
In¯uence of redox compounds on nitrovasodilator-induced
relaxations of rat coronary arteries

*,1Michael E. Murphy

1Department of Pharmacology and Neuroscience, The Albany Medical College, 47 New Scotland Avenue, Albany, New York, NY
12208-3479, USA

1 Various classes of nitrovasodilators release nitric oxide (NO) through distinct reaction pathways,
many of which involve endogenous reductants and/or oxidants. This study examined relaxations of
isolated rat coronary arteries induced by spermine NONOate (SPNO), 3-morpholinosydnonimine
(SIN-1), nitroprusside (NP), S-nitroso-N-acetylpenicillamine (SNAP) and nitroglycerin (NTG) in
order to assess whether their potency was in¯uenced by any of six redox compounds: 1 mM

ascorbate, 1 mM dehydroascorbate, 0.1 mM dithiothreitol, 10 mM diamide, 0.1 mM ferrocyanide, and
0.1 mM ferricyanide.

2 Only SPNO spontaneously generated NO at measurable levels. These levels were decreased by
the presence of ascorbate and dithiothreitol, which likewise decreased the potency of SPNO.

3 The potency of SIN-1 was una�ected by any redox compound except ferricyanide, which
increased the potency not only of SIN-1, but also of other nitrovasodilators and NO-independent
vasodilators.

4 The potency of NP was decreased by two structurally similar multivalent anions, ferrocyanide
and ferricyanide, suggesting that NP metabolism requires ionic binding to tissue.

5 SNAP lost its potency in solutions containing ascorbate or dehydroascorbate. SNAP potency
was also decreased by the glutathione oxidant, diamide, and by ferrocyanide and ferricyanide,
suggesting that glutathione and ionic binding may be required for NO release.

6 NTG appeared to relax arteries via two pathways. One required only low concentrations of NTG
and a labile endogenous factor that was preserved by dithiothreitol and eliminated by ferricyanide.
A distinct second pathway required higher concentrations of NTG.

7 These distinct attributes of nitrovasodilator metabolism may underlie di�erences in regional
speci®city or tolerance development, and therefore might eventually be exploited in the development
and use of nitrovasodilators.
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Introduction

Nitric oxide is endogenously synthesized as a potent

vasodilator, and is likewise generated from a number of
clinically important compounds referred to as nitrovasodila-
tors. Nitroglycerin (NTG) is the prototypical example, and for

decades has remained a useful therapy against angina.
Remarkably, there is not yet agreement on the chemical
pathway by which NTG releases NO. Considerable evidence
suggests that cellular thiols are critical (Ignarro & Gruetter,

1980; Gruetter & Lemke, 1986; Fung & Bauer, 1994; Marks et
al., 1995; Haj-Yehia & Benet, 1996), but there is disagreement
about their identity (Feelisch & Noack, 1987a,b; Hutter et al.,

1988; Wheatley et al., 1994; Haj-Yehia & Benet, 1996), the role
of enzymes (Feelisch & Noack, 1987a; Schroder, 1992; Seth &
Fung, 1993; Kurz et al., 1993; Chung & Fung, 1993; Salvemini

et al., 1993; Singhal et al., 1996), and the nature of any
intermediates (Marks et al., 1995). The uncertainty about
NTG metabolism has led to multiple explanations for the
phenomenon of tolerance (Fung & Bauer, 1994; Laursen et al.,

1996), and for the regional speci®city of NTG-induced

vasodilation (Wheatley et al., 1994; MacAllister et al., 1995;

Khan et al., 1998).
In an e�ort to avoid tolerance and attain regional

speci®city, other chemical classes of nitrovasodilators have

been identi®ed and clinically tested. Yet even in these cases the
mechanism of NO release is also not always clear. Spermine
NONOate (SPNO) is an example of the NONOate complexes
that form between amines and NO. These compounds are

thermolabile, and spontaneously release two molecules of NO
in aqueous solutions (Morley & Keefer, 1993; Ioannidis et al.,
1996). Although redox reactions are not required for NO

release from SPNO, it is possible that the rate of NO release
may be modulated by redox reactions or other processes in
vivo. 3-Morpholinosydnonimine (SIN-1) is a sydnonimine, and

is thought to undergo a 1 electron oxidation (via a direct
reaction with oxygen, if available), followed by spontaneous
release of NO (Feelisch et al., 1989). Other oxidants can also
initiate NO release from SIN-1 (Bohn & Schona®nger, 1989;

Bozinovski et al., 1994), but it is unclear to what extent NO
release in vivo is initiated by oxygen vs endogenous oxidants
(Schror et al., 1991). Nitroprusside (NP) is a multivalent anion

thought to require a 1 electron reduction in order to initiate
NO release, but it is unclear which tissue component(s)*Author for correspondence: E-mail: MMurphy@ccgateway.amc.edu
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mediates the reduction (Lad et al., 1981; Bates et al., 1991;
Rochelle et al., 1994; Kleschyov et al., 1994; Rao &
Cederbaum, 1995). S-Nitroso-N-acetylpenicillamine (SNAP)

is an example of a nitrosothiol. Nitrosothiols are interconver-
table through transnitrosation reactions, and may be
endogenous intermediates in NO storage and transport
(Ignarro & Gruetter, 1980; Arnelle & Stamler, 1995; Singh et

al., 1996). It is unlikely that nitrosothiols release NO through
spontaneous homolytic cleavage (Kowaluk & Fung, 1990;
Mathews & Kerr, 1993), rather, release may be driven by

reactions with enzymes (Gordge et al., 1998), with copper (De
Man et al., 1996; Singh et al., 1996; Al-Sa'doni et al., 1997),
and/or with endogenous reductants such as ascorbate (Henry

et al., 1989; Arnelle & Stamler, 1995; Arnelle et al., 1997;
Kashiba-Iwatsuki et al., 1997; Scorza et al., 1997).

In light of these uncertainties concerning the nature and

importance of tissue-dependent redox reactions in promoting
the release of NO from these ®ve classes of nitrovasodila-
tors, a systematic study was designed in which six redox
compounds were tested for their in¯uence on the

nitrovasodilator-induced relaxations of isolated coronary
arteries. The redox compounds were: ascorbate (ASC), an
endogenous reductant; dehydroascorbate (DHAA), the

oxidized form of ASC; dithiothreitol (DTT), a dithiol
reductant; diamide, a compound which oxidizes glutathione
to glutathione disulphide; ferricyanide (Fe3+(CN7)6), an

impermeable multivalent anionic oxidant; and ferrocyanide
(Fe2+(CN7)6), a multivalent anionic reductant. The current
study simultaneously assessed the e�ect of these redox

compounds on steady-state levels of NO released by the
nitrovasodilators in solution, and also assessed the e�ect of
the redox compounds on general aspects of vasoreactivity,
including maximal vasoconstrictions and NO-independent

vasorelaxations. The results identi®ed several general e�ects
of redox compounds, and also several interactions between
speci®c redox compounds and nitrovasodilators. The pattern

of these interactions gives clues towards the distinct
pathways of nitrovasodilator metabolism in this arterial
tissue.

Methods

Sources of arteries

Male Sprague-Dawley rats were obtained from Taconic, and

housed with free access to water and standard laboratory rat
chow. Animals between 300 ± 500 g (10 ± 15 weeks of age) were
killed with sodium pentobarbital (35 mg kg71 i.p.). The heart

was removed and placed in 48C physiological salt solution
(PSS) with the composition (in mM): NaCl 118.5; KCl 4.7,
KH2PO4 1.2; MgSO4 1.18; NaHCO3 25; Na2EDTA 0.023;

CaCl2 1.6; glucose 11; saturated with 95% O2, 5% CO2; and
adjusted to pH 7.4. The septal coronary artery was accessed
through the right ventricle, isolated and cleaned free of
connective tissue. All experiments involving the use of animals

were approved by the Institutional Animal Care and Use
Committee.

Drugs

Nitroprusside, spermine/nitric oxide complex and S-nitroso-N-

acetylpenicillamine were from Research Biochemicals Interna-
tional. 3-morpholinosydnonimine was a gift from Cassella
AG. Nitroglycerin was from American Regent Laboratories,
Inc. Dehydroascorbic acid was from Aldrich. Diltiazem,

forskolin, all other redox compounds and all other reagents
were from Sigma.

Preparation of arteries

Segments of the septal artery were mounted in a myograph as
previously described (Murphy & Brayden, 1995). Each artery

(*1.5 mm long, *300 mm diameter) was mounted using two
®ne intraluminal wires, and incrementally stretched using a
force equivalent to 100 mg per mm artery length. Output data

from a force transducer was displayed and stored using
PolyView software (Grass Instruments, Inc.). The vessel was
superfused with oxygenated PSS at a rate of *10 ml min71,

which passed through a water-jacketed heating loop (to
maintain 378C in the chamber). Superfusate was simulta-
neously removed by a vacuum aspirator at the opposite corner

of the chamber. Two criteria were established for acceptance of
an artery: (1) an additional constriction of at least 100 mg per
mm artery length in the presence of 50 mM KCl; (2) relaxation
of at least 50% (of the KCl-induced constriction) in the

presence of 10 mM SPNO. Approximately 80% of arteries met
these two criteria; other arteries were discarded from the study.
Pilot studies showed that arteries retained functional

endothelium, but also showed that endothelium removal did
not a�ect responses to nitrovasodilators.

Vasorelaxation protocols

Vasorelaxations represent a reversal of constriction induced

by KCl (50 mM, using isosmotic substitution of NaCl),
which induced a 2 ± 10 fold increase in force. All superfusate
bu�ers contained both indomethacin (10 mM; to inhibit
cyclo-oxygenase) and N-nitro-L-arginine (100 mM; to inhibit

NO synthase). Ascorbate, dehydroascorbate and beta-
mercaptoethanol were added directly into the superfusate.
Other vasodilators and redox compounds were prepared as

stock solutions in distilled water (or DMSO in the case of
forskolin), and then diluted into the superfusate. When
present, redox compounds were added to the PSS 15 min

prior to each constriction/dilation protocol, and continued
to be present in the PSS throughout the protocol. Four
protocols involving one vasodilator were conducted on each
artery. The four protocols randomized with respect to the

redox compound tested. For each artery, one of the four
protocols lacked any redox compound, and served as a
control. A 45 min wash-out period was provided between

protocols. During each protocol, once a stable KCl-induced
pre-constriction was reached, a range of graded nitrovaso-
dilator concentrations were added incrementally to the

superfusate. Each dose of nitrovasodilator was maintained
for 8 ± 10 min, allowing su�cient time for any relaxation to
stabilize. In protocols involving diltiazem and forskolin, 10 ±

12 min were allowed for stable relaxations.
Print-outs of recordings were used to determine the baseline

force applied to each artery, as well as the maximal degree of
pre-constriction, and the steady-state force that was reached at

each concentration of vasodilators (examples in Figure 2A and
B). These force values from each artery were used to create a
sigmoidal curve using Prism1 software (GraphPad Software,

Inc.), which calculates the maximal per cent relaxation, the
EC50, and the Hill coe�cient. Although curves were ®tted
without regard to the actual maximal pre-constriction that

occurred before the addition of the vasodilator, the calculated
maximal pre-constriction always fell within 5% of the actual
observed value. The only exception occurred with NTG
(discussed below), for which the calculated pre-relaxation
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asymptote value often fell signi®cantly below the observed
value of the pre-constriction that developed before the
addition of the ®rst dose of NTG.

NO measurements

A ISO-NO electrode (2 mm, World Precision Instruments,

Inc.) was used to measure the steady-state concentrations of
NO. The electrode was calibrated on multiple occasions using
anoxic NO stock solutions, with ®nal dilutions (yielding 0.1 ±

1 mM NO) made in 20 ml of superfusion bu�er (378C, 95% O2,
5% CO2). The electrode response (mean of 1.42 pA per nM
NO) was not a�ected by the presence of redox agents, nor was

the background current. When measuring the release of NO
from nitrovasodilators, assay solutions containing various
combinations of nitrovasodilators and redox compounds were

prepared and handled exactly as above, but in the absence of
arteries. When converting SPNO concentration to NO
concentration, a linear regression equation was used to
calculate the NO concentration below the electrode's threshold

of detection, which was 10 ± 30 nM NO. It should therefore be
kept in mind that values for the EC50 of NO (which are
510 nM) should be considered approximate.

Statistics

Results are reported as the mean+s.e.mean. Because data
values for the Hill coe�cient and for the EC50 are not expected
to be normally distributed, these data values were transformed

logarithmically prior to the calculation of means and other
statistical analyses. In the case of the Hill coe�cient, this mean
of the transformed values was then re-transformed (exponen-
tially) before being reported as a mean. The symbols in Figure

3 represent the mean dilation achieved at each concentration of
the vasodilator. However, the lines in Figure 3 are not ®tted to
those symbols, rather, the equation of each line is de®ned by

the mean values of the maximal dilation, the Hill coe�cient
and the pEC50.

The statistical signi®cance of e�ects of redox compounds on

the responses to a given vasodilator were determined based on
Analysis of Variance, with subsequent post hoc analysis based
on Fisher's PSLD test, using StatView1 software (Abacus

Concepts, Inc.). To determine the signi®cance of the general
e�ects of a given redox compound on all vasodilators, a two-
way ANOVA was conducted. These statistical analyses were

approached in two ways. Firstly, an analysis was conducted on
overall mean values. However, this analysis did not account
for inherent di�erences in the baseline responses of individual
arteries. So a second analysis was conducted based on paired

values, in which the response of each artery in the presence of a
redox compound was ®rst compared to a control value
obtained on that day, and then these individual changes were

statistically examined to determine whether redox compounds
had signi®cant e�ects. The tables report signi®cance di�erences
based on this second approach to analysis, but the signi®cance

determined by the ®rst approach was identical with respect to
all salient conclusions. Statistical signi®cance was de®ned as
P50.05 for every type of analysis.

Results

When tested at concentrations of up to 100 mM in PSS at 378C
under 95% O2/5% CO2, SPNO was the only nitrovasodilator
that yielded measurable steady-state concentrations of NO.

The slope of log-log plots of NO concentration vs SPNO
concentration averaged 0.98+ 0.04 (s.e.mean, n=17; Figure
1). This slope was not signi®cantly di�erent than 1, indicating

that NO concentration was linearly related to SPNO
concentration. NO accumulated to a concentration of around
0.7% of each tested SPNO concentration. In the presence of

redox compounds, the linearly of SPNO concentrations vs NO

Figure 1 Accumulation of NO from spermine/nitric oxide complex
(SPNO). Steady-state NO was measured using a NO electrode as
described in the Methods section. Assay solutions contained 3, 10,
30, 100, 300 or 1000 mM SPNO (for clarity, some data points are
visually o�set from the axis values). Three or four points de®ne each
line, which were ®t by linear regression. Solid lines (Control)
represent data where redox agents were absent from the assay
solution. Dashed lines (+ASC) represent data obtained with 1 mM

ascorbate in the assay solution.

A

B

Figure 2 Nitrovasodilator-induced relaxations of rat coronary
arteries. The force generated by rat coronary arteries mounted in a
wire myograph were recorded as described in the Methods section.
Pre-constrictions were induced by 50 mM KCI during the period
indicated. During subsequent periods, relaxations were induced by
incremental additions of: (A) spermine/nitric oxide complex (SPNO);
and (B) nitroglycerin (NTG). The numbers adjacent to each trace
denote the force (mg) reached in the presence of the given
concentration of nitrovasodilator.
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concentration was still observed, but the steady-state
accumulation of NO was decreased 11.7 fold by ASC (1 mM;

Figure 1), 3.6 fold by DHAA (1 mM), and 2.7 fold by DTT
(0.1 mM) at any given concentration of SPNO (DHAA and

Table 1 In¯uence of redox compounds on pEC50 value of vasodilators in coronary arteries

Vasodilator
Redox compound SPNO NO SIN-1 NP SNAP NTG Diltiazem Forskolin n

Control
ASC (1 mM)
DHAA (1 mM)
DTT (0.1 mM)
Diamide (10 mM)
Ferrocyanide (0.1 mM)
Ferricyanide (0.1 mM)

5.96+0.05
5.55+0.12*
5.51+0.05*
5.69+0.10*
5.98+0.06
5.95+0.07
6.16+0.06

8.12+0.05
8.77+0.12*
8.23+0.05
8.28+0.10
8.13+0.06
8.14+0.07
8.27+0.06

5.77+0.06
5.63+0.08
5.66+0.09
5.83+0.09
5.84+0.09
5.76+0.09
6.13+0.05*

7.47+0.05
7.36+0.07
7.45+0.08
7.16+0.06*
7.59+0.09
6.36+0.11*
6.85+0.24*

6.41+0.11
5.11+0.12*
6.06+0.08*
6.48+0.07
5.94+0.08*
5.53+0.18*
6.04+0.16

5.93+0.09
5.68+0.13
5.48+0.18*
6.74+0.33*
6.18+0.11
5.92+0.21
6.32+0.10*

7.10+0.04
7.10+0.08
7.14+0.07
7.13+0.11
7.08+0.08
7.06+0.09
7.35+0.09*

5.77+0.07
5.67+0.13
5.68+0.07
5.68+0.08
5.88+0.09
5.58+0.08
5.96+0.24

15 ± 16
8 ± 9
8 ± 10
8 ± 10
7 ± 9
7 ± 9
7 ± 9

*Signi®cantly di�erent from Control pEC50 value of the given dilator (ANOVA, P50.05).

Figure 3 Concentration ± response pro®les of nitrovasodilator-induced relaxations. Relaxations were calculated as the per cent
reversal of the KCI-induced pre-constriction as determined in each individual experiment. Relaxations were induced by: (A)
Spermine/nitric oxide complex (SPNO); (B) nitric oxide (NO, released from SPNO); (C) 3-morpholinosydnonimine (SIN-1); (D)
nitroprusside; (E) S-nitroso-N-acetylpenicillamine (SNAP); or (F) nitroglycerin (NTG). Symbols denote the mean (+s.e.mean)
relaxation at each concentration of nitrovasodilator. The equation of each curve is de®ned by the mean values of the maximal
dilation, the Hill coe�cient and the pEC50.
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DTT not shown). These decreases were signi®cantly reversed
by the addition of superoxide dismutase (SOD; 50 U ml71),
but SOD had no e�ect on NO levels in the absence of redox

compounds. Diamide (10 mM), ferricyanide (100 mM) and
ferrocyanide (100 mM) had no signi®cant e�ect on the steady-
state concentration of NO generated by SPNO. Measurable
steady-state concentrations of NO did not accumulate in

solutions of NTG, NP, or SNAP, and accumulated in
solutions of SIN-1 only if SOD was also added. However,
SOD was not routinely added to any superfusate solutions in

the vasorelaxation experiments.
Isolated rat coronary arteries, pre-constricted with 50 mM

KCl, relaxed in a concentration-dependent manner by the

addition of nitrovasodilators, and sigmoidal concentration-
response curves were created from the results (Figure 2). With
the exception of NTG (discussed below), the pre-constrictions

and the relaxations were fully reversible and repeatable. The
response to a nitrovasodilator did not depend on whether it
was tested early or late in the series of four protocols each day,
or on whether any redox agents had been present in previous

protocols (data not shown). Interestingly, no relaxations at all
could be induced by isosorbide dinitrate, which represents a
sixth class of nitrovasodilators (data not shown).

SPNO relaxed arteries with a mean EC50 of 1.1+0.1 mM
(n=16). ASC (1 mM), DHAA (1 mM) and DTT (0.1 mM)
signi®cantly decreased the potency of SPNO, as de®ned by

di�erences in the mean pEC50 values (Figure 3A and Table 1).
However, when SPNO concentrations were converted to NO
concentrations, as de®ned by the linear regression equations

mentioned above, NO relaxed arteries with an apparent mean
EC50 of 7.6+0.9 nM, and ASC appeared to increase the
potency of NO per se (Figure 3B and Table 1).

SIN-1 induced relaxations of control arteries with a mean

EC50 of 1.7+0.2 mM (n=15). Ferricyanide (0.1 mM) signi®-
cantly increased its potency (Figure 3C and Table 1).
Nitroprusside induced relaxations with a mean EC50 of

3.4+0.4 mM (n=15). The potency of NP was decreased by
the presence of DTT, and even more so by ferricyanide and
ferrocyanide (0.1 mM) (Figure 3D and Table 1). SNAP

induced relaxations with a mean EC50 of 0.39+0.10 mM
(n=17). Except for DTT, every redox compound decreased
the potency of SNAP, with 1 mM ASC causing a particularly
signi®cant 20 fold decrease in the potency (Figure 3E and

Table 1). The a�ects of ASC and DHAA on SNAP potency
were accompanied by a signi®cant increase in the Hill
coe�cient (control, 1.26+.07; ASC, 6.31+1.41; DHAA,

2.00+.24; DTT 1.86+.23).
Relaxations induced by NTG displayed complex pro®les

that suggested two pathways by which NTG released NO. One

pathway appeared to cause an unusually strong initial
relaxation to the ®rst time the artery was exposed to even
the lowest dose of NTG (example in Figure 2B). This initial

relaxation was signi®cantly attenuated during the second dose-
response protocol each day, and even more so during the third
and fourth protocols (Figure 4; runs 1 ± 4). This loss in
sensitivity to the lowest dose of NTG also occurred in the

presence of redox compounds, except for two: DTT, which
preserved the initial relaxation even until the fourth NTG
protocol of the day; and ferricyanide, which signi®cantly

attenuated the initial relaxation even during the ®rst NTG
protocol (Figure 4). It must be noted that the calculation of
concentration-response curves (see Methods section) mini-

mized or eliminated the in¯uence of this initial relaxation on
the responses illustrated in Figure 3F and reported in Table 1.
Those calculated curves suggest a second pathway of NO
release from NTG, which causes a complete relaxation at a

higher range of doses of NTG (mean EC50 of 1.2+0.2 mM,
n=17). The potency of NTG at these higher doses did not
decrease over the course of a day (P40.05). Also, this

relaxation at higher NTG doses was a�ected by redox
compounds in a pattern that di�ered in two ways from their
e�ects on the initial relaxation. Firstly, DTT and ferricyanide
increased the potency of the higher doses of NTG (Table 1),

even though they had opposite e�ects on the inital relaxation
(Figure 4); Secondly, DHAA signi®cantly decreased the
potency of higher doses of NTG (Table 1), even though

DHAA had no e�ect on the initial relaxation (Figure 4).
Relaxations were induced by diltiazem, a calcium channel

blocker, with a mean EC50 of 79+7 nM (n=17), and this

potency was not signi®cantly a�ected by the redox com-
pounds, except for an increase due to ferricyanide (Table 1).

Figure 4 Initial relaxations induced by nitroglycerin. The initial
relaxation is de®ned as the per cent relaxation induced by the ®rst
(lowest) concentration of nitroglycerin each time a concentration-
response protocol was carried out. The lowest concentration was
361078

M whenever dithiothreitol was present, and was 1077
M in

every other case. The ®rst four columns (runs 1 ± 4) denote the mean
initial relaxation (+s.e.mean, n+48) recorded at the beginning of
each of the four sequential protocols conducted on each artery,
omitting data obtained in the presence of dithiothreitol and
ferricyanide. The last seven columns denote the mean initial
relaxation (+s.e.mean, n=7±17) recorded in the presence of each
redox compound, combining data obtained from all of the four
protocols conducted on each artery. aSigni®cantly less than Run 1;
bSigni®cantly less than Runs 1 and 2; cSigni®cantly greater than
Control; dSigni®cantly less than Control.

Table 2 Maximal relaxations induced by vasodilators

Vasodilator
Maximal relaxation

(%) n

Diltiazem
Forskolin
SPNO
SIN-1
NTG
SNAP
NP

101.6+0.4a

100.0+0.7a,b

98.7+0.6b

99.5+0.4b

96.0+1.3c

95.4+0.6c

95.0+0.6c

67
36
64
60
64
66
59

Values are mean+s.e.mean. In the middle column, values
which do not share a superscript are signi®cantly di�erent
from one another (ANOVA,P50.05). These data are based
on relaxations observed in both the presence and absence of
redox compounds. Identical statistical di�erences were found
when analysing just those relaxations measured in the
absence of redox compounds (data not shown), except that
NTG did not di�er from SIN-1 or SPNO in that analysis.
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Likewise, relaxations were induced by forskolin, which
stimulates adenylyl cyclase and cyclic AMP accumulation,
with a mean EC50 of 1.7+0.3 mM (n=9), and this potency was

una�ected by all redox compounds (Table 1). The maximal
degree of relaxation induced by either diltiazem or forskolin
was signi®cantly greater than the maximal relaxation induced
by the nitrovasodilators (Table 2). The maximal pre-

constriction induced by KCl was signi®cantly potentiated by
ferricyanide, was potentiated to a lesser extent by diamide and
ferrocyanide, but was not signi®cantly a�ected by the other

redox compounds (Table 3).

Discussion

Only SPNO appeared to spontaneously generate NO at levels

apparently capable of relaxing arteries. It seems unlikely, or at
least unnecessary, that the rate of spontaneous NO release is
signi®cantly in¯uenced by arterial tissue, since our value of
7.6 nM for the EC50 of NO (released from SPNO in the absence

of redox compounds) is consistent with previous estimates of
the potency of NO (Khan et al., 1998). It should be noted,
though, that our EC50 value is somewhat approximate, since it

is based on extrapolations below the detection limit of the NO
electrode. Other reports have also concluded that SPNO does
not undergo tissue-dependent metabolism (Maragos et al.,

1991; Morley & Keefer, 1993). In contrast, the lack of
measurable levels of NO in solutions containing NP, NTG
and SNAP con®rms expectations that the release of NO from

these three nitrovasodilators absolutely requires tissue-
dependent metabolism. It is interesting to note that the three
nitrovasodilators that require metabolism (NP, NTG and
SNAP) consistently led to less maximal relaxation than SPNO

or SIN-1, and that all ®ve of these nitrovasodilators led to less
maximal relaxation than the calcium channel blocker,
diltiazem (Table 2). The reason for these di�erences is not

yet clear.
Even though SIN-1 is known to spontaneously release NO

(Feelisch et al., 1989), NO did not accumulate to measurable

concentrations in solutions containing SIN-1, even at levels of
SIN-1 far greater than needed to relax arteries. One explanation
is that peroxynitrite, generated by SIN-1, is the actual
vasorelaxant, acting via a glutathione-dependent intracellular

generation of NO (Wu et al., 1994; Mayer et al., 1995;
Schrammel et al., 1998). However, the lack of inhibition by
diamide (Table 1) argues against this possibility. A second

explanation is that arterial tissue may catalyze the initial
oxidation of SIN-1, and accelerate local NO release, but there is

no evidence for or against this possibility. A third explanation
is based on the likelihood that the accumulation of NO is
limited by superoxide simultaneously generated in solutions of

SIN-1. Arterial tissue contains both cytosolic and extracellular
SOD, and these particular arteries are thick enough to allow a
gradient of NO concentration to exist. Therefore, even if SIN-1
generates NO within the artery merely at the same rate as in

bulk solution, it is possible that the NO is locally protected
from destruction, and accumulates to active levels.

Redox compounds had signi®cant e�ects on three general

aspects of vasoreactivity. The ®rst is that diamide, ferrocya-
nide, and particularly ferricyanide, potentiated KCl-induced
pre-constrictions (Table 3). The second is that diamide

consistently diminished the maximal relaxation elicited by all
vasodilators, and the e�ect was signi®cant in the case of NP,
SNAP and forskolin (Figure 3E and other data not shown). A

third e�ect is that ferricyanide consistently increased the
potency of vasodilators (Table 1), with the exception of NP
and SNAP, which probably had additional speci®c ionic
interactions with ferricyanide (see below). These three general

e�ects of redox compounds on vasoreactivity have not been
previously reported, and their mechanism is not yet clear.
Nevertheless, these e�ects need to be kept in mind for the

interpretation of the apparent interactions between redox
compounds and speci®c nitrovasodilators.

ASC, DHAA and DTT caused a speci®c, signi®cant

decrease in the potency of SPNO. This likely involves the
generation of superoxide, which reacts with NO to form
peroxynitrite, and thus decrease the steady-state concentra-

tions of NO in solutions containing redox compounds that
generate superoxide (Moncada et al., 1986). However, once
this decrease was accounted for by directly measuring NO, the
results indicated that ASC signi®cantly increased the potency

of NO per se. One possible explanation (discussed above for
SIN-1) is that the local concentration of NO within arteries,
where it is protected from superoxide, is actually higher than in

the bulk PSS, such that the electrode data leads to an
overestimation of the potency of NO. An additional
explanation is that intra-arterial concentrations of NO are

elevated through an ASC-driven intracellular generation of
NO from nitrosothiols (Henry et al., 1989; Kashiba-Iwatsuki
et al., 1997; Scorza et al., 1997), which form when cellular
thiols react with the peroxynitrite generated in the bulk

solution (Wu et al., 1994; Mayer et al., 1995). However, the
inability of ASC to potentiate SIN-1, which also produces
peroxynitrite, argues against this possibility. A third explana-

tion is that ASC enhances tissue responsiveness to NO.
Reductants are known to optimize guanylyl cyclase activity
(Craven & DeRubertis, 1978; Lad et al., 1981), and ASC can

potentiate SPNO-induced cGMP accumulation in monolayer
cultures of vascular smooth muscle cells, where gradients of
NO are less likely to exist (unpublished observations).

However, the inability of ASC to potentiate SIN-1, NP or
NTG (Table 1) argues against a general potentiation of
guanylyl cyclase. Further investigations examining the e�ects
of superoxide, SOD, peroxynitrite and other compounds are

needed to resolve these issues.
It is unclear why DTT decreased the potency of NP.

Although one report suggested that DTT decreased responses

to NP (Rapoport et al., 1985), it is more generally thought that
reductants like DTT accelerate the release of NO from NP
(Lad et al., 1981; Bates et al., 1991; Rochelle et al., 1994;

Kleschyov et al., 1994; Rao & Cederbaum, 1995). One
possibility is that DTT does accelerate NP breakdown, but
that any NO is immediately consumed in a reaction with
superoxide, so that the net e�ect is merely a lower

Table 3 In¯uence of redox compounds on pre-constrictions
to KCl

Redox
compound

Per cent of control
Pre-constriction n

None (Control)
Ascorbate (1 mM)
Dehydroascorbate (1 mM)
Dithiothreitol (0.1 mM)
Diamide (10 mM)
Ferrocyanide (0.1 mM)
Ferricyanide (0.1 mM)

(100)a

100+5a

105+6a

107+5a,b

126+8b,c

141+9c

222+16

105
55
57
54
48
47
47

Values are mean+s.e.mean. In the middle column, values
which do not share a superscript are signi®cantly di�erent
from one another (ANOVA, P50.05, Fishers PLSD post
hoc test). These data represent constrictions observed in all
experiments prior to the addition of vasodilators.
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concentration of NP in solution. Additional work is needed to
resolve this. On the other hand, the signi®cant decrease of NP
potency in the presence of ferricyanide and ferrocyanide can be

easily explained by competitive antagonism of ionic binding.
NP is an impermeable multivalent anion, and some evidence
suggests that NP generates NO extracellularly (Kleschyov et
al., 1994). Although it is attractive to speculate that a

reduction of NP and a release of NO occurs at this proposed
extracellular binding site, this idea is not supported by our
observation that NP was inhibited by ferrocyanide, a

reductant, just as e�ectively as by ferricyanide, an oxidant
which might have consumed reducing equivalents on the cell
surfaces. Other experiments would be needed to determine

whether the anions, particularly endogenous anions, may also
inhibit NP-induced relaxations, and whether regional di�er-
ences in the density of such binding sites underlies the regional

speci®city of NP.
Several studies show that SNAP is degraded through

reactions involving ASC (Henry et al., 1989; Singh et al.,
1996; Kashiba-Iwatsuki et al., 1997; Scorza et al., 1997), and

the resulting rapid depletion of SNAP likely accounts for the
apparent loss in SNAP potency in the presence of ASC (Figure
3E). The loss in SNAP potency due to DHAA had a similar

pro®le (i.e., a signi®cantly increased Hill coe�cient) suggesting
that it occurs through the same mechanism as ASC. It is not
yet clear, though, whether SNAP is destroyed because a trace

contamination of ASC exists in the presence of DHAA, or
because ASC and DHAA are both converted to the same
critical reactive intermediate. The data also suggest that the

tissue-dependent metabolism may require extracellular binding
of SNAP (which exists as an anion at pH 7), since its potency
was diminished equivalently by both ferricyanide and
ferrocyanide, reminiscent of how these two impermeable

multivalent anions decreased the potency of NP. The decrease
in SNAP potency due to diamide further suggests that the
tissue-dependent release of NO from SNAP requires glu-

tathione. This is consistent with a report that diamide
diminished nitrosothiol metabolism in ®broblasts (Gordge et
al., 1998). It is noteworthy, in contrast, that diamide tended to

increase the potency of all other nitrovasodilators (Table 1).
This increase not only reinforces the conclusion that thiols like
glutathione are not critical to NO-induced relaxations in
general (Ignarro & Gruetter, 1980), but is also consistent with

the evidence that diamide may actually increase the sensitivity
of guanylyl cyclase to NO (Wu et al., 1992).

The data suggest that one pathway of NO release from

NTG, which accounts for the initial relaxation to low doses of
NTG, requires a limited labile cell component that e�ciently
promotes NO release from NTG. The e�ects DTT on initial

relaxations suggests that DTT preserves or repletes that
component. The likelihood that this cell component is a
reductant is also supported by the observation that

ferricyanide eliminated this initial relaxation, whereas ferro-
cyanide partially preserved it. However, even though
glutathione has been implicated in NTG metabolism in canine

(Wheatley et al., 1994) and bovine (Chung & Fung, 1993)
coronary arteries, the lack of inhibition by diamide indicates
that glutathione is not required for this ®rst pathway in rat
arteries. The data also suggest that a second pathway of NO

release from NTG requires a cell component that is either more
abundant or less labile, but which is inhibited by DHAA.
Although one known e�ect of DHAA is to oxidize glutathione,

the lack of e�ect of diamide on the potency of higher doses of
NTG suggests that glutathione is not involved in this e�ect of
DHAA. It is unclear whether the potentiation of both low and

high doses of NTG by DTT occurs through two distinct
mechanisms, or only one.

The evidence that rat coronary arteries support two

pathways of NTG metabolism clearly highlights the need for
caution when interpreting in vitro studies. The half-maximal
e�ective concentration of NTG in most types of arteries is
5100 nM, suggesting that the ®rst pathway of NTG

metabolism in rat coronary arteries, rather than the second,
is the relevant route in vivo. This would diminish the relevance
of any conclusions about NTG metabolism that could be

drawn from Figure 3F. In contrast, the EC50 values of every
other nitrovasodilator examined in this study fall in the
approximate range of clinically e�ective concentrations,

supporting the relevance of those data.
In summary, redox compounds interacted in several speci®c

ways with nitrovasodilators, which lead to the following

conclusions: (1) the rate of NO degradation in solution may be
uniquely relevant to SPNO because it is the only nitrovaso-
dilator which spontaneously generates active concentrations of
NO in solution; (2) redox compounds have little in¯uence on

relaxations induced by SIN-1 because it does not require
metabolism, and its simultaneous generation of superoxide
becomes irrelevant to the actions of the NO it generates within

tissue; (3) thiols do not drive NO release from NP in tissue, but
ionic binding of NP to tissue is required; (4) SNAP is highly
susceptible to degradation by ASC, requires glutathione for

release of NO, and requires ionic binding for metabolism; and
(5) NTG is metabolized by two pathways in tissue, one is a
high-a�nity and requires a labile reductant, the other is low
a�nity, and requires a di�erent reductant which is not

glutathione. These distinct features of nitrovasodilator
metabolism should prove useful in further investigations into
the basis of regional speci®city and tolerance to nitrovasodi-

lators.

This work was supported by a Grant-in-Aid from the American
Heart Association (960130). The author thanks Katherine Marci-
niszyn and Beth Zigmund for excellent technical assistance.
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