European Journal of Pharmacology 306 (1996) 107112

v

Reactive oxygen species-induced impairment of endothelium-dependent
relaxation in rat aortic rings: protection by L-arginine
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Abstract

The protective effect of 1-arginine against reactive oxygen species-induced impairment of endothelium-dependent vasorelaxation was
investigated in isolated ring preparations of rat aorta. The aortic rings were subjected to reactive oxygen species generated by the
electrolysis of the bathing solution or incubation with H,O,. Endothelium-dependent relaxation in response to acetylcholine of
precontracted aortic rings was attenuated when the rings were exposed to reactive oxygen species or H,O,. Incubation prior to
electrolysis with either L-arginine, the endogenous precursor of nitric oxide (NO), or sodium nitroprusside, an exogenous donor of NO,
protected the aortic rings against the impairment of endothelium-dependent relaxation. However, D-arginine and glycine, amino acids
which do not produce NO, also afforded protection in this model. Therefore, not only the increased synthesis of NO but also the oxidation
of L-arginine, with concomitant disproportionation of reactive oxygen species, may be responsible for the protective effect against reactive
oxygen species-induced loss of the endothelial response to acetylcholine in isolated rat aorta.
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1. Introduction

Tissue damage due to reactive oxygen species, H,0,,
superoxide anion and hydroxyl radical, has been impli-
cated as a major factor in ischemia-reperfusion injury in
coronary, pulmonary, and other vascular beds (Kennedy et
al., 1989; Opie. 1989; Lawson et al., 1990a; Ward, 1991).
Reactive oxygen species can produce cellular injury
through lipid peroxidation of mitochondrial, lysosomal and
plasma membranes, which can alter both membrane struc-
ture and function (Kellogg and Fridovich, 1975; Fridovich,
1978).

The vascular endothelium, which acts as a barrier for
the vascular network, also participates in the regulation of
vascular smooth muscle tone by releasing vasoactive sub-
stances such as endothelium-derived relaxing factor
(EDRF) /nitric oxide (NO) (Furchgott and Zawadzky,
1980; Palmer et al., 1987; Myers et al,, 1990). Reactive
oxygen species may cause endothelial barrier dysfunction
(Shasby et al., 1985, Berman and Martin, 1993) and
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impairment of endothelium-dependent relaxation (Gryg-
lewski et al., 1986).

The antioxidant activity of NO has been reported
(Kanner, 1990; Kanner et al., 1991) and L-arginine, the
precursor of NO, may afford protection against reactive
oxygen species-induced cytotoxicity. Increased production
of reactive oxygen species in hypercholesterolemia leads
to endothelial injury (Prasad and Kalra, 1993), and it has
been shown that L-arginine improves the endothelium-de-
pendent vasodilation in hypercholesterolemic humans and
rabbits (Cooke et al., 1991, 1992; Creager et al., 1992).
Recently, an increased synthesis of NO has been suggested
as explanation for the protective effect of L-arginine against
damage caused by reactive oxygen species to the aortic
endothelium (Xiong et al., 1994).

It has been reported that a-amino acids like glycine
attenuate the H,0,-mediated injury of cultured endothelial
cells (Varani et al,, 1991), and leucine, alanine and -
methy! alanine undergo oxidation concomitant with dismu-
tation of H,0, (Berlett et al., 1990; Yim et al., 1990).
Since L-arginine as an amino acid with an a-carbon atom
could also be protective regardless of its being a precursor
of NO, we further investigated the effect of L-arginine on
reactive oxygen species-induced alterations in endothe-
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lium-dependent relaxation in the rat isolated aorta com-
pared to that of sodium nitroprusside, an exogenous donor
of NO. The reactive oxygen species were generated by
electrolysis of the physiological buffer in which the tissues
were bathed. This method allowed us to study the direct
oxygen radical induced endothelial injury and was a modi-
fication of the technique described by Jackson et al.
(1986a,b). Reactive oxygen species generated via electrol-
ysis were determined as superoxide anion, H,O, and
hydroxyl radical, using a luminol chemiluminescence as-
say (Jackson et al., 1986a).

2. Materials and methods
2.1. Preparation of isolated rat aorta

The thoracic aorta isolated from rats {male, 200-300 g)
was cleaned of loosely adherent tissue and cut into rings of
S mm length. Each ring was suspended between two
stainless-steel hooks in a 50 ml organ bath filled with
Krebs-Henseleit solution (KHS) bubbled with 95% 0,-5%
CO, at 37°C. The composition of the KHS was (in mM):
NaCl, 1184; KCI, 4.69; MgSO,, 1.18; CaCl,, 2.5;
KH,PO,, 1.17; NaHCO,, 25.0; glucose, 11.1. A resting
tension of 2 g was applied to the aortic rings, which were
then allowed to equilibrate for 90 min before experimental
procedures were initiated. Isometric changes in tension
were displayed on a Gemini recorder (Model 7070) via a
force-displacement transducer (Ugo Basile 7004).

2.2. Experimental protocol

2.2.1. Group A

The rat isolated aortic rings were contracted with in-
creasing concentrations (1078-3 X 107> M) of phenyl-
ephrine and cumulative concentration-response curves were
obtained. The aortic rings were then recontracted to 80%
of the maximum contraction elicited by phenylephrine, and
once a stable plateau tension was established, the relax-
ation response to acetylcholine (107%~10* M) was deter-
mined. The involvement of EDRF/NO in the acetyl-
choline response was tested by using N-nitro-L-arginine
methyl ester (L-NAME) (3 X 1073 M), which inhibits NO
synthesis, in a separate group of experiments.

The aortic rings were exposed to reactive oxygen species
generated by the electrolysis of the bathing solution. Elec-
trolysis was performed by using two platinum electrodes
with a constant DC current of 20 mA for 5 min. The
electrodes were placed 1 cm apart away from the tissue in
the organ bath so that the aortic rings were not exposed to
field stimulation. After the electrolysis, the baths were
washed out and the tissues were allowed to equilibrate for
5 min. Then cumulative concentration-response curves for
both phenylephrine and acetylcholine were made again
using the same protocol.

2.2.2. Group B

The aortic rings were incubated with L- and D-arginine
(107* M), glycine (10~ M), sodium nitroprusside (3 X
10~7 and 10™® M) and a range of free radical scavenging
agents, dimethylsulphoxide (DMSO) (107 M), superox-
ide dismutase (150 U/ml) and catalase (1000 U/ml),
which were added to the bath 30 min before the electroly-
sis of the KHS. Cumulative concentration-response curves
for acetylcholine were obtained in precontracted rings
before and after electrolysis. DMSO was used as a specific
hydroxyl radical scavenger. Superoxide dismutase was used
to scavenge superoxide radicals. Catalase, which degrades
H,0, to water and oxygen (Beny and Von der Weid,
1991), was used to investigate the involvement of H,O,.

In preliminary experiments, aortic rings were incubated
with either free radical scavengers or L- or p-arginine or
glycine or sodium nitroprusside at the concentrations given
above, without electrolysis of the physiological bathing
solution. The incubation with these test drugs and then the
washout process in the absence of electrolysis did not alter
the precontraction of aortic rings or the concentration-re-
sponse curve to acetyicholine. Sodium nitroprusside at
concentrations above 10~® M was not used throughout the
study since the precontraction elicited by phenylephrine
was depressed and the maintenance of the contraction was
impaired.

2.2.3. Group C

The direct effect of H,O, on endothelium-dependent
relaxation in rat isolated aorta was investigated. Aorta
rings were incubated in the presence of H,0, (107%-107°
M) for 30 min, and then the tissues were washed and
allowed to equilibrate for 10 min. Cumulative concentra-
tion-response curves for acetylcholine were obtained in
precontracted aortic rings before and after incubation with
H,0,. The effect of H,0, on the acetylcholine response
was also studied in the presence of either catalase or L- or
D-arginine.

2.3. Statistical analysis

Aortic ring contraction was measured as grams of ten-
sion. Responses to acetylcholine are expressed as percent-
ages of papaverine (10~* M)-induced relaxation. Papaver-
ine was added to the bath after the maximum relaxation
response to acetylcholine was obtained. All data are ex-
pressed as means + S.E.M. Statistical analysis was per-
formed by using analysis of variance (ANOVA) with
repeated measurements. A P value of less than 0.05 was
considered significant.

3. Results

The contractile response to phenylephrine in the iso-
lated rat aorta was potentiated and the concentration-re-
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Fig. 1. Phenylephrine-induced contractile response in rat isolated aorta
before (control, M) and after ( 4 ) electrolysis. Contraction was measured
as grams of tension and data are shown as means + S.E.M. (vertical lines)
(n = 6). Intermediate concentrations of phenylephrine correspond to 3-fold
increases. ~ Significantly different from control (P < 0.05).

sponse curve shifted to the left when the bathing solution
was subjected to electrolysis (Fig. 1). Acetylcholine in-
duced concentration-dependent relaxation in precontracted
aortic rings. This relaxation response was endothelium-de-
pendent since it was inhibited by L-NAME (3 X 10™° M)
(Fig. 2). The response to acetylcholine was also attenuated
by the electrolysis of the bathing solution (Fig. 2). In spite
of the loss of endothelium-dependent relaxation, the aortic
rings were still capable of responding to an endothelium-
independent relaxing agent since papaverine at 10™* M
induced 91.3 4£2.6% (n=6) relaxation of the phenyl-
ephrine contraction. Furthermore, the impairment of en-
dothelium-dependent vasorelaxation elicited by acetyl-
choline was found to be irreversible because recovery was
not observed after subsequent washout and repeating the
concentration-response curve for acetylcholine at 50 min
intervals.
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Fig. 2. Acetylcholine-induced relaxation response in precontracted aortic
rings in the absence (control, O) (n=6) and the presence of 107* M
L-NAME (v) (n=6) and after electrolysis (M) (n=6). The data are
expressed as percentages of the 10™* M papaverine-induced relaxation
and shown as means-+SEM. (vertical lines). ~ Significantly different
from control acetylcholine response (P < 0.05).
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Fig. 3. The effect of incubation with free radical scavengers; 1000 U/mi
catalase () (n=5), 107° M DMSO (#) (n = 5), 150 U/ml superoxide
dismutase (@) (n=5), 1000 U/ml boiled catalase (¥) (n=5) and 150
U/ml boiled superoxide dismutase (4 ) (n = 5) on acetylcholine-induced
relaxation of precontracted aortic rings exposed to electrolysis-generated
reactive oxygen species. Control acetylcholine response before (1) and
after (W) electrolysis (n =6). The data are expressed as percentages of
the 10™% M papaverine-induced relaxation and shown as means + S.E.M.
(vertical lines). Significant difference (P < 0.05) was observed in free
radical scavenger-incubated groups (v, 4 @) compared to the electroly-
sis control group (#).

Since electrolysis of a physiological buffer has been
reported to produce a mixture of reactive oxygen species,
we investigated the effect of free radical scavengers in this
experimental model. DMSO (10~ M), superoxide dismu-
tase (150 U/ml) and catalase (1000 U /ml) offered vary-
ing degrees of protection against impairment of endothe-
lium-dependent relaxation in the aortic rings that were
exposed to reactive oxygen species, whereas boiled super-
oxide dismutase and catalase were found to be ineffective
(Fig. 3).
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Fig. 4. The effect of incubation with 10™% M L-arginine (#) (n=6),
p-arginine ( ¥ ) (n=6) and glycine (%) (n = 6) on acetylcholine-induced
relaxation of precontracted aortic rings exposed to electrolysis-generated
reactive oxygen species. Control acetylcholine response before (1) and
after (M) electrolysis (n=6). The data are expressed as percentages of
the 10™* M papaverine-induced relaxation and shown as means + S.E.M.
(vertical lines). Significant difference (P < 0.05) was observed in amino
acid-incubated groups (%,®,¥) compared to the electrolysis control
group ().
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Fig. 5. The effect of incubation with 3X 1077 M (¥) and 107° M (#)
sodium nitroprusside {n = 6) on acetylcholine-induced relaxation of pre-
contracted aortic rings exposed to electrolysis-generated reactive oxygen
species. Control acetylcholine response before (0) and after (M) elec-
trolysis (n=6). The data are expressed as percentages of the 10™* M
papaverine-induced relaxation and shown as means+S.EM. (vertical
lines). Significant difference ( P < 0.05) was observed in 107 M sodium
nitroprusside-incubated group () compared to the electrolysis control
group (M).

Incubation of the aortic rings with either L- or b-arginine
or glycine at 10~3 M afforded protection against reactive
oxygen species-induced loss in endothelium-dependent re-
laxation (Fig. 4). The effect of sodium nitroprusside, an
exogenous donor of NO, was also studied. Sodium nitro-
prusside at 3X 1077 M had no effect but at 107 M
significantly decreased the reactive oxygen species-in-
duced impairment of the acetylcholine response (Fig. 5).
However, the protective effect of sodium nitroprusside at
this concentration was partial.

In some experiments, the effect of H,O, on the en-
dothelium-dependent relaxation elicited by acetylcholine
was also studied. Incubation of the aortic rings with H,0,
(107%-107° M) inhibited the relaxation response to
acetylcholine in a concentration-dependent manner (Fig.
6). Catalase prevented the H,0, (10™° M)-induced inhibi-
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Fig. 6. Acetylcholine-induced relaxation response in precontracted aortic
rings before (control, O0) (n=5) and after incubation with 107¢ M (m)
(n=5),3x107° M (¥) (n=5) and 107° M (@) (n=5) H,0,. The
data are expressed as percentages of the 107* M papaverine-induced
relaxation and shown as means + S.E.M. (vertical lines).
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Fig. 7. The effect of incubation with 1000 U/ml catalase (#) (n=15),
1073 M L-arginine (¥v) (n=5) and 10~* M D-arginine (W) (n=15) on
acetylcholine-induced relaxation of precontracted aortic rings exposed
010> M H,0,. Control acetylcholine response before (0) and after
(®) incubation with 10~° M H,0, (n=6). The data are expressed as
percentages of the 10™* M papaverine-induced relaxation and shown as
means + S.EM. (vertical lines). Significant difference (P < 0.05) was
observed in catalase-, L- and D-arginine-incubated groups (¢,v,M)
compared to 10™% M H,O,-treated control group (@).

tion of the relaxation response elicited by acetylcholine
(Fig. 7). L-Arginine and its D-enantiomer also afforded
protection against the H,0, (107> M)-induced impairment
of endothelium-dependent relaxation (Fig. 7).

4. Discussion

Reactive oxygen species generated by the electrolysis of
the physiological solution inhibited the acetylcholine-
induced relaxation response in rat isolated aorta. This
effect was exerted specifically on the endothelium because
the endothelium-independent vasorelaxation response to
papaverine was unaffected by electrolysis. Previous studies
demonstrated clearly that reactive oxygen species inacti-
vated NO and inhibited NO-mediated functions (Gryglew-
ski et al., 1986; Rubanyi and Vanhoutte, 1986a,b; Ren-
gasamy and Johns, 1991). However, in our experimental
model, the acetylcholine-induced relaxation response was
obtained after electrolysis-generated reactive oxygen
species were removed from the organ chamber. Therefore,
the elimination of the acetylcholine response cannot be the
result of reactive oxygen species-induced inactivation of
NO. Highly reactive radical species, such as hydroxyl, can
attack lipid membranes and cause lipid peroxidation and
cellular damage (Halliwell and Gutteridge, 1984). Further-
more, there is also morphological evidence of damage of
the vascular endothelium in rat aortic rings and tail arteries
exposed to reactive oxygen species (Lamb et al.,, 1987;
Lawson et al.,, 1990b). Thus, a reduced production of NO
by selective damage to the endothelium can be proposed as
a potential mechanism for reactive oxygen species-induced
inhibition of endothelium-dependent relaxation in this
model. Also the irreversible elimination of the vasodilation
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elicited by subsequently added acetylcholine by electroly-
sis of the medium further confirms this mechanism.

The contractile response of aortic rings to phenyl-
ephrine was potentiated in the rat isolated aorta exposed to
reactive oxygen species, an effect which probably repre-
sents the loss of endothelial regulation of smooth muscle
tone. There is considerable evidence for an enhancement
of vascular smooth muscle reactivity after the loss of
functional endothelium (Lamping et al., 1985; Lawson et
al., 1989; Trezise et al., 1992).

The involvement of superoxide radical, H,0, and hy-
droxyl radical in the impairment of endothelium-dependent
vasodilation was confirmed in the present study since free
radical scavengers, superoxide dismutase, catalase and
DMSO, afforded protection against the effects of electroly-
sis in the aortic rings.

Direct exposure to H,O, similarly impaired the re-
sponses of the precontracted aortic rings to acetylcholine
and this was prevented by catalase. This finding supports
an earlier observation that incubation with H,0O, abolished
the endothelium-dependent carbachol-induced relaxation in
rabbit aortic rings (Dowell et al., 1993). However, it has
also been reported that H,O, at concentrations that do not
impair the functional integrity of endothelial cells is asso-
ciated with enhanced endothelial synthesis of NO and
activation of soluble guanylate cyclase and, therefore, in-
duces relaxation with both endothelium-dependent and -in-
dependent components (Wolin and Burke, 1987; Zembow-
icz et al., 1993).

NO modulates oxidative reactions and the generation of
cytotoxic oxygen species (Kanner et al., 1991). Although
NO might react with superoxide anion in pathological
states to produce cytotoxic species such as peroxynitrite
and hydroxy] radicals (Beckman et al., 1990), the reactions
of NO might also act to protect cells from the cytotoxicity
of reactive oxygen species (Kanner, 1990; Kanner et al.,
1991). Rubanyi et al. (1991) have reported that NO func-
tions as a scavenger of superoxide anion and showed that
exogenous NO inhibited xanthine oxidase activity. The
present study also demonstrated that sodium nitroprusside,
an exogenous donor of NO, at 10™% M afforded protection
against reactive oxygen species-induced impairment of
endothelium-dependent relaxation.

Vascular endothelial cells use L-arginine as an endoge-
nous substrate for the synthesis of NO (Schmidt et al.,
1988; Rees et al., 1989). Since NO has potent antioxidant
activity (Kanner, 1990; Kanner et al., 1991), supplementa-
tion with L-arginine restores endothelium-dependent relax-
ation in hypercholesterolemic humans and rabbits (Cooke
et al., 1991, 1992; Creager et al., 1992). Furthermore, the
protective effect of L-arginine against functional injury due
to both endogenous and exogenous reactive oxygen species
in a superfusion cascade system of rabbit thoracic aorta
has been shown, and the antioxidant effect of NO has been
suggested to underlie this protection (Xiong et al., 1994).
Our study further supports that L-arginine protects endothe-

lium against electrolysis-generated reactive oxygen species,
and H,0,-induced functional injury. However, this may
not be only secondary to an increased synthesis of NO
since the D-enantiomer of L-arginine, which does not pro-
duce NO (Schmidt et al., 1988; Rees et al., 1989), and
glycine, another amino acid which is unrelated to NO
synthesis, were also found to be effective. Therefore,
another mechanism may also be responsible for this pro-
tection.

It has been suggested that a-amino acids undergo oxi-
dation by hydroxyl radicals and this reaction involves the
abstraction of a hydrogen atom from the a-carbon atom of
the amino acid (Berlett et al., 1990; Yim et al., 1990;
Varani et al., 1991). Decomposition of H,0, in the pres-
ence of leucine, alanine and «-methylalanine has been
reported (Berlett et al., 1990; Yim et al., 1990). H,O,-
mediated injury of cultured endothelial cells is attenuated
by glycine (Varani et al., 1991). Since in the present study
glycine and L- and D-arginine afforded protection against
the reactive oxygen species-induced loss of endothelium-
dependent relaxation in the isolated rat aorta, the dispro-
portionation of reactive oxygen species with concomitant
oxidation of these amino acids may be responsible for this
protection. However, as we also found sodium nitroprus-
side to be effective, probably by releasing NO, a role of an
increased synthesis of NO cannot be ruled out in the
protective effect of L-arginine.

References

Beckman, J.S., T.W. Beckman, J. Chen, P.A. Marshall and.B.A. Free-
man, 1990, Apparent hydroxy! radical production by peroxynitrite:
implications for endothelial injury from nitric oxide and superoxide,
Proc. Natl. Acad. Sci. USA 87, 1620.

Beny, J.L. and P.Y. Von der Weid, 1991, Hydrogen peroxide: An
endogenous smooth muscle cell hyperpolarizing factor, Biochem.
Biophys. Res. Commun. 176, 378.

Berlett, B.S., P.B. Chock, M.B. Yim and E.R. Stadtman, 1990, Man-
ganese (II) catalyzes the bicarbonate-dependent oxidation of amino
acids by hydrogen peroxide and the amino acid-facilitated dismutation
of hydrogen peroxide, Proc. Natl. Acad. Sci. USA 87, 389.

Berman, R.S. and W. Martin, 1993, Arterial endothelial barrier dysfunc-
tion: actions of homocysteine and the hypoxanthine-xanthine oxidase
free radical generating system, Br. J. Pharmacol. 108, 920.

Cooke, J.P., N.A. Andon, X.J. Girerd, A.T. Hirsch and M.A. Creager,
1991. Arginine restores cholinergic relaxation of hypercholes-
terolemic rabbit thoracic aorta, Circulation 83, 1057.

Cooke, J.P., AH. Singer, P. Tsao, P. Zera, R A. Rowan and M.E.
Billingham, 1992, Antiatherogenic effects of L-arginine in the hyperc-
holesterolemic rabbit, J. Clin. Invest. 90, 1168.

Creager, M.A., S.J. Gallagher, X.J. Gired, S.M. Coleman, V.J. Dzau and
J.P. Cooke, 1992, L-arginine improves endothelium-dependent vasodi-
lation in hypercholesterolemic humans, J. Clin. Invest. 90, 1248.

Dowell, F.J., C.A. Hamilton, J. McMurray and J.L. Reid, 1993, Effects of
a xanthine oxidase /hypoxanthine free radical and reactive oxygen
species generating system on endothelial function in New Zealand
white rabbit aortic rings, J. Cardiovasc. Pharmacol. 22, 792.

Fridovich, L. 1978. The biology of oxygen radicals, Science (Washing-
ton, DC) 201, 875.

Furchgott, R.F. and J.V. Zawadzky, 1980, The obligatory role of endothe-



112 B. Gumusel et al. / European Journal of Pharmacology 306 (1996) 107-112

lial cells in the relaxation of arterial smooth muscle by acetyicholine,
Nature (London) 288, 373.

Gryglewski, R.J., RM.J. Palmer and S. Moncada, 1986, Superoxide
anion is involved in the breakdown of endothelium-derived vascular
relaxing factor, Nature (London) 320, 454.

Halliwell, B. and JM.C. Gutteridge, 1984, Oxygen toxicity, oxygen
radicals, transition metals and disease, Biochem. J. 219, 1.

Jackson, C.V., J.K. Mickelson, T.K. Pope, P.S. Rao and B.R. Lucchesi,
1986a, 0, free radical mediated myocardial and vascular dysfunction,
Am, J. Physiol. 251 (Heart Circ. Physiol. 20), H1225.

Jackson, C.V., J. K. Mickelson, K. Stringer, P.S. Rao and B.R. Lucchesi,
1986b, Electrolysis-induced myocardial dysfunction: a novel method
for the study of free radical mediated tissue injury, J. Pharmacol.
Methods 15, 305.

Kanner, J., 1990, Nitric oxide, a super antioxidant, Free Radical Biol.
Med. 9 (Suppl. D), 15.

Kanner, J., S. Harel and R. Granit, 1991, Nitric oxide as an antioxidant,
Arch. Biochem. Biophys. 289, 130.

Kellogg, E.W. and 1. Fridovich, 1975, Superoxide, hydrogen peroxide,
and singlet oxygen in lipid peroxidation by a xanthine oxidase system,
J. Biol. Chem. 250, 8812.

Kennedy, T.P., N.V. Rao, C. Hopkins and L. Pennington, 1989, Role of
reactive oxygen species in reperfusion injury of the rabbit lung, J.
Clin. Invest. 83, 1326.

Lamb, F.S., CM. King, K. Harrell, W. Burkel and R.C. Webb, 1987,
Free radical-mediated endothelial damage in blood vessels after elec-
trical stimulation, Am. J. Physiol. 252 (Heart Circ. Physiol. 21),
H1041.

Lamping, K.G., M.L. Marcus and W.P. Dole, 1985, Removal of endothe-
lium potentiates canine large coronary artery constrictor response to
5-hydroxytryptamine in vivo, Circ. Res. 57, 46.

Lawson, D.L., J.L. Mehta, P. Mehta, and W.W. Nichols, 1989, Endothe-
lium-dependent relaxation of rat aortic rings by leukotriene D4:
importance of magnitude of preload, Eicosanoids 2, 175.

Lawson, D.L., J.L. Mehta and W.W. Nichols, 1990a, Coronary reperfu-
sion in dogs inhibits endothelium-dependent relaxation: role of super-
oxide radicals, Free Rad. Biol. Med. 8, 373.

Lawson, D.L., ].L. Mehta, W.W. Nichols, P. Mehta and W.H. Donnelly,
1990b, Superoxide radical-mediated endothelial injury and vasocon-
striction of rat thoracic aortic rings, J. Lab. Clin. Med. 115, 541.

Myers, P.R., R.L. Minor, Jr., R. Guerra, Jr., J.N. Bates and D.G.
Harrison, 1990, Vasorelaxant properties of the endothelium derived
relaxing factor more closely resemble S-nitrocysteine than nitric
oxide, Nature (London) 345, 161.

Opie, L.H., 1989, Reperfusion injury and its pharmacological modifica-
tion, Circulation 80, 1049.

Palmer, RM.J., A.G. Ferrige and S. Moncada, 1987, Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing
factor, Nature (London) 327, 524.

Prasad, K. and J. Kalra, 1993, Oxygen free radicals and hypercholes-
terolemic atherosclerosis: effect of vitamin E, Am. Heart J. 125, 958.

Rees, D.D., RM.J. Palmer, HF. Hodson and S. Moncada, 1989, A
specific inhibitor of nitric oxide formation from L-arginine attenuates
endothelium-dependent relaxation, Br. J. Pharmacol. 96, 418.

Rengasamy, A. and R.A. Johns, 1991, Characterization of endothelium-
derived relaxing factor /nitric oxide synthase from bovine cerebellum
and mechanism of modulation by low and high oxygen tension, J.
Pharmacol. Exp. Ther. 259, 310.

Rubanyi, G.M. and P.M. Vanhoutte, 1986a, Oxygen-derived free radicals,
endothelium and responsiveness of vascular smooth muscle, Am. J.
Physiol. 250, H815.

Rubanyi, G.M. and P.M. Vanhoutte, 1986b Superoxide anions and hyper-
oxia inactivate endothelium-derived relaxing factor, Am. J. Physiol.
250, H822.

Rubanyi, G.M., E.H. Ho, E.H. Cantor, W.C. Lumma and L.H.P. Botetho,
1991, Cytoprotective function of nitric oxide: Inactivation of superox-
ide radicals produced by human leukocytes, Biochem. Biophys. Res.
Commun. 181, 1392.

Schmidt, HW., H. Nauh, W. Wittfoht, J. Gerlach, K.E. Prescher, M.M.
Klein, F. Niroomand and E. Bohme, 1988, Arginine is a physiological
precursor of endothelium-derived nitric oxide, Eur. J. Pharmacol. 154,
213.

Shasby, D.M., S.E. Lind, S.S. Shasby, J.C. Goldsmith and G.W. Hun-
ningshake, 1985, Reversible oxidant-induced increases in albumin
transfer across cultured endothelium: alterations in cell shape and
calcium homeostasis, Blood 65, 605.

Trezise, D.J., G.M. Drew and A.H. Weston, 1992, Analysis of the
depressant effect of the endothelium on contractions of rabbit isolated
basilar artery to 5-hydroxytryptamine, Br. J. Pharmacol. 106, 587.

Varani, J., I. Ginsburg, D.F. Gibbs, P.S. Mukhopadhyay, C. Sulavik, K.J.
Johnson, J.M. Weinberg, U.S. Ryan and P.A. Ward, 1991, Hydrogen
peroxide-induced cell and tissue injury: Protective effects of Mn2*,
Inflammation 15, 291.

Ward, P.A., 1991, Mechanisms of endothelial cell injury, J. Lab. Clin.
Med. 118, 421.

Wolin, M.S. and T.M. Burke, 1987, Hydrogen peroxide elicits activation
of bovine pulmonary arterial soluble guanylate cyclase by a mecha-
nism associated with its metabolism by catalase, Biochem. Biophys.
Res. Commun. 143, 20.

Xiong, Y., Y.J. Li and H.W. Deng, 1994, Protection of L-arginine against
oxygen free radicals-injured rabbit aortic endothelium, Acta Pharma-
col. Sin. 15, 119.

Yim, M.B., B.S. Berlett, P.B. Chock and E.R. Stadtman, 1990, Man-
ganese (II)-bicarbonate-mediated catalytic activity for hydrogen per-
oxide dismutation and amino acid oxidation: Detection of free radical
intermediates, Proc. Natl. Acad. Sci. USA 87, 394.

Zembowicz, A., RJ. Hatchett, A.M. Jakubowski and R.J. Gryglewski,
1993, Involvement of nitric oxide in the endothelium-dependent relax-
ation induced by hydrogen peroxide in the rabbit aorta, Br. J. Pharma-
col. 110, 151.



