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1 A number of structurally distinct superoxide dismutase (SOD) mimetics were examined to
determine if they shared the ability of authentic Cu/Zn SOD to produce endothelium-dependent
relaxation of rings of rat aorta by protecting basal nitric oxide from destruction by endogenously
produced superoxide anion.

2 MnCl, (10 nM—100 um), CuSO, (100 nM—1 mM) and CuDIPS (Cu [II]-[diisopropylsalicylate]s,;
100 nM—30 uM) each mimicked the ability of Cu/Zn SOD (0.1-300 u ml~') to produce relaxation
of phenylephrine-precontracted aortic rings in a manner inhibited by endothelial removal or
treatment with N€-nitro-L-arginine methyl ester (L-NAME, 100 um).

3 In contrast, MnTMPyP (Mn [III] tetrakis [l-methyl-4-pyridyl] porphyrin; 10 nM—30 um)
augmented phenylephrine-induced contraction and this was blocked by endothelial removal or
treatment with L-NAME (100 uM), consistent with destruction rather than protection of basal nitric
oxide activity. Pretreatment with Cu/Zn SOD (250 u ml~") blocked this augmentation suggesting
that it arose paradoxically through destruction of nitric oxide by superoxide anion.

4 The spin trap agents tiron (100 nM—1 mM), tempol (100 nMm—1 mM) and PTIYO (4-phenyl-
2,2,5,5-tetramethyl imidazolin-1-yloxy-5-oxide; 100 nM—300 uMm) all failed to promote endothelium-
dependent relaxation. In fact, the last two augmented phenylephrine-induced tone and this was
blocked by endothelial removal or treatment with L-NAME (100 puMm), consistent with destruction of
basal nitric oxide activity. This destruction was unaffected by pretreatment with Cu/Zn SOD
(250 u ml~") and probably reflected the direct ability of tempol and PTIYO to destroy nitric oxide.

5 Thus, the ideal SOD mimetic for protection of nitric oxide activity in conditions of oxidant stress

still awaits development.
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Introduction

Nitric oxide is destroyed rapidly by the reduced species of
molecular oxygen, superoxide anion, leading to loss of its
vasodilator action (Gryglewski et al., 1986; Rubanyi &
Vanhoutte, 1986) and formation of the powerful oxidant,
peroxynitrite (Beckman et al., 1990). Studies involving the use
of the copper chelator, diethyldithiocarbamate, which in-
activates the Cu/Zn-containing isoforms of superoxide
dismutase (SOD; Cocco et al., 1981; Kelner et al., 1989)
suggest that this enzyme plays a vital role in protecting nitric
oxide produced by the vascular endothelium (Omar et al.,
1991; Miigge et al., 1991; Mian & Martin, 1995) and nitrergic
nerves (Martin et al., 1994; Lilley & Gibson, 1995). This
protective action provides SOD and SOD mimetics with
therapeutic potential in the treatment of pathologies associated
with oxidant stress. Indeed, we and others have recently
demonstrated that authentic SOD and a number of
structurally distinct SOD mimetics protect, to varying degrees,
the activity of endothelium- (MacKenzie & Martin, 1998a;
Dudgeon et al., 1998; Fontana et al., 1999) and nitrergic nerve-
derived (Mok et al., 1998) nitric oxide in models of oxidant
stress. In addition to this ability to protect nitric oxide under
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conditions of oxidant stress, authentic SOD (Ohlstein &
Nichols, 1989; Mian & Martin, 1995; Barton et al., 1997) and
certain Mn-based SOD mimetics (Kasten ez al., 1994; 1995) are
known to produce endothelium-dependent relaxation in
normal vessels. This relaxant action arises as a consequence
of protection of basal nitric oxide from destruction by
endogenously produced superoxide anion.

The aim of this study was to determine if the ability to
induce endothelium-dependent relaxation was a general
property of SOD mimetics. In order to test this, we examined
the ability of a number of structurally distinct classes of SOD
mimetic to induce endothelium-dependent relaxation in
isolated rings of rat aorta. The SOD mimetics examined for
this property were the metal-based compounds CuDIPS (Cu
[[T]-[diisopropylsalicylate],; Huber ez al., 1987; Sorenson, 1995)
and MnTMPyP (Mn [III] tetrakis [l-methyl-4-pyridyl]
porphyrin; Faulkner et al., 1994; Gardner et al., 1996), the
simple metal salts CuSO,4 and MnCl, (Huber et al., 1987; Beyer
& Fridovich, 1990), the nitroxide spin traps PTIYO (4-phenyl-
2,2,5,5-tetramethyl imidazolin-1-yloxy-5-oxide) and tempol (4-
hydroxy 2,2,6,6-tetramethylpiperidine-1-oxyl) (Mitchell et al.,
1990; Ewing & Janero, 1995), and the superoxide scavenger
tiron (4,5-dihydroxy-1,3-benzene-disulphonic acid; Ledenev et
al., 1986). Preliminary findings from this study have already
been published (MacKenzie & Martin, 1998b).
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Methods
Preparation of tissues

Female Wistar rats (200—250 g) were killed by stunning and
exsanguination. The thoracic aorta was then carefully removed
and cleaned of fat and connective tissue and cut into transverse
rings (2.5 mm wide). Care was taken not to damage
inadvertently the intimal surface of the aorta. In some
experiments, the endothelium was removed by gentle abrasion
of the intimal surface using a moist wooden stick. Aortic rings
were then mounted under 1 g resting tension on stainless steel
hooks within 10 ml tissue baths and maintained at 37°C in
Krebs solution (mM): NaCl 118, KCl 4.8, CaCl, 2.5, MgSO,
1.2, KH,PO, 1.2, NaHCO; 24, glucose 11, gassed with 95% O,
and 5% CO,. Tension was recorded isometrically with Grass
FTO3C transducers and responses displayed and recorded on
a MacLab (E Series, AD Instruments). Tissues were allowed to
equilibrate for 60 min before experiments were carried out,
during which time the resting tension was re-adjusted to 1 g, as
required.

Experimental protocols

All experiments involving control, endothelium-containing
aortic rings were conducted following induction of 40—60%
of maximal phenylephrine (PE)-induced tone. This level of
tone was achieved with PE at 0.1-0.3 uM. A number of the
experimental procedures employed, however, affected the level
of tone induced by PE. Specifically, endothelial denudation or
treatment with NS-nitro-L-arginine methyl ester (L-NAME,
100 uM, for 30 min) led to loss of basal nitric oxide activity
and, consequently, enhanced PE-induced contraction. In order
to compensate for these changes in sensitivity, the concentra-
tion of PE employed in each individual experiment was
adjusted to ensure that the level of tone was 40—60% of the
maximum seen on control, endothelium-containing rings.
Cumulative concentration-response curves to authentic Cu/
Zn SOD (0.1-300 uml~") and SOD mimetics were con-
structed on endothelium-containing rings following induction
of PE-induced tone. The SOD mimetics examined were tiron
(100 nM—1 mMm), PTIYO (100 nM—300 pum),  tempol
(100 nM—1 mm), CuSO,4 (100 nM—1 mm), CuDIPS (100 nM—
30 um), MnCl, (10 nMm—100 umM) and MnTMPyP (10 nM—
300 um). The effects of inhibition of nitric oxide synthase with
L-NAME (100 uM, 30 min) and of endothelium-denudation
were examined on the effects of SOD and the SOD mimetics.

Drugs

4,5-dihydroxy-1,3-benzene-disulphonic acid (tiron), 4-hydroxy
2,2,6,6-tetramethylpiperidine-1-oxyl (tempol), phenylephrine
hydrochloride, and superoxide dismutase (Cu/Zn-containing
enzyme from bovine erythrocytes) were obtained from Sigma
(Poole, U.K.). Cu (II)-[diisopropylsalicylate], (CuDIPS) and
4 -phenyl-2,2,5,5 - tetramethyl imidazolin- 1 - yloxy - 5 - oxide
(PTIYO) were obtained from Aldrich (Dorset, U.K.). Mn
(IIT) tetrakis [1-methyl-4-pyridyl] porphyrin (MnTMPyP) was
obtained from Alexis (Nottingham, U.K.), whilst CuSO, and
MnCl, were obtained from Hopkin & Williams (Essex, U.K.).
All drugs were dissolved in saline (0.9%), except for CuDIPS
(3 mM stock) which was dissolved in 50% ethanol/50% tris
buffer (50 mM, pH 7.4). Control experiments demonstrated
that the solvent, ethanol/tris buffer, did not account for the
effects observed with CuDIPS. All dilutions were made in
saline (0.9%).
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Figure 1 Concentration-response curves showing the changes in
tone induced by (a) authentic Cu/Zn superoxide dismutase (Cu/Zn
SOD), (b) CuSO,, and (c) CuDIPS on phenylephrine-contracted,
endothelium-containing rings of rat aorta (control). The effects of
pretreatment with L-NAME (100 uM; 30 min) and of endothelial
removal (—EC) on these changes are also shown. Each point is the
mean+s.e.mean of 5-8 observations. *P<0.05, **P<0.005, and
***P<0.001 indicate a significant difference following treatment with
L-NAME. #P<0.05 and ###P<0.001 indicate a significant
difference following endothelial removal. For clarity, levels of
statistical significance shown in (a) are for the highest concentration
of Cu/Zn SOD only.
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Analysis of data

The effects of authentic SOD and the SOD mimetics on tone
are expressed as a percentage (%) of the pre-existing level
(100%) of PE-induced tone. Thus, relaxations and contrac-
tions are expressed as falls and increases from this level,
respectively. Results are expressed as the mean +s.e.mean of n
separate experiments. Statistical comparisons were made by
one-way analysis of variance followed by the Bonferroni post-
test. A value of P<0.05 was considered significant. Con-
centration-response curves were constructed and statistical
analyses performed using a computer-based programme
(Graph Pad, Prism).

Results

Effects of Cu/Zn superoxide dismutase and metal-based
SOD mimetics on tone of rat aorta

Following induction of submaximal tone with phenylephrine
(PE, 0.1-0.3 uM) in endothelium-containing rings of rat aorta,
authentic Cu/Zn superoxide dismutase (SOD, 0.1-
300 u ml~') produced concentration-dependent relaxation
(Figure 1a; maximal relaxation to 26.0+5.9% of initial tone).
This relaxation was almost abolished following 30 min
pretreatment with the inhibitor of nitric oxide synthase, N°-
nitro-L-arginine methyl ester (L-NAME, 100 uM), and by
endothelial denudation.

As with Cu/Zn SOD, the SOD mimetics CuSO, (100 nM—
1 mMm), CuDIPS (100 nMm—30 gM) and MnCl, (10 nM—
100 uM) each relaxed precontracted endothelium-containing
rings although the maximum relaxations obtained were
somewhat smaller (to 58.3+6.9, 63.4+7.6 and 48.9+5.5% of
initial tone, respectively; Figures 1b and ¢ and 2a).
Pretreatment with L-NAME (100 pM; 30 min) and endothelial
denudation each impaired the relaxations induced by CuSO,,
CuDIPS and MnCl,.

In contrast to SOD and the other metal-based SOD
mimetics, the changes in tone observed following treatment
of precontracted, endothelium-containing rings with
MnTMPyP (10 nM—300 M) comprised two components: an
initial enhancement of tone (from 10 nM—30 uM, to a
maximum of 156.6+9.2% of initial tone), followed by a
relaxant component (from 100-300 uM, to 71.2+7.6% of
initial tone; Figure 2b). Pretreatment with L-NAME (100 uM;
30 min) and endothelial denudation each almost abolished the
enhancement of PE-induced tone (maximum levels attained
were 113.7+4.5 and 106.2 +4.7% of initial tone, respectively),
but neither affected the relaxation induced by MnTMPyP.

Others have reported that MnTMPyP can act either as a net
scavenger or generator of superoxide anion depending on the
redox environment (Gardner et al., 1996). Accordingly, the
possibility that the endothelium-dependent enhancement of
tone by MnTMPyP might be due to destruction of basal nitric
oxide activity resulting from superoxide generation was tested
by pre-incubating tissues with Cu/Zn SOD. Pretreatment of
endothelium-containing rings for 30 min with SOD
(250 u ml™"), followed by restoration of submaximal tone
with additional PE, resulted in blockade of the MnTMPyP-
induced enhancement of tone: it produced a greater than 10
fold rightward shift in the concentration-response curve but
did not depress the maximum enhancement observed
(137.6 £9.9% of initial tone; Figure 3). Experiments conducted
on endothelium-denuded rings demonstrated that SOD had no
effect on the relaxant actions of MnTMPyP (Figure 4).
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Figure 2 Concentration-response curves showing the changes in
tone induced by (a) MnCl, and (b) MnTMPyP on phenylephrine-
contracted, endothelium-containing rings of rat aorta (control). The
effects of pretreatment with L-NAME (100 gmM; 30 min) and of
endothelial removal (—EC) on these changes are also shown. Each
point is the mean+s.e.mean of 5-8 observations. *P<0.05 and
***P<0.001 indicate a significant difference following treatment with
L-NAME. #P<0.05 and ###P<0.001 indicate a significant
difference following endothelial removal. For clarity, levels of
statistical significance shown in (a) are for the highest concentration
of MnCl, only.

Effects of spin trap SOD mimetics on tone of rat aorta

The superoxide anion scavenger, tiron (100 nM—1 mM), had
no effect on submaximal PE-induced tone either in control
endothelium-containing rings, endothelium-containing rings
treated with L-NAME (100 uM; 30 min), or endothelium-
denuded rings (Figure 5a). In contrast, both nitroxide spin
traps, PTIYO (100 nM—300 puM) and tempol (100 nM—1 mMm),
augmented the tone of endothelium-containing rings (to
maxima of 268.3+29.4 and 163.6 +14.3% of initial tone with
the highest concentration of each tested, respectively; Figures
5b and c). Pretreatment for 30 min with L-NAME (100 um)
and endothelial denudation each powerfully impaired the
augmentation of tone induced by PTIYO and tempol.
Pretreatment for 30 min with SOD (250 u ml~") had no effect
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on the augmentation of tone induced by PTIYO or tempol on
endothelium-containing rings (data not shown).

Discussion
It is well established that authentic Cu/Zn SOD induces

endothelium-dependent vasodilatation by protecting basal
nitric oxide from the destructive action of endogenously
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Figure 3 Concentration-response curves showing the changes in
tone induced by MnTMPyP on phenylephrine-contracted, endothe-
lium-containing rings of rat aorta (control) and the effects of
pretreatment with Cu/Zn superoxide dismutase (SOD, 250 u ml™!,
30 min) on these changes. Each point is the mean+s.e.mean of 5—11
observations. *P<0.05, **P<0.005 and ***P<0.001 indicate a
difference following treatment with superoxide dismutase.
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Figure 4 Concentration-response curves showing that the relaxation
induced by MnTMPyP on phenylephrine-contracted, endothelium-
denuded rings of rat aorta (control) was unaffected by pretreatment
with Cu/Zn superoxide dismutase (SOD, 250 u ml~!, 30 min). Each
point is the mean+s.e.mean of eight observations.

produced superoxide anion (Ohlstein & Nichols, 1989; Mian
& Martin, 1995; Barton et al., 1997). Furthermore, MnCl.,
which mimics the ability of the Mn-containing isoform of SOD
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Figure 5 Concentration response curves showing the changes in tone
induced by (a) tiron, (b) PTIYO and (c) tempol on phenylephrine-
contracted, endothelium-containing rings of rat aorta (control). The
effects of pretreatment with L-NAME (100 um; 30 min) and of
endothelial removal (—EC) on these changes are also shown. Each
point is the mean +s.e.mean of 8§— 18 observations. ***P<0.001 and
###P<0.001 indicate a significant difference following treatment
with L-NAME and following endothelial removal, respectively.
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to scavenge superoxide anion (Beyer & Fridovich, 1990), also
promotes vascular relaxation (Kasten er al., 1994). Our
findings with Cu/Zn SOD and MnCl, in this study are entirely
consistent with these reports and further demonstrate that
CuSO, and CuDIPS, which mimic the ability of Cu/Zn SOD to
scavenge superoxide anion (Huber et al., 1987; Sorenson,
1995), each also induces relaxation of rat aortic rings in a
manner that is blocked by inhibition of nitric oxide synthesis
or endothelial removal. For MnCl,, CuSO, and CuDIPS the
absolute magnitude of endothelium-dependent relaxation
produced was not as great as with Cu/Zn SOD itself, and
each also produced a larger endothelium-independent compo-
nent of relaxation. These differences may reflect additional
properties seen with these agents, but lacking in Cu/Zn SOD,
resulting from the presence of free metal ions. For example,
CuSO,; and CuDIPS each inhibit acetylcholine-induced
relaxation (Emsley er al., 1998; MacKenzie & Martin,
1998a), perhaps as a consequence of the generation of
hydroxyl radical or inhibition of nitric oxide synthase (Baquial
& Sorenson, 1995). Furthermore, MnCl, is known to block
calcium entry into cells and this might be expected to promote
relaxation of vascular smooth muscle and inhibition nitric
oxide release from endothelium (Kasten et al., 1994). These
additional deleterious properties make MnCl,, CuSO, and
CuDIPS unsuitable as therapeutic agents for the protection of
nitric oxide in conditions of oxidant stress. Nevertheless, the
ability of Cu/Zn SOD to promote endothelium-dependent
relaxation through protection of basal nitric oxide activity is
certainly shared by the SOD mimetics, MnCl,, CuSO, and
CuDIPS.

In contrast, the low molecular weight Mn-porphyrin-based
SOD mimetic, MnTMPyP (Faulkner et al., 1994; Gardner et
al., 1996), failed to produce endothelium-dependent relaxation
of rat aortic rings. Indeed, quite paradoxically, this agent
produced the opposite effect, i.e. in the concentration range
10 nM—30 uM it augmented phenylephrine-induced tone; at
higher concentrations it produced relaxation by an endothe-
lium-independent action on the vascular smooth muscle. The
initial augmentation of tone was almost completely abolished
following endothelial removal or inhibition of nitric oxide
synthesis by L-NAME. Its actions are therefore consistent with
destruction rather than the anticipated potentiation of basal
nitric oxide activity. This action of MnTMPyP was indeed
surprising, since we and others have demonstrated previously
that in conditions of oxidant stress it powerfully protects
acetylcholine-induced relaxation in rabbit aorta (MacKenzie &
Martin, 1998a; Fontana et al., 1999) and nitrergic transmission
in the retractor penis muscle (Mok et al., 1998). Others have,
however, demonstrated that MnTMPyP can be either a net
scavenger or generator of superoxide anion depending upon
the prevailing redox environment (Gardner et al., 1996).
Specifically, when the level of superoxide is high, MnTMPyP
preferentially scavenges this free radical, but when low, it
participates in alternative redox reactions leading to super-
oxide generation. On the basis of this, we considered the
possibility that the MnTMPyP-induced augmentation of tone
was due to destruction of basal nitric oxide resulting from
enhanced generation of superoxide. This indeed appeared to be
the explanation since prior treatment with authentic Cu/Zn
SOD blocked the MnTMPyP-induced augmentation of tone.
Thus, despite promising indications that MnTMPyP is
effective in protecting nitric oxide in conditions of oxidant
stress (MacKenzie & Martin, 1998a; Mok ef al., 1998; Fontana
et al., 1999), its ability to destroy basal nitric oxide activity
through generation of superoxide seriously compromises its
potential as a therapeutic agent. This paradoxical ability of

MnTMPyP to generate superoxide does not, however, appear
to be a general property of Mn-based SOD mimetics. For
example, the compound SC52608, produces relaxation of rat
aortic rings in a manner similar to that of authentic Cu/Zn
SOD (Kasten et al., 1995) and is likely, therefore, to have
greater therapeutic potential. The endothelium-independent
relaxation seen with high concentrations of MnTMPyP was
not blocked by pretreatment with SOD and therefore did not
involve superoxide anion.

The spin trap agents, tiron, PTTYO and tempol, are effective
scavengers of superoxide, as demonstrated in a number of in
vitro biochemical assays, but they are roughly 1000 times less
potent than the metal-based SOD mimetics (Mok ef al., 1998).
Moreover, in this study we showed that none of these spin
traps shared the ability of Cu/Zn SOD to promote
endothelium-dependent relaxation of rat aortic rings; tiron
did produce slight relaxation in some individual tissues but the
combined data from all experiments failed to reach statistical
significance. In fact, PTIYO and, to a lesser extent, tempol
augmented phenylephrine-induced tone. As with MnTMPyP,
this effect was inhibited following endothelial removal or
blockade of nitric oxide synthesis with L-NAME, consistent
with destruction of basal nitric oxide activity. Unlike with
MnTMPyP, however, the augmentation of tone with PTIYO
or tempol was not inhibited following treatment with Cu/Zn
SOD, and so the destruction of basal nitric oxide did not
involve superoxide anion. Rather, since nitric oxide itself is a
free radical one would expect it to be scavenged by spin trap
compounds in much the same way as superoxide anion.
Indeed, the class of stable nitroxide spin traps, to which
PTIYO and tempol belong, has already been shown to react
with and destroy nitric oxide (Akaike et al., 1993). Moreover,
the previously reported greater potency of PTIYO than of
tempol to inhibit acetylcholine-induced relaxation in rabbit
aorta (MacKenzie ef al., 1998a) reflects the relative potencies
of these two agents to augment phenylephrine-induced tone in
rat aorta, presumably as a consequence of their differential
ability to destroy basal nitric oxide activity. Thus, the ideal
spin trap for protection of nitric oxide against oxidant stress
would be one which had high affinity for superoxide anion but
low affinity for nitric oxide. Tempol is clearly the better of
these two nitroxide spin traps in this respect, but its affinity for
nitric oxide is still too high to be considered suitable for clinical
use. Nevertheless, tempol has demonstrated some utility in
lowering blood pressure through augmentation of nitric oxide
activity in normotensive and spontaneously hypertensive rats
(Leach et al., 1998; Schnackenberg et al., 1998).

In conclusion, the ability of Cu/Zn SOD to promote
endothelium-dependent relaxation of rat aortic rings through
potentiation of basal nitric oxide activity is shared by the SOD
mimetics, MnCl,, CuSO, and CuDIPS. The free metal ions
released from these in solution, however, preclude their use as
therapeutic agents. The metal ion is, however, firmly embedded
in the porphyrin ring of MnTMPyP, but this agent destroys
basal nitric oxide activity by a mechanism involving the
paradoxical generation of superoxide anion. The spin trap
agents tiron, PTIYO and tempol also lack the ability to
promote endothelium-dependent relaxation and, indeed, the
last two agents augment vasoconstrictor tone by a direct
ability to scavenge nitric oxide. Thus, the ideal SOD mimetic
for protection of nitric oxide activity in conditions of oxidant
stress still awaits development.

A. MacKenzie holds a Medical Research Council Scholarship. We
are grateful to the British Heart Foundation and the Wellcome
Trust for support.
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