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1 Structurally distinct superoxide dismutase (SOD) mimetics were examined for their ability to protect
nitric oxide (NO) from destruction by oxidant stress in rabbit aorta.

2 These were the spin traps, PTIYO (4-phenyl-2,2,5,5-tetramethyl imidazolin-1-yloxy-5-oxide), tempol
(4-hydroxy 2,2,6,6,-tetramethylpiperidine-1-oxyl) and tiron (4,5-dihydroxy-1,3-benzene-disulphonic acid),
the metal salts, CuSO4 and MnCl2, and the metal-based agents CuDIPS (Cu (II)-[diisopropylsalicylate]2)
and MnTMPyP (Mn (III) tetrakis [1-methyl-4-pyridyl]porphyrin).

3 Oxidant stress was generated in isolated aortic rings by inactivating endogenous Cu/Zn SOD with
diethyldithiocarbamate (DETCA; 60 min) either alone at 3 mM or at 0.3 mM in combination with
superoxide generation using xanthine oxidase (XO; 4.8 mu ml71) and hypoxanthine (HX; 0.1 mM).

4 Acetylcholine (ACh)-induced relaxation was inhibited by DETCA (3 mM, 60 min) and was not
restored by exogenous SOD (250 u ml71), suggesting the oxidant stress was intracellular. MnTMPyP
(600 mM and 1 mM) and MnCl2 (100 mM) were the only agents to reverse the blockade of ACh-induced
relaxation.

5 Addition of XO/HX to DETCA (0.3 mM)-treated tissues powerfully impaired ACh-induced
relaxation and exogneous SOD (250 u ml71) fully reversed the blockade, suggesting the oxidant stress
was extracellular. CuDIPS (0.1 ± 3 mM), CuSO4 (0.3 ± 3 mM), MnCl2 (1 ± 100 mM) and MnTMPyP (100 ±
600 mM) also reversed blockade powerfully, tempol (30 mM±1 mM) and tiron (0.3 ± 10 mM) reversed
blockade weakly and PTIYO (10 ± 300 mM) enhanced the blockade.

6 Thus, MnTMPyP was the only SOD mimetic to restore NO-dependent relaxation in conditions of
both extracellular and intracellular oxidant stress. This agent may, therefore, provide a lead in the
development of SOD mimetics for the treatment of pathologies associated with oxidant stress.
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Introduction

Endothelium-derived nitric oxide (NO) is of vital importance

in the regulation of vascular tone and blood pressure (for
review see Moncada et al., 1991). However, NO is destroyed by
the reduced species of molecular oxygen, superoxide anion

(Gryglewski et al., 1986). In eukaryotic cells, 3 isoforms of
superoxide dismutase (SOD) have evolved to cope with the
stress induced by the oxygen-rich environment: an intracellular

Cu/Zn-containing form, an extracellular Cu/Zn-containing
form, and a Mn-containing form found in the mitochondria,
and all dismutate superoxide at equivalent rates (Fridovich,

1983). Endogenous levels of Cu/Zn SOD have been shown to
be critically important in protecting NO from destruction by
superoxide in a number of isolated blood vessels including the
aorta of the rabbit (MuÈ gge et al., 1991) and rat (Mian &

Martin, 1995) and the bovine pulmonary (Cherry et al., 1990)
and coronary arteries (Omar et al., 1991).

The loss of vasodilator function following the interaction of

NO with superoxide has led to the suggestion that this process
is involved in a number of cardiovascular pathologies. For
example, hypertension (Nakazono et al., 1991; Grunfeld et al.,

1995; Bouloumie et al., 1997), atherosclerosis (Sharma et al.,
1992; Ohara et al., 1993), ischaemia-reperfusion injury (Down-
ey, 1990), diabetes (Hattori et al., 1991; Kamata & Kobayashi,

1996) and heart failure (McMurray et al., 1990; Katz et al.,
1993) are all associated with increased free radical production
and reduced NO-dependent relaxation. Endogenous levels of

SOD may therefore be of critical importance in the aetiology

of vascular pathologies associated with oxidant stress. Stable
elevation of the activity of SOD might, therefore, form the
basis of a rational strategy for therapeutic intervention in these

cardiovascular pathologies. However, it is likely that
therapeutic treatment with Cu/Zn SOD itself will be of limited
e�ectiveness. This is because SOD is not orally active, is

rapidly cleared from the circulation and, in view of its large
size, is unable to pentrate cell membranes to protect NO from
an intracellular oxidant stress. However, greater therapeutic

potential may lie with low molecular weight, membrane-
permeant compounds that exhibit SOD-like activity. A diverse
range of these has been described, including the metal-based
compounds CuDIPS (Cu [II]-[diisopropylsalicylate]2; Huber et

al., 1987; Sorenson, 1995) and MnTMPyP (Mn [III] tetrakis [1-
methyl-4-pyridyl] porphyrin; Faulkner et al., 1994; Gardner et
al., 1996) which dismutate superoxide in a manner similar to

that of authentic Cu/Zn SOD and Mn SOD, respectively.
Simple metal salts of Cu and Mn also possess SOD-like
activity (Huber et al., 1987; Beyer & Fridovich, 1990). Other

compounds, such as the spin traps PTIYO (4-phenyl-2,2,5,5-
tetramethyl imidazolin-1-yloxy-5-oxide), tempol (4-hydroxy
2,2,6,6-tetramethylpiperidine-1-oxyl) (Mitchell et al., 1990;

Ewing & Janero, 1995) and tiron (4,5-dihydroxy-1,3-benzene-
disulphonic acid; Ledenev et al., 1986) are also known to
relieve oxidant stress in a number of test systems.

The aim of this study was to investigate the potential ability

of the above putative SOD mimetics to restore NO-dependent
vasodilator function following its inhibition by oxidant stress1Author for correspondence.
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in the rabbit aorta. Conditions of oxidant stress were created in
isolated aortic rings by the generation of superoxide with the
xanthine oxidase/hypoxanthine (XO/HX) system and by

inactivating endogenous Cu/Zn SOD with diethyldithiocarba-
mate (DETCA; Cocco et al., 1981; Mian & Martin, 1995).
Preliminary reports of these ®ndings have already been

published (MacKenzie & Martin, 1997; 1998).

Methods

Preparation of tissues

Male New Zealand White rabbits (2.5 ± 3.5 kg) were killed
with an injection of sodium pentobarbitone (200 mg kg71)
into the marginal ear vein. The thoracic aorta was then

carefully removed and cleaned of fat and connective tissue.
Care was taken not to damage inadvertently the intimal
surface of the aorta. Some tissues were used that day while
others were stored in oxygenated Krebs solution overnight at

48C for use the following day. The aorta was cut into
transverse rings (2.5 mm wide). Aortic rings were then
mounted under 2 g resting tension on stainless steel hooks

within 10 ml tissue baths and maintained at 378C in Krebs
solution (mM): NaCl 118, KCl 4.8, CaCl2 2.5, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 24, glucose 11, gassed with 95% O2 and

5% CO2. Tension was recorded isometrically with Grass
FTO3C transducers and responses displayed and recorded on
a MacLab (E Series, AD Instruments) or on a Grass polygraph

model 7D. Tissues were allowed to equilibrate for 60 min
before experiments were carried out, during which time the
resting tension was re-adjusted to 2 g, as required.

Experimental protocols

Agonist-stimulated activity of NO was determined by assessing

acetylcholine (ACh)-induced relaxation. Speci®cally, cumula-
tive concentration-response curves to ACh (10 nM± 3 mM)
were constructed on endothelium-containing rings following

induction of submaximal (40 ± 60% of maximal) phenylephrine
(PE; 30 ± 300 nM)-induced tone. Following completion of each
concentration-response curve, the baths were repeatedly
washed out and the tissues allowed to re-equilibrate for at

least 30 min before further experimentation.
When the e�ects of authentic exogenous Cu/Zn SOD or the

putative SOD mimetics were assessed on ACh-induced

relaxation, each was given as a 20 min pretreatment before
cumulative concentration-response curves to ACh were
constructed. The SOD mimetics investigated were the spin

traps PTIYO (4-phenyl-2,2,5,5-tetramethyl imidazolin-1-
yloxy-5-oxide), tempol (4-hydroxy 2,2,6,6-tetramethylpiperi-
dine-1-oxyl) (Mitchell et al., 1990; Ewing & Janero, 1995) and

tiron (4,5-dihydroxy-1,3-benzene-disulphonic acid; Ledenev et
al., 1986), the metal-based compounds CuDIPS (Cu [II]-
[diisopropylsalicylate]2; Huber et al., 1987; Sorenson, 1995)
and MnTMPyP (Mn [III] tetrakis [1-methyl-4-pyridyl]

porphyrin; Faulkner et al., 1994; Gardner et al., 1996), and
the metal salts CuSO4 and MnCl2 (Huber et al., 1987; Beyer &
Fridovich, 1990).

In certain experiments, the e�ects of irreversible inhibition
of endogenous Cu/Zn superoxide dismutase (SOD) with the
copper chelator, diethyldithiocarbamate (DETCA; Mian &

Martin, 1995), were investigated on ACh-induced relaxation.
In these experiments, aortic rings were incubated with DETCA
at concentrations of 0.3, 3 or 10 mM for 60 min before being
repeatedly washed out. The tissues were again contracted

submaximally with PE and cumulative concentration-response
curves to ACh obtained. In other experiments, the e�ects of
exogenous generation of superoxide anion by xanthine oxidase

(XO; 4.8 mu ml71)/hypoxanthine (HX; 0.1 mM) were investi-
gated on ACh-induced relaxation. In these experiments, XO
was added to PE-contracted aortic rings for 20 min to allow it

to permeate the tissue. HX was then added and cumulative
concentration-response curves to ACh were constructed.

The e�ects of superoxide generation by XO/HX on ACh-
induced relaxation were also examined in tissues that had been

pretreated with DETCA (0.3 mM, 60 min, followed by
washout). The ability of authentic exogenous SOD and the
putative SOD mimetics to protect ACh-induced relaxation

against the inhibitory e�ects of DETCA alone and in
combination with XO/HX was also studied. Again, SOD and
the SOD mimetics were given as a 20 min pretreatment before

addition of HX. This 20 min incubation time was adopted
since SOD which has the largest molecular weight and
therefore the least di�usability of all the agents was maximally
e�ective within this time.

All experiments involving DETCA or XO/HX were
conducted in the presence of catalase (1000 u ml71) to guard
against accumulation of hydrogen peroxide.

Drugs

Acetylcholine chloride, catalase (bovine liver), 4,5-dihydroxy-
1,3-benzene-disulphonic acid (tiron), diethyldithiocarbamic
acid (DETCA), 4-hydroxy 2,2,6,6-tetramethylpiperidine-1-

oxyl (tempol), phenylephrine hydrochloride, hypoxanthine,
superoxide dismutase (Cu/Zn-containing enzyme from bovine
erythocytes) and xanthine oxidase (buttermilk) were obtained
from Sigma (Poole, U.K.). Cu (II)-[diisopropylsalicylate]2
(CuDIPS) and 4-phenyl-2,2,5,5-tetramethyl imidazolin-1-
yloxy-5-oxide (PTIYO) were obtained from Aldrich (Dorset,
U.K.). Mn (III) tetrakis [1-methyl-4-pyridyl] porphyrin

(MnTMPyP) was obtained from Alexis (Nottingham, U.K.),
whilst CuSO4 and MnCl2 were obtained from Hopkin &
Williams (Essex, U.K.). All drugs were dissolved in saline

(0.9%), except for hypoxanthine (50 mM) and Cu (II)-
[diisopropylsalicylate]2 (3 mM) which were dissolved in 0.1%
sodium hydroxide and in 50% ethanol/50% tris bu�er
(50 mM, pH 7.4), respectively. Control experiments demon-

strated that the solvents, sodium hydroxide and ethanol/tris
bu�er, did not account for the e�ects observed with
hypoxanthine and CuDIPS, respectively. All dilutions were

made in saline (0.9%).

Analysis of data

Results are expressed as the mean+s.e.mean of n separate
experiments. Relaxant responses are expressed as a percentage

(%) relaxation of PE-induced tone. Statistical comparisons
were made by one-way analysis of variance followed by
Bonferroni's post-test. A value of P50.05 was considered
signi®cant.

Results

E�ects of exogenous SOD and SOD mimetics on
ACh-induced relaxation

Following induction of PE (30 ± 300 nM)-induced tone in rings
of rabbit aorta, treatment for 20 min with authentic SOD
(250 u ml71), or with the SOD mimetics, tiron (1 ± 30 mM),
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MnTMPyP (10 mM±1 mM), or MnCl2 (1 ± 100 mM) (Figures
1a, 1c, 2c and 2d, respectively) failed to a�ect ACh (10 nM±
3 mM)-induced relaxation. However, relaxation was impaired

by treatment with the SOD mimetics, PTIYO at 300 mM but
not at 10 or 100 mM (Figure 1b), tempol at 3 mM but not at 0.1
or 1 mM (Figure 1d), and by both CuDIPS and CuSO4 at 10

and 100 mM but not at 1 mM (Figures 2a and b).

E�ects of exogenous SOD and SOD mimetics on
ACh-induced relaxation in DETCA-treated tissues

Treatment of endothelium-containing rings of rabbit aorta with
DETCA (0.3 ± 10 mM) for 60 min (followed by washout) to
inactivate endogenous Cu/Zn SOD led to a concentration-

dependent impairment of ACh-induced relaxation (Figure 3a).

Figure 1 Concentration-response curves showing relaxation to acetylcholine (ACh) on phenylephrine (30 ± 300 nM)-contracted
endothelim-containing rings of rabbit aorta and the e�ects of superoxide dismutase (SOD) and SOD mimetics on this relaxation. (a)
SOD (250 u ml71), (b) PTIYO (10, 100 and 300 mM), (c) tiron (1, 10 and 30 mM) and (d) tempol (0.1, 1 and 3 mM). Each point is
the mean and vertical lines s.e.mean of 55 observations. ***P50.001 indicates a signi®cant di�erence from the relaxation induced
by the maximal concentration of ACh in untreated rings.
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The blockade induced by 3 mM DETCA was una�ected by
treatment with exogenous SOD at 250 u ml71 (Figure 4a) or at
750 u ml71 (data not shown). Furthermore, no reversal of

blockade was observed following treatment with PTIYO
(10 mM), tiron (1 mM), or tempol (0.1 mM) (Figure 4b) or with
CuDIPS or CuSO4(bothat1 mM,Figure4c).Incontrast,reversal
of blockade was observed following treatment with MnTMPyP
(600 mM and 1 mM) and withMnCl2 (100 mM) (Figure 4d).

Ability of exogenous SOD and SOD mimetics to protect
ACh-induced relaxation from blockade by XO/HX in
DETCA-treated tissues

Treatment of endothelium-containing rings with XO
(4.8 mu ml71)/HX (0.1 mM), to generate superoxide, impaired

ACh-induced relaxation (Figure 3b). Furthermore, in DETCA
(0.3 mM)-treated tissues the ability of XO/HX to inhibit ACh-

Figure 2 Concentration-response curves showing relaxation to acetylcholine (ACh) on phenylephrine (30 ± 300 nM)-contracted
endothelium-containing rings of rabbit aorta and the e�ects of superoxide dismutase mimetics on this relaxation. (a) CuDIPS (1, 10
and 100 mM), (b) CuSO4 (1, 10 and 100 mM), (c) MnTMPyP (10 and 100 mM and 1 mM) and (d) MnCl2 (1, 10 and 100 mM). Each
point is the mean and vertical lines s.e.mean of 5 5 observations. ***P50.001 indicates a signi®cant di�erence from the relaxation
induced by the maximal concentration of ACh in untreated rings.
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induced relaxation was powerfully potentiated (Figure 3b).
This enhanced blockade was abolished following treatment
with exogenous SOD (250 u ml71; Figure 5a) and reversed in a

concentration-dependent manner by MnTMPyP (100 ±
600 mM; Figure 6c) and MnCl2 (1 ± 100 mM; Figure 6c) and
MnCl2 (1 ± 100 mM; Figure 6d). Substantial reversal of

blockade was observed following treatment with CuDIPS at
1 and 3 mM but not at 0.1 mM (Figure 6a) and with CuSO4

(0.3 ± 3 mM; Figure 6b). However, there was a tendency for
both of these at the highest concentration used (3 mM), to be

less e�ective at concentrations of ACh of 1 mM and above.
Weak reversal of blockade of ACh-induced relaxation was
observed following treatment with tiron at 1 mM but none was

seen at 0.3 or 10 mM (Figure 5c). Tempol produced weak
reversal of blockade at 0.1 mM but none was seen at 30 mM or
1 mM (Figure 5d). However, no reversal of blockade was

observed following treatment with PTIYO at 10 and 100 mM,
and at 300 mM the blockade was intensi®ed (Figure 5b).

Discussion

Treatment with high concentrations of DETCA inactivates

both intracellular and extracellular isoforms of Cu/Zn SOD
(Kelner et al., 1989), and in a number of blood vessels leads to
increased levels of superoxide together with severe impairment

of NO-dependent relaxation (Cherry et al., 1990; MuÈ gge et al.,
1991; Omar et al., 1991; Mian & Martin, 1995). As with these
previous studies we found that treatment with DETCA alone

produced a concentration-dependent blockade of acetylcholine
(ACh)-induced relaxation in rabbit aortic rings. Furthermore,
we found that the blockade of ACh-induced, NO-dependent
relaxation produced by a high concentration of DETCA

(3 mM) was not reversed by treatment with membrane-
impermeant exogenous Cu/Zn SOD. Thus, the blockade

results from either a non-selective action of DETCA or
impairment of the intracellular isoform of Cu/Zn SOD. The
latter explanation seems the more likely since the SOD mimetic

MnTMPyP and the simple salt MnCl2 produced reversal of
this blockade. However, neither agent fully reversed this
DETCA-induced inhibition; MnTMPyP produced no greater

restoration when used at 1 mM than at 600 mM, while MnCl2
precipitation in Krebs solution limited its use to concentrations
of 100 mM or less. Thus, a major component of the actions of
DETCA is likely to result from inhibition of intracellular Cu/

Zn SOD, with a lesser component re¯ecting non-selective
e�ects of DETCA, such as depletion of intracellular
glutathione and generation of lipid peroxides (Kelner et al.,

1989). In view of the membrane permeance of MnTMPyP
(Faulkner et al., 1994; Gardner et al., 1996) it may not be
surprising that this agent can reverse the e�ects of inhibition of

intracellular Cu/Zn SOD. In contrast, Mn2+ ions resulting
from addition of MnCl2 would not be expected to cross cell
membranes readily to relieve an oxidant stress. However, it is
possible that this ion gained entry to cells through divalent

cation channel. CuSO4 has previously been shown to restore
endothelium-dependent and nitrovasodilator-mediated relaxa-
tion following inhibition by DETCA in rat aorta (Plane et al.,

1997). We found no such restoration in rabbit aorta, perhaps
re¯ecting a reduced ability of Cu2+ ions to enter cells in this
tissue.

We also found following treatment of rabbit aortic rings
with a low concentration of DETCA (0.3 mM), which itself
had little e�ect on ACh-induced relaxation, that the ability of

superoxide, generated by xanthine oxidase (XO)/hypoxanthine
(HX), to impair relaxation was potentiated. This con®rms
previous ®ndings that endogenous Cu/Zn SOD is vital in
protecting NO against destruction by superoxide (Cherry et

al., 1990; MuÈ gge et al., 1991; Omar et al., 1991; Mian &
Martin, 1995). This enhanced blockade was completely

Figure 3 (a) Concentration-response curves showing relaxation to acetylcholine (ACh) on phenylephrine (30 ± 300 nM)-contracted
endothelium-containing rings of rabbit aorta and the blockade of this relaxation following treatment with diethyldithiocarbamate
(DETCA; 0.3, 3 and 10 mM). (b) Concentration-response curves showing relaxation to ACh and the blockade of this relaxation
following treatment with DETCA (0.3 mM) alone, xanthine oxidase (XO; 4.8 mu ml71)/hypoxanthine (HX; 0.1 mM) alone, or the
combination of these two treatments. Each point is the mean and vertical lines s.e.mean of 55 observations. ***P50.001 indicates
a signi®cant di�erence from the relaxation induced by the maximal concentration of ACh in untreated rings.
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reversed by treatment with exogenous Cu/Zn SOD suggesting
that destruction of NO by superoxide was localized to the
extracellular space. The ability of DETCA to inhibit

intracellular or extracellular isoforms of Cu/Zn SOD may,
therefore, di�er with the concentration used, i.e. low

concentrations producing blockade which is reversed by
membrane-impermeant SOD re¯ecting inhibition of extra-
cellular SOD, and high concentrations producing blockade

which is reversed by certain membrane permeant SOD
mimetics but not by exogenous SOD re¯ecting inhibition of

Figure 4 Concentration-response curves showing relaxation to acetylcholine (ACh) on phenylephrine (30 ± 300 nM)-contracted
endothelium-containing rings of rabbit aorta and the blockade of this relaxation following treatment with diethyldithiocarbamate
(DETCA; 3 mM). The e�ects of superoxide dismutase (SOD) and SOD mimetics on this blockade are also shown. (a) SOD
(250 u ml71), (b) PTIYO (10 mM), tiron (1 mM) and tempol (0.1 mM); (c) CuDIPS (1 mM) and CuSO4 (1 mM); and (d) MnTMPyP
(100 and 600 mM and 1 mM) and MnCl2 (100 mM). Each point is the mean and vertical lines s.e.mean of 55 observations.
##P50.01 and ###P50.001 indicate that the SOD mimetic had a signi®cant e�ect on the maximal relaxation induced by ACh in
diethyldithiocarbamate-treated rings.
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intracellular SOD. Of the spin trap agents tested, tempol and
tiron demonstrated modest ability to restore ACh-induced
relaxation but this was lost at higher concentrations of the

agents, while PTIYO failed to have any protective e�ect and
intensi®ed the blockade when used at high concentrations. The
potential ability of these spin traps to restore ACh-induced

relaxation by removing superoxide anion is likely to have been
compromised by their additional ability to inhibit ACh-
induced relaxation themselves; e�ects which we observed on

control rings of rabbit aorta. The ability of stable nitroxide
spin traps such as tempol and PTIYO to inhibit the activity of
NO in blood vessels by a direct reaction has already been

Figure 5 Concentration-response curves showing relaxation to acetylcholine (ACh) on phenylephrine (30 ± 300 nM)-contracted
endothelium-containing rings of rabbit aorta and the blockade of this relaxation following combined treatment with
diethyldithiocarbamate (DETCA; 0.3 mM) and xanthine oxidase (XO; 4.8 mu ml71)/hypoxanthine (HX; 0.1 mM). The e�ects of
superoxide dismutase (SOD) and SOD mimetics on this blockade are also shown. (a) SOD (250 u ml71), (b) PTIYO (10, 100 and
300 mM), (c) tiron (0.3, 1 and 10 mM) and (d) tempol (30 mM and 0.1 and 1 mM). Each point is the mean and vertical lines s.e.mean
of 55 observations. #P50.05, ##P50.01 and ###P50.001 indicate that the SOD mimetic had a signi®cant e�ect on the maximal
relaxation induced by ACh in rings treated with both diethyldithiocarbamate and xanthine oxidase/hypoxanthine.

SOD mimetics and nitric oxide 725A. MacKenzie & W. Martin



demonstrated (Akaike et al., 1993). The metal-based agents
demonstrated the greatest ability to restore ACh-induced
relaxation following its inhibition by XO/HX in DETCA

(0.3 mM)-treated rings of rabbit aorta. CuDIPS and the simple
metal salt CuSO4 both powerfully restored ACh-induced

relaxation in a concentration-dependent manner. However,
there was a tendency for both at the highest concentration used
(3 mM) to be less e�ective at concentrations of ACh of 1 mM
and above. This may be explained by our ®nding that both
compounds produced a concentration-dependent impairment

Figure 6 Concentration-response curves showing relaxation to acetylcholine (ACh) on phenylephrine (30 ± 300 nM)-contracted
endothelium-containing rings of rabbit aorta and the blockade of this relaxation following combined treatment with
diethyldithiocarbamate (DETCA; 0.3 mM) and xanthine oxidase (XO; 4.8 mu ml71)/hypoxanthine (HX; 0.1 mM). The e�ects of
superoside dismutase (SOD) mimetics on this blockade are also shown. (a) CuDIPS (0.1, 1 and 3 mM), (b) CuSO4 (0.3, 1 and 3 mM),
(c) MnTMPyP (100, 300 and 600 mM) and (d) MnCl2 (1, 10 and 100 mM). Each point is the mean and vertical lines s.e.mean of 55
observations. #P50.05, ##P50.01 and ###P50.001 indicate that the SOD mimetic had a signi®cant e�ect on the maximal
relaxation induced by ACh in rings treated with both diethyldithiocarbamate and xanthine oxidase/hypoxanthine.

SOD mimetics and nitric oxide726 A. MacKenzie & W. Martin



of ACh-induced relaxation in control tissues, perhaps
re¯ecting the reported ability of CuDIPS to inactivate NO
synthase (Baquial & Sorenson, 1995) or of Cu2+ ions to

generate hydroxyl radicals by the Fenton reaction. MnTMPyP
and MnCl2 both fully restored ACh-induced relaxation,
although the former was considerably less potent than the

latter. Faulkner et al. (1994) showed that the rate constant for
removal of superoxide anion by MnTMPyP was substantially
di�erent depending on the valency state of the metal i.e. the
Mn(II) form was 100 fold more active than the native Mn(III)

form. Reduction of the native state of Mn(III)TMPyP to the
more active Mn(II)TMPyP form by the superoxide dismuta-
tion process is relatively slow but can proceed faster, at least in

E. coli, by reduction at the hand of cellular elements such as
NADPH and glutathione (Faulkner et al., 1994). This is likely
to explain the reportedly greater superoxide removing potency

of MnTMPyP in E. coli than in in vitro biochemical studies
(Faulkner et al., 1994). The higher a�nity of Mn(II) over
Mn(III) for superoxide anion may, therefore, explain the
greater potency of Mn(II)Cl2 than of Mn(III)TMPyP in

restoring ACh-induced relaxation following its inhibition by
oxidant stress. SOD mimetics based on a Mn(II) metal centre
may therefore have greater therapeutic potential than those

based on the Mn(III) form.
In conclusion, we assessed the ability of a series of

structurally distinct putative SOD mimetics to protect NO

from destruction by oxidant stress in blood vessels. We found

that compounds based on the metal centres of Cu/Zn and
Mn SOD were substantially more potent than spin trapping
agents. Other than the simple metal salts which are too toxic

to be considered as potential therapeutic agents, MnTMPyP
proved to be the most e�ective in restoring NO-dependent
relaxations in conditions of extracellular and intracellular

oxidant stress. This re¯ected our previous ®nding that
MnTMPyP was the most e�ective of these agents in reversing
the blockade of nitrergic transmission in conditions of
oxidant stress in the bovine retractor penis muscle (Mok et

al., 1998). The membrane-permeant nature of MnTMPyP
may provide a lead in the development of SOD mimetics with
greater therapeutic potential than membrane-impermeant

SOD itself in the treatment of vascular pathologies associated
with oxidant stress.

Abbreviations

CuDIPS, Cu(II)-[diisopropylsalicylate]2; DETCA, diethyldithiocar-
bamate; HX, hypoxanthine; MnTMPyP, Mn(III) tetrakis [1-methyl-
4-pyridyl] porphyrin; PTIYO, 4-phenyl-2,2,5,5-tetramethyl imida-
zolin-1-yloxy-5-oxide; SOD, superoxide dismutase; tempol, 4-
hydroxy 2,2,6,6-tetramethylpiperidine-1-oxyl; tiron, 4,5-dihydroxy-
1,3-benzene-disulphonic acid; XO, xanthine oxidase
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