 0.75 mM, while 50% inhibition of mitochondrial respiration, measured by the rate of oxygen uptake using a Clark type oxygen
electrode, was at approximately 20 mM. The inhibition of oxidation of xanthine to urate by xanthine oxidase was also studied, giving a

Ž .K of 0.2 mM. Inhibition of nitric oxidase synthase NOS: from rat brain by 0.2 mM phenoxaiodonium was equivalent to 1 mMi
G Ž .N -nitro-L-arginine methyl ester HCl L-NAME , that is total abolition of activity. We conclude that phenoxaiodonium is an extremely

good inhibitor of flavo-enzymes, but like diphenylene iodonium and iodonium diphenyl, will be of limited use as a pharmacological tool
for the elucidation of the involvement of such enzymes in specific cellular functions. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The release of free radicals, particularly superoxide
Ž y. Ž .O and nitric oxide NO by cells has been a subject of2

interest for many years. In particular, such free radicals
have been shown to be beneficial in host defence systems,
but can also cause harmful effects if their release is not

Ž .controlled Marx, 1987 , as in inflammatory disease such
Ž .as arthritis Halliwell, 1987 . Therefore, the ability to

inhibit unwanted free radical release is important as a
pharmacological tool for investigating their involvement in
biological systems, and in elucidating the role of specific
free radical producing enzymes in disease mechanisms, as
well as potential therapeutic agents. More recently, free
radicals and their associated non-radical by-products, such
as hydrogen peroxide, have been shown to be important
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Ž .signalling molecules Finkel, 1999 and the modulation of
their production is therefore desirable.

Iodonium compounds have been used widely as in-
hibitors of flavin-containing enzymes, particularly the su-
peroxide producing enzyme, NADPH oxidase. Most com-
monly, diphenylene iodonium or iodonium diphenyl is

Ž .used, as first reported by Cross and Jones 1986 . Previ-
ously, iodonium compounds were also reported to be

Žuseful inhibitors of NADH–ubiquinone reductase com-
. Žplex 1 from mitochondria Ragan and Bloxham, 1977; Li

.and Trush, 1998 . Over the years, many reports have
described the use of iodonium compounds to provide
evidence of NADPH oxidase involvement in biological
systems, for example, to investigate the role of NADPH

Žoxidase in the antimicrobial role of macrophages Robert-
.son et al., 1990 or in the tumour killing of macrophages

Ž .Hancock et al., 1991 . A recent search of the PubMed
database returned 158 references to the use of iodonium
compounds in biomedical research. The presence of
NADPH oxidase activity in plant cells has been supported
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Fig. 1. The structure of iodonium compounds commonly used for flavo-
protein inhibition, along with the structure of phenoxaiodonium.

Žby the use of iodonium compounds Desikan et al., 1996;
Dwyer et al., 1996; see review by Bolwell and Wojtaszek,

.1997 . However, it is now clear that iodonium compounds
such as diphenylene iodonium and iodonium diphenyl
inhibit other free radical producing enzymes such as nitric

Ž . Ž .oxide synthase NOS Stuehr et al., 1991 and xanthine
Ž .oxidase Doussiere and Vignais, 1992 , as well as other

flavin-containing enzymes such as bacterial nicotine oxi-
Ž .dase Brandsch and Bichler, 1987 .

Here, we describe the inhibition of four flavoproteins
by a new iodonium compound, phenoxaiodonium chloride
Ž .Fig. 1 . Its differential inhibition of NADPH oxidase and
NADH–ubiquinone reductase suggests that it could be a
useful tool to distinguish the activities of flavoproteins, but
like diphenylene iodonium and iodonium diphenyl, it is
also a potent inhibitor of NOS and xanthine oxidase,
limiting its value in this respect. We conclude that the
results drawn when using iodonium compounds should be
considered carefully, as such compounds appear to be
good general inhibitors of enzymes which produce free
radicals, but are not specific to any one enzyme activity.

2. Methods and materials

2.1. Phenoxaiodonium

Phenoxaiodonium chloride was obtained from Glaxo
Wellcome plc, UK. Before use, stock solutions were pre-

Ž .pared in dimethyl sulphoxide DMSO or 50% ethanol.
Chemical analysis of the compound was carried out by
Warwick Analytical Service, University of Warwick.

2.2. Preparation of neutrophils and measurement of super-
oxide release

Neutrophils were isolated from whole pig blood ob-
tained from the local abattoir, as described by Cross et al.
Ž .1984 .

Superoxide generation from neutrophils was measured
using the superoxide dismutase inhibitable rate of cy-

tochrome c reduction, using a dual wavelength spectro-
photometer, with a sample wavelength of 550 nm and a

Ž .reference wavelength of 540 nm Cross et al., 1984 .
Briefly, cells were suspended in phosphate buffered saline
Ž .PBS containing 2 mM glucose , pH 7.4 at 378C, contain-
ing 100 mM horse heart cytochrome c. Cells were stimu-
lated to produce superoxide with 1 mM phorbol myristate

Ž .acetate PMA and phenoxaiodonium, or superoxide dis-
mutase added after the establishment of a linear rate.

2.3. Preparation of mitochondria and measurement of
oxygen uptake

Mitochondria were isolated from pig liver using the
following method. The liver was chopped into small pieces
and homogenised, using a Potter homogenizer, in isolation

Žmedium 0.25 M sucrose, 0.02 M HEPES, 0.001 M
.Na EDTA, pH 7.4 . The homogenate was centrifuged2

Ž .1000=g, 10 min and the supernatant subsequently re-
Ž .centrifuged 10 000=g, 10 min . The resulting pellet was

washed twice in isolation medium before being resus-
pended in isolation medium.

Oxygen uptake from mitochondria was measured using
a Clark type oxygen electrode. Mitochondria were sus-
pended and briefly sonicated, to cause uncoupling and

Žallow inhibitor entry in buffer 100 mM KCl, 30 mM
.HEPES, 1 mM KH PO containing 2.4 mM NADH.2 4

Inhibitor was added during the linear phase of oxygen
uptake.

2.4. Determination of xanthine oxidase actiÕity

For the determination of xanthine oxidase inhibition,
xanthine oxidase was isolated from bovine milk as de-

Ž . Ž .scribed by Sanders et al. 1997 . Xanthine Sigma, UK
was dissolved in 0.2 M NaOH before dilution in buffer.
Xanthine oxidation was determined by the following the

Žrate of production of urate at 295 nm extinction coeffi-
y1 y1.cient 9.6 M cm using a Cary 100 Bio UV-Vis

spectrophotometer.

2.5. NOS actiÕity

The effect of phenoxaiodonium on NOS activity was
Ždetermined using a commercial kit Calbiochem-

.Novabiochem, UK that uses the conversion of arginine to
citrulline as a measure of NOS activity. The activity of the
NOS of a rat cerebellum homogenate was assayed as
described in the manufacturer’s instructions, in the absence
or presence of varying concentrations of phenoxaiodo-
nium. The NOS inhibitor, NG-nitro-L-arginine methyl es-

Ž .ter, HCl L-NAME, HCl , provided with the kit was used
as a control. An incubation time of 30 min at room
temperature was used. 14C-labelled arginine was used as
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Fig. 2. Inhibition of neutrophil superoxide generation by phenoxaiodo-
nium. Neutrophils were isolated from whole pig blood as described by

Ž .Cross et al. 1984 . Superoxide generation from neutrophils was mea-
sured using the superoxide dismutase inhibitable rate of cytochrome c
reduction, using a dual wavelength spectrophotometer, with a sample

Žwavelength of 550 nm and a reference wavelength of 540 nm Cross et
.al., 1984 . Results are presented as mean"SE. Final protein concentra-

tions used were approximately 0.6 mg mly1.

the substrate and radio-labelled citrulline was measured
using scintillation counting.

2.6. Protein determinations

Protein concentrations of samples were determined by
Ž .the method of Bradford 1976 .

3. Results

Iodonium compounds have been widely used as in-
hibitors of the NADPH oxidase complex of neutrophils
and other phagocytes. Therefore, the ability of phenox-
aiodonium to inhibit the superoxide generation of such
cells was assessed using isolated neutrophils and the super-
oxide dismutase-inhibitable rate of cytochrome c reduction
Ž .Jones and Hancock, 1994 . As shown in Fig. 2, phenox-
aiodonium inhibited neutrophil superoxide release at rela-
tively low concentrations; 50% inhibition of maximal
PMA-stimulated activity required approximately 0.75 mM.

Iodonium compounds are also known to inhibit other
flavin-containing enzymes, and if to be of use as a tool to
modulate free radical release from cells in tissue culture,

Fig. 3. Inhibition of mitochondrial oxygen uptake by phenoxaiodonium.
Mitochondria were isolated from pig’s liver and oxygen uptake mitochon-
dria was measured using a Clark type oxygen electrode, in the presence
of varying concentrations of phenoxaiodonium. Results are presented as
mean"SE.

Fig. 4. Inhibition of xanthine oxidase by phenoxaiodonium. Xanthine
oxidase was isolated from bovine milk as described by Sanders et al.
Ž .1997 . Xanthine oxidation was determined by following the rate of
production of urate at 295 nm using a Cary 100 Bio UV-Vis spectro-
photometer. Concentration of phenoxaiodonium used were: v 5 nM; B

20 nM; ' 50 nM; l 80 nM; ) 150 nM; q 200 nM.

the effect of phenoxaiodonium on mitochondrial respira-
tion is important. As seen in Fig. 3, phenoxaiodonium was
an effective inhibitor of oxygen uptake by isolated uncou-
pled mitochondria, using NADH as a respiratory substrate
and determining oxygen consumption with a Clark type
oxygen electrode. The IC for oxygen uptake by mito-50

chondria required approximately 20 mM, considerably
higher than the concentrations needed to inhibit neutrophil
superoxide release.

To study the inhibitory effects of phenoxaiodonium on
other flavin-containing enzymes, xanthine oxidase was
isolated from bovine milk. Here, the rate of production of
urate from xanthine in the presence of oxygen was fol-
lowed as a measure of enzyme activity. Inhibition was
found to be both time- and concentration-dependent; 50%
inhibition appeared to require less than 1 mM phenox-

Ž .aiodonium Fig. 4 . Plotting the data as described by
Ž .O’Donnell et al. 1993 , fitted using the Kitz and Wilson

Ž .equation Kitz and Wilson, 1962 gave a value for the K i

of approximately 0.2 mM.
The final flavin-containing enzyme used in this study

was NOS. To assess the inhibition by phenoxaiodonium of
NOS, NOS activity was measured using a commercial kit
based on the conversion of arginine to citrulline. Using rat
cerebellum homogenate as a source of NOS, 0.2 mM
phenoxaiodonium resulted in inhibition equivalent to 1
mM L-NAME, that is, approximately total abolition of
activity.

4. Discussion

Iodonium compounds have been widely used and char-
acterised over a relatively long period of time. Synthesis of

Žcyclic iodonium compounds was reported in 1956 Collette
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.et al., 1956 while their use as an inhibitor of neutrophil
Žsuperoxide release was first reported in 1986 Cross and

.Jones, 1986 . Since then, these compounds have been
shown to inhibit NADPH oxidase activity in other phago-

Žcytic cells, such as macrophages Hancock and Jones,
.1987 , and the mechanism by which they act has been

Ž . Ž .investigated. Cross and Jones 1986 and Ellis et al. 1989
both showed that reduction of the haem of flavocy-
tochrome b was inhibited by these compounds, and558

suggested that the point of action of iodonium compounds
was at or before the flavoprotein involved in electron
transport in NADPH oxidase function. O’Donnell et al.
Ž .1993 investigated the inhibitory mechanism of iodonium
compounds with regard to NADPH oxidase and showed
that adducts were formed between FAD or FMN and
diphenylene iodonium or iodonium diphenyl. Coves et al.`
Ž .1999 have recently shown that sulphite reductase from
Escherichia coli is inhibited by iodonium compounds in a
very similar manner to NADPH oxidase and were also
able to demonstrate the formation of phenylated FAD
adducts generated during enzyme inhibition. However,
others have shown that the haem group of the cytochrome

Žmay also be a target for iodonium compounds Doussiere
.et al., 1999 .

Regardless of its exact mode of inhibition of NADPH
oxidase, iodonium compounds are clearly not specific for
this enzyme complex. Previous work has shown that

Ž .NADH–ubiquinone reductase complex 1 is also suscepti-
Žble to inhibition by diphenylene iodonium Ragan and

.Bloxham, 1977 . Furthermore, oxygen uptake due to respi-
ration in whole macrophages was shown to be inhibited by

Ž .such compounds Hancock and Jones, 1987 . Here, phe-
noxaiodonium was shown to inhibit both NADPH oxidase
activity of neutrophils and oxygen uptake from mitochon-
dria. The concentration of phenoxaiodonium needed to
cause 50% inhibition of NADPH oxidase was favourably
low when compared to that reported for other iodonium
compounds, while the data in Table 1 indicates that there
is a larger differential in the inhibition profiles of these
two flavin-dependent activities with phenoxaiodonium,
than there is with either diphenylene iodonium or iodo-
nium diphenyl. A similarly large differential was reported

Žpreviously for di-2-thienyliodonium Hancock and Jones,
.1987 , suggesting that iodonium compounds can be pro-

duced, which preferentially inhibit NADPH oxidase over

respiratory electron transport chain activity. However, 50%
inhibition of NADH–ubiquinone reductase activity has
also been reported to require only 2.5 mM di-2-thienylio-

Ž .donium Ragan and Bloxham, 1977 .
Since the first reports of diphenylene iodonium and

iodonium diphenyl inhibition of neutrophil NADPH oxi-
dase activity, these compounds have been used as a diag-
nostic tool investigating the presence of NADPH oxidase
activity in many cell types, from both animals and plants
ŽDesikan et al., 1996; Dwyer et al., 1996; see review by

.Bolwell and Wojtaszek, 1997 . They have also been used
to investigate the role of NADPH oxidase in killing mech-
anisms, of both microbes such as Toxoplasma gondii
Ž . ŽRobertson et al., 1990 and tumour cells Hancock et al.,

.1991 . However, it is now clear that iodonium compounds
such as diphenylene iodonium and iodonium diphenyl
inhibit other free radical-producing enzymes such as

Ž .NADH–ubiquinone reductase Li and Trush, 1998 , NOS
Ž . ŽStuehr et al., 1991 and xanthine oxidase Doussiere and

.Vignais, 1992 as well as other flavin-containing enzymes
Žsuch as bacterial nicotine oxidase Brandsch and Bichler,

. Ž .1987 and sulphite oxidase Coves et al., 1999 . Therefore,`
to investigate the specificity of phenoxaiodonium towards
NADPH oxidase further, its inhibition of both xanthine
oxidase and NOS was investigated. Fifty per cent inhibi-
tion of xanthine oxidase required less than 1 mM phenox-
aiodonium. The use of isolated xanthine oxidase enabled a
more thorough investigation of the inhibition of this en-
zyme. The inhibition, like that of both NADPH oxidase
Ž .Cross and Jones, 1986 and NADH–ubiquinone reductase
Ž .Ragan and Bloxham, 1977 was found to be both concen-
tration- and time-dependent. Kinetic analysis using the

Ž .method described by O’Donnell et al. 1993 , essentially
Žusing the Kitz and Wilson equation Kitz and Wilson,

.1962 gave a K of 0.2 mM for phenoxaiodonium inhibi-i

tion of xanthine oxidase. Using the same concentration
Ž .0.2 mM of phenoxaiodonium caused approximately total
inhibition of NOS from rat cerebellum. Further studies on
the inhibition of xanthine oxidase by phenoxaiodonium
using a fixed phenoxaiodonium concentration of 5 mM

Ž .with a range of substrate concentrations 0.75–10 mM
showed that the inhibition was uncompetitive with respect

Ž .to xanthine data not shown .
Although diphenylene iodonium and iodonium diphenyl

have been the iodonium compounds most extensively used

Table 1
Concentrations of iodonium compounds required for 50% inhibition of NADPH oxidase activity and mitochondrial oxygen uptake

Compound Concentration needed for 50% inhibition Concentration needed for 50% inhibition
Ž . Ž .of NADPH oxidase activity mM of oxygen uptake mM

Phenoxaiodonium 0.75 20
aaDiphenylene iodonium 0.90 13

a aIodonium diphenyl 80 120

a Ž .Data taken from Hancock and Jones 1987 .
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as inhibitors of NADPH oxidase and other flavoprotein
activities, other analogues have also been investigated.
Here, we report data using a new analogue, phenoxaiodo-
nium. Clearly, the iodine carrying a positive charge is
important for the reactivity of the iodonium compounds
towards their target, whether that is the flavoprotein
Ž . ŽO’Donnell et al., 1993 or the haem group Doussiere et

.al., 1999 . Concentrations needed for inhibition of
NADH–ubiquinone reductase by compounds without the
iodine, or with the iodine substituted by either sulphur or
oxygen were considerably higher than those reported for

Ždiphenylene iodonium or iodonium diphenyl Ragan and
.Bloxham, 1977 . Compounds where the electropositivity

of the iodine is increased, such as di-2-thienyliodonium, on
the other hand, are far better inhibitors of these enzymes.
The same would be predicted for phenoxaiodonium, and
indeed we find this is true for its activity towards NADPH
oxidase.

Although these studies using phenoxaiodonium to in-
hibit different flavin-dependent enzymes are not directly
comparable, they indicate that this compound is not spe-
cific for any particular flavin-dependent enzyme. Clearly,
we are here comparing inhibition studies using whole
neutrophils, where access of the phenoxaiodonium com-
pound to the inner face of the intact neutrophil membrane
is required for action, assuming that the flavin centre is the
target, with studies using isolated enzymes, such as xan-
thine oxidase. However, even though comparison of the
inhibition of NADPH oxidase and mitochondrial oxygen
uptake show that phenoxaiodonium appears to show some
specificity, when inhibition studies with xanthine oxidase
and NOS are also carried out, it becomes apparent that this
compound is not specific for any particular flavoprotein.
Its use would be limited to the inhibition of free radical
generation perhaps, as most if not all sources of free
radicals are flavin-containing enzymes, but this compound
will not be useful as a tool to dissect the exact nature of
the enzyme involved in such activity. Unfortunately, the
same is true of diphenylene iodonium, iodonium diphenyl
and undoubtably di-2-thienyliodonium, casting doubt on
the future use of iodonium compounds as truly useful
pharmacological tools, or as theurapeutics, and also casting
doubt on the validity of many studies, where such com-
pounds have been used to show the presence and function-
ing of NADPH oxidase.
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