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S-Nitrosocaptopril: in vitro characterization of pulmonary vascular
effects in rats
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1 On rat isolated pulmonary arteries, vasorelaxation by S-nitrosocaptopril (SNOcap) was
compared with S-nitrosoglutathione (GSNO) and nitroprusside, and inhibition by SNOcap of
contractions to angiotensin I was compared with the angiotensin converting enzyme (ACE)
inhibitor, captopril.
2 SNOcap was equipotent as a vasorelaxant on main (i.d. 2—3 mm) and intralobar (i.d. 600 um)
pulmonary arteries (pICsq values: 5.00 and 4.85, respectively). Vasorelaxant responses reached
equilibrium rapidly (2—3 min).
3 Pulmonary vasorelaxant responses to SNOcap, like GSNO, were (i) partially inhibited by the
soluble guanylate cyclase inhibitor, ODQ (1H-(1,2,4) oxadiazolo(4,3-a)-quinoxalin-1-one; 3 uM)
whereas responses to nitroprusside were abolished and (ii) potentiated by hydroxocobalamin
(HCOB; NO- free radical scavenger; 100 uM) whereas responses to nitroprusside were inhibited.
4 The relative potencies for pulmonary vasorelaxation compared with inhibition of platelet
aggregation were: SNOcap 7:1; GSNO 25:1; nitroprusside >2000: 1.
5 SNOcap, like captopril, concentration-dependently and time-dependently increased the ECs, for
angiotensin I but not angiotensin II. The dependence on incubation time was independent of the
presence of tissue but differed for SNOcap and captopril. This difference reflected the slow
dissociation of SNOcap and instability of captopril, and precluded a valid comparison of the
potency of the two drugs. After prolonged incubation (>5.6 h) SNOcap was more effective than
captopril.
6 Thus, in pulmonary arteries SNOcap (i) possesses NO donor properties characteristic of S-
nitrosothiols but different from nitroprusside and (ii) inhibits ACE at least as effectively as captopril.
These properties suggest that SNOcap could be valuable in the treatment of pulmonary
hypertension.
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Introduction

Pulmonary hypertension is characterised by (i) abnormal
pulmonary vasoconstriction, (ii) alterations in blood vessel
structure (pulmonary vascular remodelling) and (iii) predis-
position to pulmonary thromboembolism (Gaine & Rubin,
1998; Wanstall & Jeffery, 1998; McLaughlin, 2002). Hence
drugs with pulmonary vasodilator, anti-remodelling and/or
anti-thrombotic/anti-platelet properties are required to target
these pathological features (Wanstall & Jeffery, 1998; Jeffery
& Wanstall, 2001). None of the drugs in current use, with the
possible exception of prostacyclin, possesses all of these
properties. Therefore, an alternative for future therapy may
be to use either (i) a combination of two or more drugs or (ii)
a hybrid drug exhibiting two or more of these actions
(Wanstall & Jeffery, 1998; McLaughlin, 2002).

*Author for correspondence; E-mail: wanstall@mailbox.uq.edu.au

Vasodilators that are currently used include calcium
channel blockers, prostacyclin and nitric oxide (NO) gas.
NO donor drugs may be an alternative to these vasodilators
and moreover, some NO donor drugs may have the
additional advantage of inhibiting platelet aggregation (Sogo
et al., 2000b). There are no specific anti-remodelling drugs in
current use in pulmonary hypertensive patients, but one
group of drugs that show promise, based on studies in animal
models of pulmonary hypertension, are angiotensin convert-
ing enzyme (ACE) inhibitors (Morrell ez al., 1995; Jeffery &
Wanstall, 1999).

S-Nitrosocaptopril (SNOcap), the subject of the present
study, is a nitrosylated derivative of the ACE inhibitor,
captopril (Jia et al., 1999). Hence it can be considered as a
hybrid of a NO donor (an S-nitrosothiol) and an ACE
inhibitor. Some of the pharmacological properties of SNOcap
have been described in systemic vessels, in vitro (Loscalzo et
al., 1989; Cooke et al., 1989) and in vivo (Shaffer et al., 1991;
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Nakae et al., 1995), but its effects have never been examined
in pulmonary blood vessels.

The first aim of the present study was to examine the
pulmonary vasorelaxant effects of SNOcap and compare
these with other NO donors. Experiments were carried out on
rat isolated pulmonary arteries, and the effects of (i) ODQ
(1H-(1,2,4-)oxadiazolo(4,3-a)-quinoxalin-1-one), an inhibitor
of soluble guanylate cyclase (Schrammel ez al., 1996), and (ii)
hydroxocobalamin (HCOB), a NO- free radical scavenger
(Ellis et al., 2001) were examined on responses to the NO
donors. In addition, pulmonary vasorelaxation was compared
with inhibition of rat platelet aggregation. These pharmaco-
logical approaches are known to distinguish between NO
donors from different classes, and hence the experiments were
designed to test the hypothesis that SNOcap possesses
various properties that are characteristic of S-nitrosothiols
but not shared by traditional NO donor drugs such as
nitroprusside.

The second aim was to compare the ACE inhibitory
properties of SNOcap with those of captopril on pulmonary
arteries. There are reports that NO possesses ACE inhibitor
activity in rat carotid artery (Ackermann et al., 1998) and
human platelets (Persson et al., 2000). Hence we hypothesised
that, by virtue of its NO moiety, SNOcap would be more
potent than captopril as an ACE inhibitor. To test this
hypothesis the selective inhibition, by SNOcap and captopril,
of contractile responses to angiotensin I was quantified on rat
pulmonary arteries.

A preliminary report of these findings has been presented
to a meeting of the Australasian Society of Clinical and
Experimental Pharmacologists and Toxicologists, Dunedin,
New Zealand, December 2001 (Tsui & Wanstall, 2001).

Methods

Animals

Male Wistar rats, aged 7—9 weeks (body weight 339+3.7 g,
n=201) were used. They were anaesthetised with sodium
pentobarbitone (90 mg kg, i.p) before dissecting out main
or intralobar pulmonary arteries or removing blood for
preparation of platelet rich plasma.

Main pulmonary artery rings

The main pulmonary artery was removed, cleared of any
connective and fatty tissue, and from it a single ring
preparation (3 mm in length; endothelium left intact; i.d.
2—3 mm) was obtained. The rings were mounted around two
horizontal, stainless steel wires in a vertical organ bath
containing physiological salt solution (PSS) at 37°C and
bubbled with carbogen (95% O, and 5% CO,). The
composition of PSS was (mMm); NaCl 118, KCI5.9,
CaCl, 1.5, MgS04 0.72, NaHCO3 25 and glucose 11.7. The
pulmonary artery preparation was set at a resting force of
10 mN. This force corresponds to a physiologically relevant
transmural pressure of 10 mmHg (as previously determined
from passive length/tension studies and the Laplace equation;
Wanstall & O’Donnell, 1990). The preparation was allowed
to equilibrate for 1 h with replacement of PSS every 15 min.
After equilibration, a sub-maximal contraction to pheny-

lephrine (0.1 uM; a concentration corresponding to the
ECs5—EC¢s for phenylephrine) was obtained. A relaxant
response to acetylcholine (1 uM) was obtained to confirm the
presence  of  functional  endothelium  (mean  re-
sponse =53+ 1.5% reversal of the phenylephrine contraction,
n=186). After washing the tissue, the solution in the bath
was replaced with K*-depolarising PSS (where 80 mm NaCl
in PSS was replaced by 80 mM KCI) until the contraction
reached equilibrium (approximately 15 min). This contraction
was used as the reference contraction for the tissue. The
tissues were then washed and used to measure either (i)
relaxation responses or (ii) contractile responses, as described
below. The responses were measured isometrically using a
Statham Universal Transducer (UC3+ ULS5; Oxnard, CA,
U.S.A)) attached to a micrometer (Mitutoyo, Tokyo, Japan).

Relaxation responses Phenylephrine (0.1 uM; ECss—ECgs)
was added to the bath to induce a sub-maximal contraction.
The magnitude of the contraction was 61+1.4% (n="70) of
the reference contraction to potassium. When the contraction
was stable, cumulative concentrations of one of the following
drugs were added to assess the vasorelaxant properties of the
drugs: SNOcap, S-nitrosoglutathione (GSNO), nitroprusside,
spermine NONOate (Z-1-{N-[3-aminopropyl]-N-{4-(3-amino-
propylammonio)butyl]-amino}diazen-1-ium-1,2-dioloate), gly-
ceryl trinitrate, Angeli’s salt (sodium trioxodinitrate; source
of nitroxyl ion) or captopril. The tissue was washed and
HCOB (100 uM, pre-incubation 3 min) or ODQ (3 uM, pre-
incubation 30 min) was then added to the bath. A second
concentration-response curve to the relevant drug was then
obtained, with HCOB or ODQ still present. The phenyl-
ephrine contractions (as percentage of potassium contraction)
in the presence of ODQ or HCOB were 73+5.5% (n=12)
and 79+1.9 % (n=26), respectively. In a previous study on
pulmonary artery we have presented data showing that the
potency of NO donors is independent of the size of the
submaximal contraction to 0.1 uM phenylephrine, within a
range of contraction sizes from 11-79% of the potassium
contraction (Homer & Wanstall, 2000). In the same study,
increasing the concentration of phenylephrine to 0.3 uM (so
that the contraction was greater than 80%) likewise had no
effect on the position of the NO donor concentration-
response curve. Based on this evidence it was not necessary
in the present study to adjust the concentration of
phenylephrine in the presence of ODQ or HCOB.

Parallel time-control experiments, in which the second
curve to the NO donor was obtained after incubation with
the vehicles for HCOB (water; 3 min) and ODQ (dimethyl-
sulphoxide; DMSO; 30 min), were carried out. These
experiments showed that repeated concentration-response
curves on the same preparation were reproducible for all
drugs with the exception of GSNO and Angeli’s salt. For
GSNO, there were small, significant (P <0.05) shifts in the
curves to a higher concentration range (shifts in pICsg in log
units: 3 min, 0.374+0.03, n=4; 30 min, 0.34+0.12, n=4). In
view of the consistency of these time-dependent shifts, the
above values were used to correct the shifts obtained with
HCOB and ODQ, respectively (as described in a previous
study; Wanstall et al., 2001). For Angeli’s salt, repeated
curves were highly un-reproducible (i.e. responses in the
second curve were markedly reduced, and by inconsistent
amounts). Hence, instead of determining a correction factor,
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only one curve to Angeli’s salt was obtained on each
preparation, i.e. data in the absence and presence of inhibitor
drug were obtained on separate preparations.

Relaxation responses were expressed as ‘per cent reversal’
of the sub-maximal contraction to phenylephrine. Potency
values were calculated as the negative logarithm of the ICs,
(pICsp) where ICsy is the concentration producing 50%
inhibition of the contraction to phenylephrine. The effects of
HCOB and ODQ on the concentration—response curves were
quantified as ‘log unit shifts’ by using the formula: mean
(pICsq (control)—pICso (drug present)). Hence positive and
negative values for ‘log unit shift’ indicated inhibition or
potentiation, respectively. In experiments with GSNO, the
correction factors given above were subtracted from the
values of ‘log unit shift’.

Contractile responses A cumulative concentration-response
(contraction) curve to angiotensin I or angiotensin Il was
obtained (control curve). After washing the tissue, SNOcap,
captopril or GSNO was added to the bath for varying
periods of time (see Results) and a second concentration-
response (contraction) curve was then obtained to angioten-
sin I or angiotensin II.

Contractions were expressed as a percentage of the
contraction obtained with K™'-depolarising PSS. Potency
values were calculated as the pECs,, where ECsy is the
concentration producing 50% of the maximum response
achieved. Effects of SNOcap, captoprili and GSNO on
contractile responses were then quantified as a ‘log unit shift’
by using the formula: mean (pECso (control)—pECs, (drug
present)). In separate control experiments, it was shown that
repeated concentration-response curves for angiotensin I and
angiotensin II, after 30 min in the presence of vehicle, were
reproducible (pECsy: angiotensin I, curve 1, 8.44+0.10, curve
2, 8.45+0.06, n=4; P>0.05; angiotensin II, curve 1,
8.66+0.07, curve 2, 8.71+0.08, n=4; P>0.05). Angiotensin
I curves were also reproducible after intervals of 2.8 h (pECs,
curve 1, 7.9140.08, curve 2, 7.93+0.10, n=3; P>0.05) or
5.6 h (pECsp curve 1, 7.8540.02, curve 2, 8.08+0.17, n=3;
P>0.05).

Intralobar pulmonary artery rings

Third generation branches of pulmonary artery (intralobar
pulmonary artery; 619+41 um i.d. under tension) were
dissected from the left lung lobe. Ring preparations (length
1.6-2.0 mm; endothelium-intact; three preparations from each
rat) were mounted on two 40 um diameter stainless steel
wires in a small vessel myograph (Mulvany-Halpern type:
Model 610M; JP Trading, Aarhus, Denmark). The tissue
chamber contained PSS maintained at 37°C and bubbled with
95% 0,/5% CO,. Force was measured isometrically.
Preparations were set at a resting force of 0.5 mN mm~',
corresponding to physiologically relevant transmural pressure
(Doggrell et al., 1999). After 30 min equilibration, prepara-
tions were contracted with the thromboxane-mimetic, U46619
(9,11 -dideoxy - 11a, 9o - epoxymethano - prostaglandin ~ F2q;
100 nM) and a relaxation response to acetylcholine (10 um)
was obtained to confirm the presence of endothelium
(relaxation response=61+4.5% reversal of the pre-contrac-
tion; n=12). U46619 was used instead of phenylephrine
because a-adrenoceptor agonists give little or no contractile

response in rat intralobar pulmonary arteries (Leach et al.,
1992). A contraction to K™-depolarising PSS was then
obtained. After washing the preparations, they were again
contracted with U46619 (10—70 nM; ECso—ECgy) and a
cumulative concentration-response curve to SNOcap was
obtained. One curve was obtained per preparation, and the
three preparations from each rat were used to obtain (i) a
control curve, (ii) a curve in the presence of HCOB (100 uM;
3 min incubation) or (iii) a curve in the presence ODQ (3 uM;
30 min incubation). The magnitudes of the pre-contractions
(percentage of the K™ contraction; n=4) were: control
62+4.0%; HCOB present 71+6.1%; ODQ present
68+6.5%. Data were expressed as described for main
pulmonary artery, except that the shift in the curve by
ODQ was determined at the level of the ICsq rather than the
ICs5y because, in the presence of ODQ, the ICsy was not
reached in every preparation.

Platelets

Seven ml blood were obtained from the abdominal aorta of
each rat, via a heparinised cannula. The blood was collected
into a syringe containing 105 IU of heparin sodium to give a
final heparin concentration of 15 IU ml~' blood.

Blood was centrifuged at 200 x g for 10 min and the top
layer, platelet rich plasma (PRP), was removed. PRP from
two rats was pooled. Platelet poor plasma (PPP) was
prepared by centrifuging the remaining sample at 4000 x g
for 15 min. The number of platelets in 1 ul of PRP was
determined microscopically using a haemocytometer. PRP
was diluted first with PPP to give 6 x 10° platelets ul~' and
then 1:1 with normal saline.

Platelet aggregation was determined in diluted PRP (see
above) using a turbidimetric aggregometer (Chrono-log
Corporation, PA, U.S.A.). Contents of the cuvettes in the
aggregometer were maintained at 37°C and stirred constantly
at 1200 r.p.m. Changes in light transmission through the
diluted PRP were recorded on a chart recorder (Rikadenki,
Tokyo, Japan). Light transmission through diluted PRP and
PPP (diluted 1:1 with normal saline) were used for
calibration, and represented minimum (0%) and maximum
(100%) light transmission, respectively. A collagen concen-
tration-response curve was first obtained to determine a
concentration giving a just sub-maximal response
(4.5 ug ml~"). The inhibitory effects of SNOcap (1 uMm to
1 mMm), GSNO (1-100 uM), nitroprusside (0.3—30 uM) or
captopril (100 uM) on aggregation induced by this concentra-
tion of collagen were determined. These drugs (or the
corresponding volume of vehicle) were added to the cuvette
2 min before the addition of collagen.

The response to the aggregating agent (collagen) was
defined as the difference in light transmission through diluted
PRP after and before addition of collagen and was expressed
as a percentage of maximal light transmission, ie. as a
percentage of: (light transmission (PPP)—light transmission
(PRP)). The inhibitory response to the NO donors or
captopril was then calculated as:

[collagen response (vehicle present) — collagen response (drug present)]
collagen response (vehicle present)

x 100%

Potency was defined as the pICsy (where ICsq is the
concentration producing 50% inhibition of platelet aggrega-
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tion to collagen), and values were
individual concentration-response curves.

interpolated from

Drugs and solutions

Acetylcholine chloride (Sigma); Angeli’s salt (sodium o-
oxyhyponitrite; Cayman); angiotensin I (Auspep); angiotensin
II (Sigma); captopril (Sigma); collagen (Helena Laboratories
Aust Pty); dimethyl sulphoxide (DMSO; Sigma); glyceryl
trinitrate (David Bull Laboratories; ampoules); heparin
sodium (David Bull Laboratories), hydroxocobalamin
(HCOB, Sigma); 1H-(1,2,4-)oxadiazolo(4,3-a)-quinoxalin-1-
one (ODQ; Sigma); pentobarbitone sodium (Merial); L-
phenylephrine hydrochloride (Sigma); S-nitrosocaptopril
(SNOcap; Calbiochem); S-nitrosoglutathione (GSNO; Sig-
ma); sodium nitroprusside (Sigma); spermine NONOate (Z-1-
{N-[3-aminopropyl] - N - {4 -(3-aminopropylammonio)butyl]-
amino}diazen-1-ium-1,2-dioloate; Cayman); U46619 (9,11-
dideoxy-11a,9a-epoxymethano-prostaglandin F2o; Sigma).

Stock solutions were prepared as follows (in mMm):
angiotensin I, 10, angiotensin II, 1, phenylephrine, 10 in
0.01 M hydrochloric acid; acetylcholine, 10, SNOcap, 100,
GSNO, 100, nitroprusside, 100, captopril, 10, and HCOB,
100 in deionised water; ODQ, 10 in DMSO; Angeli’s salt, 100
and spermine NONOate, 100 in 0.01 M sodium hydroxide;
U46619, 10 in absolute ethanol. Ampoules of glyceryl
trinitrate contained a concentration of 22 mM in ethanol.
Dilutions of all drugs, when required, were made in PSS,
except spermine NONOate and Angeli’s salt which were
diluted in 10 mM sodium hydroxide. Collagen (100 ug ml~")
and heparin (5000 IU ml~') were obtained from the
manufacturer in solution and were diluted in normal saline
(0.9% NacCl in deionised water). All dilutions were kept on
ice during the course of an experiment and discarded at the
end of each experiment. Solutions of NO donors were
protected from light.

Statistical tests

Mean values from a number (n) of different animals are given
together with their standard errors (s.e.mean). Values of
PECso, pICs, pICz, maximum response, ‘log unit shift’ or
‘time to equilibrium response’ were compared, as appro-
priate, by paired or unpaired #-test (comparison of two
values) or by one-way analysis of variance (ANOVA)
followed by Student-Newman-Keuls post hoc test (compar-
ison of more than two values).

Results

Pulmonary vasorelaxant effects of SNOcap: comparison
with other NO donors

In phenylephrine pre-contracted main pulmonary artery
preparations SNOcap, like GSNO and nitroprusside, caused
concentration-dependent relaxation (Figures 1, 2 and 3).
SNOcap was able to completely reverse the phenylephrine
contraction but the potency (pICsy) was less than that of
GSNO or nitroprusside (Table 1). The time to equilibrium
response to 10 uM SNOcap (concentration equivalent to
ICsp) was 1.94+0.17 min (n=16). This was not different from
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Figure 1 Mean concentration response curves to (a) S-nitrosocap-
topril (SNOcap), (b) S-nitrosoglutathione (GSNO) and (c) nitroprus-
side on rat main pulmonary artery pre-contracted with phenylephrine
in the absence (control; closed symbols) and then in the presence
(open symbols) of ODQ (3 um; pre-incubation 30 min). Relaxation
responses are expressed as percentage reversal of the phenylephrine-
induced contraction. Points are mean values (n=4) with s.e.mean
shown by vertical bars except when smaller than the size of the
symbols. *Significant parallel shift in curve to a higher concentration
range (based on significant decrease in pICsy; P<0.05; see text for
magnitude of shift expressed in log units). *Significant reduction in
maximum response (P <0.05).

the time to equilibrium response for 1 uM GSNO
(2.1+£0.24 min, n=16; P>0.05). Unlike the NO donors,
captopril (I nM—1 mM) did not relax the preparations, except
at the two highest concentrations (<10% relaxation; Figure
3).

Effects of ODQ ODQ (3 uM) caused parallel shifts in the
SNOcap and GSNO concentration-relaxation curves to a
higher concentration range (Figure 1a,b). The magnitudes of
the shifts, measured in log units at the level of the 1Cs,, were
1.81+0.09, n=4 and 2.03+0.09, n=4 for SNOcap and
GSNO respectively; these shifts were not significantly
different (P>0.05). In contrast, responses to nitroprusside
were almost abolished in the presence of ODQ (Figure Ic).
Because of the more pronounced effect of ODQ on responses
to nitroprusside and the non-parallel shift in the curve, no log
unit shift could be calculated for this particular NO donor.
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Figure 2 Mean concentration response curves to (a) S-nitrosocap-
topril (SNOcap), (b) S-nitrosoglutathione (GSNO) and (c) nitroprus-
side on rat main pulmonary artery pre-contracted with phenylephrine
in the absence (control; closed symbols) and then in the presence
(open symbols) of hydroxocobalamin (HCOB; 100 uMm; pre-incuba-
tion 3 min). Relaxation responses are expressed as per cent reversal
of the phenylephrine-induced contraction. Points are mean values
(n=4) with s.e.mean shown by vertical bars except when smaller than
the size of the symbols. *Significant potentiation or *significant
inhibition of responses in the presence of HCOB (P <0.05; based on
significant changes in pICsy; see Table 2).

Effects of HCOB HCOB (100 uM) potentiated responses to
SNOcap and GSNO (Figure 2a,b; Table 2). This effect of
HCOB was in contrast to its inhibitory effect on responses to
nitroprusside (Figure 2c; Table 2), glyceryl trinitrate and
spermine NONOate (Table 2). For Angeli’s salt, a source of
nitroxyl ion (NO7), data in the absence and presence of
HCOB were obtained on separate preparations (see Methods
for reason). The plCsy values in the absence (6.34+0.10,
n=06) and presence (6.29+0.18, n=6) of HCOB were not
significantly different (P>0.05), i.e. HCOB neither poten-
tiated nor inhibited responses to Angeli’s salt.

Experiments on intralobar pulmonary artery SNOcap also
relaxed pre-contracted small intralobar pulmonary arteries
(Figure 4) with a potency (pICsy: 4.85+0.21, n=4) not
significantly different (P>0.05) from that obtained on main
pulmonary artery (Table 1). The time to equilibrium

Table 1 Potency (pICsg) of NO donors on main pulmonary
artery and platelets and relative potency (pulmonary artery:
platelets)

Relative
Potency®

Potency (pICsy)
Pulmonary

artery (PA)*  Platelets® PA:Platelets
S-nitrosocaptopril 5.004+0.06 4.13+0.16* 7
(16) )
S-nitrosoglutathione  6.11+0.05 4.71+0.20* 25
(16) “)
Nitroprusside 7.8340.07 <4.5¢ >2000¢
(16) )

Values are mean +s.e.mean. Numbers of preparations are in
parentheses. “Pulmonary artery preparations pre-contracted
with 0.1 umM phenylephrine. °Platelets (in platelet rich
plasma) aggregated with 4.5 ug ml~' collagen. °Relative
potency =antilog [(mean pICsy: pulmonary artery)—(mean
pICso: platelets)]. 950% inhibition of platelet aggregation
was not reached with 30 um nitroprusside, the highest
concentration tested. Hence the values given are over- and
under-estimates of pICsy and relative potency, respectively.
Also significance of difference between potency in platelets
and pulmonary artery could not be calculated. *Potency on
pulmonary artery significantly less than that of S-nitroso-
glutathione or nitroprusside (P <0.05). *Potency on platelets
significantly less than corresponding potency on pulmonary
artery (P<0.05).

relaxation for 10 uM SNOcap was 2.7+0.50 min (n=4;
P>0.05 when compared with main pulmonary artery). As
in main pulmonary artery, responses to SNOcap were
inhibited by 3 uM ODQ (Figure 4; parallel shift in the curve;
decrease in plC;3y=2.04+0.30 log units, n=4) and poten-
tiated by 100 um HCOB (Figure 4; increase in
pICs0=2.07+0.21 log units, n=4).

Comparison of vasorelaxation with inhibition of platelet
aggregation Collagen-induced aggregation of rat platelets
was inhibited by SNOcap, GSNO and nitroprusside, but all
three drugs were less potent on platelets than on main
pulmonary artery (Figure 3; Table 1). Nevertheless, with
SNOcap or GSNO, the concentration range for inhibition of
platelet aggregation overlapped the concentration range for
relaxation of pulmonary artery (Figure 3) and the relative
potencies (pulmonary artery: platelets) were approximately
one order of magnitude (Table 1). In contrast, nitroprusside
inhibited platelet aggregation only at concentrations higher
than those that caused maximal vasorelaxation (Figure 3)
and had a relative potency value greater than three orders of
magnitude (Table 1).

Together, these data on pulmonary artery and platelets
showed that SNOcap resembles GSNO but differs from
various non-nitrosothiol NO donors. Therefore in the next
series of experiments, the only NO donor drug used for
comparison with SNOcap was GSNO.

ACE inhibitory effect of SNOcap: comparison with
captopril and GSNO on main pulmonary artery

In initial experiments in which captopril (1 uM) was
incubated with the tissues for 10, 30 and 60 min, maximum
inhibition of angiotensin I was achieved after 30 min
incubation, i.e. 30 min was the optimal incubation time for
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Figure 3 Comparison of the effects of (a) S-nitrosocaptopril (SNO-
cap), (b) S-nitrosoglutathione (GSNO), (c¢) nitroprusside and (d)
captopril in rat main pulmonary artery (vasorelaxation; closed
symbols) versus rat platelets (inhibition of aggregation; open
symbols). Responses expressed as percentage reversal of the
phenylephrine-induced contraction on main pulmonary artery
(n=16; SNOcap, GSNO and nitroprusside; n=4 captopril) and
percentage inhibition of collagen-induced aggregation in platelets
(n=4; SNOcap, GSNO and nitroprusside; n=3 captopril). Points are
mean values with s.e.mean shown by vertical bars except when
smaller than the size of the symbols. *Potency on platelets
significantly less than on pulmonary artery, based on pICs, values
in Table 1 (P<0.05). #Responses in platelets significantly less than
responses to corresponding concentrations in pulmonary artery
(P<0.05).

Table 2 Effects of hydroxoxobalamin (HCOB) on concen-
tration-response (relaxation) curves to NO donors on main
pulmonary artery pre-contracted with 0.1 uM phenylephrine

Effect of hydroxocobalamin
(HCOB; 100 um)

NO donor (log unit shift)*

S-nitrosocaptopril —1.414+0.25*%
“4)

S-nitrosoglutathione —1.02+0.08*
“)

Nitroprusside 1.4440.04*
“

Glyceryl trinitrate 0.84+0.06*
“)

Spermine NONOate 0.63+0.05*
“

Values are means+s.e.mean. Numbers of preparations are
in parentheses. “Log unit shift=mean (pICs, (HCOB
absent) —pIlCsy (HCOB present)). A positive value denotes
inhibition and a negative value denotes potentiation by
HCOB. *Significant difference between pICs, in the absence
and presence of hydroxocobalamin (P <0.05).

this drug. Hence SNOcap, captopril and GSNO (each at
1 uM) were compared using this incubation time (Figure 5).
SNOcap, like captopril, shifted the concentration-response
curve to angiotensin I, but not that to angiotensin II, to a

-8-control
-O-0DQ (3 pM)
--HCOB (100 pM)

contraction
(4]
[=3
n

754

% reversal of U46619

100

8 7 6 5 -4 -3
log [SNOcap] M

Figure 4 Mean concentration response curves to S-nitrosocaptopril
(SNOcap) in intralobar pulmonary artery pre-contracted with
U46619 in the absence (control; closed circles) or presence of ODQ
(3 um; pre-incubation 30 min; open circles) or HCOB (100 um; pre-
incubation 3 min; open squares). Relaxation responses are expressed
as percentage reversal of the U46619-induced contraction. Control
data and data in the presence of ODQ or HCOB were obtained in
parallel in three artery preparations from the same rat. Points are
mean values (n=4) with s.e.mean shown by vertical bars except when
smaller than the size of the symbols. *Significant potentiation of
responses in the presence of HCOB and significant inhibition of
responses in the presence of ODQ (P<0.05; based on significant
changes in pICsy and pICj, respectively; see text for magnitude of
shifts expressed in log units).

higher concentration range (Figure S5a,b,c.d). In addition,
SNOcap, like GSNO, reduced the maximal response to both
angiotensin I and angiotensin II (Figure 5a,b,e,f).

Subsequently, a range of concentrations of SNOcap and
captopril were compared after 30 min incubation with the
tissue. The magnitude of the shift in the angiotensin I curve,
measured in log units at the level of the ECsy, was
concentration-dependent for both drugs, but SNOcap was
approximately 10 fold less potent than captopril (Figure 6a).
A possible reason for this potency difference was that, after
30 min, SNOcap may have only partially dissociated into
captopril and NO. Therefore in further experiments SNOcap
(at a single concentration; 1 uM) was pre-incubated at 37°C
in oxygenated PSS for increasing times (2.3, 5.1 or 13.5 h),
followed by 30 min incubation with the tissue (Figure 6b).
Parallel experiments were carried out with captopril (1 uMm).
These experiments showed that, for both drugs, the
magnitude of the shift in the angiotensin I curve (measured
in log units) was time-dependent (Figure 6b). In particular,
after 5.6 h the effect of SNOcap was significantly increased
and greater than at any other time-point (Figure 6b). In
contrast the effect of captopril significantly declined with
time, and at 5.6 and 14 h SNOcap was more effective than
captopril (Figure 6b).

To check whether the presence of the tissue would
accelerate the dissociation of SNOcap, and hence increase
its effectiveness at any given time point, additional experi-
ments were carried out in which SNOcap was present with
the tissue for 2.8 and 5.6 h (instead of the last 30 min only).
However, the shifts obtained (2.8 h, 0.25+0.07 log units,
n=4; 5.6 h, 0.90+0.09 log units, n=4) were not significantly
different (P>0.05) from the corresponding values depicted in
Figure 6b. Likewise captopril incubated with the tissue for
2.8 h gave log unit shifts (0.67 and 0.94 log units, n=2) no
different from the corresponding value shown in Figure 6b.
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Figure 5 Mean concentration-response curves to angiotensin I (a, c,
e) and angiotensin II (b, d, f) in the absence (control; closed symbols)
and then in the presence (incubation 30 min; open symbols) of S-
nitrosocaptopril (1 uMm; top graphs), captopril (1 um; centre graphs)
or S-nitrosoglutathione (1 uMm; bottom graphs) on rat main
pulmonary artery. Responses expressed as percentage of the
contraction to 80 mm K*PSS. Points are mean values (n=4) with
s.e.mean shown by vertical bars except when smaller than the size of
the symbols. #Significant shift in curve, based on differences in pECs,
values. *Significant depression in maximum response (P <0.05).
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to resemble those of other S-nitrosothiols, such as GSNO,
rather than classical NO donors, such as nitroprusside. The
data obtained supported this hypothesis. This conclusion was
based on the results of experiments with two pharmacological
tools. These were (i) ODQ, a soluble guanylate cyclase
inhibitor, which was used to determine the degree of
involvement of the soluble guanylate cyclase/guanosine 3’5
cyclic monophosphate (cGMP) pathway and (ii)) HCOB,
which inhibits responses to drugs which generate NO- free
radicals but, paradoxically, potentiates responses to some S-
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-O~captopril (1 uM)
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Inhibition of angiotensin I in rat main pulmonary artery. Comparison of S-nitrosocaptopril (SNOcap; closed symbols) and captopril

(open symbols) at (a) various concentrations (30 min incubation) and (b) at a range of incubation times (concentration of both SNOcap and
captopril, 1 um). Incubation times 2.8, 5.6 and 14 h comprised pre-incubation periods (2.3, 5.1 and 13.5 h, respectively) in oxygenated PSS at
37°C in the absence of tissue, followed by 30 min in the presence of the tissue (see Results). Inhibition of angiotensin I is presented as ‘log unit
shifts’ defined as: mean (angiotensin I pECso (no drug)—angiotensin I pECsy (drug present)). Data in the absence and presence of drug were
obtained on the same preparation of main pulmonary artery. Points are mean values (n=4) with s.e.mean shown by vertical bars except when
smaller than the size of the symbols. *Log unit shift for SNOcap significantly less than corresponding value for captopril (P<0.05). *Log unit
shift for SNOcap significantly more than corresponding value for captopril (P<0.05). tLog unit shift significantly greater than at other

incubation times (P<0.05).
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nitrosothiols (Li & Rand, 1993; Rand & Li, 1993). Further
support for the hypothesis was obtained from data
comparing the potency of SNOcap as a pulmonary
vasorelaxant with its potency as an inhibitor of platelet
aggregation.

This is the first study on the effects of ODQ on responses
to SNOcap. Previously, on bovine coronary and femoral
arteries the role of soluble guanylate cyclase was investigated
using the less selective drug, methylene blue (Cooke et al.,
1989). Methylene blue not only inhibits soluble guanylate
cyclase but can also generate superoxide anions; hence
inhibition of responses to NO donors by methylene blue
could theoretically be due to inactivation of NO (Wolin et al.,
1990; Marczin et al., 1992). ODQ was used at a concentration
(3 uM) known to discriminate between spontaneous gen-
erators of NO (including S-nitrosothiols) and NO donors that
require tissue activation (e.g. nitroprusside and organic
nitrates) (Feelisch et al., 1999; Homer et al., 1999). At this
concentration, ODQ only partially blocked responses to
SNOcap or GSNO but, in contrast, abolished responses to
nitroprusside. These data indicate either that SNOcap and
GSNO cause vasorelaxation partially via mechanisms that are
independent of the soluble guanylate cyclase/cGMP pathway
(as reported for spermine NONOate and MAHMA NON-
Oate in rat pulmonary artery; Homer & Wanstall, 2000) or,
alternatively, that a sulfhydryl site, i.e. a non-haeme site, on
soluble guanylate cyclase is involved (as reported for S-
nitroso-N-acetylpenicillamine in rat aortic rings; Tseng et al.,
2000).

In the experiments with HCOB, SNOcap was compared
with five other NO donors. HCOB, which is a ‘scavenger’ of
NO- free radical, inhibited responses not only to nitroprus-
side but also glyceryl trinitrate and spermine NONOate, each
of which is known to produce NO- free radicals (Feelisch &
Stamler, 1996; Wanstall et al., 2001). Angeli’s salt, which
produces nitroxyl (NO™) ions rather than NO- free radical,
was not inhibited. These data are in agreement with previous
findings for these four NO donors in mouse aorta (Wanstall
et al., 2001). The lack of effect of HCOB on responses to
Angeli’s salt is consistent with the selectivity of HCOB for
NO in its free radical form. Responses to SNOcap and
GSNO were not inhibited by HCOB, consistent with (i) data
for S-nitrosothiols on rat anococcygeus muscle (Rand & Li,
1993) and (ii) the view that S-nitrosothiols act, biologically,
via NO™ transfer (transnitrosation) or NO~ rather than via
NO- free radical (Feelisch & Stamler, 1996; Singh et al.,
1996). Not only did HCOB fail to inhibit responses to
SNOcap and GSNO on rat pulmonary artery but, in
contrast, it caused potentiation. Potentiation of responses
by HCOB has previously been described for GSNO on
anococcygeus muscle (Rand & Li, 1993). Curiously, on this
tissue no potentiation was seen with two other S-nitro-
sothiols, S-nitroso-N-acetylpenicillamine and S-nitrosocys-
teine, (Li & Rand, 1993; Rand & Li, 1993). The mechanism
for the potentiation, and the reason why this occurs with
some S-nitrosothiols but not others, is currently not known.

One further similarity between SNOcap and GSNO (and
difference from nitroprusside) was observed when their
potencies on pulmonary artery and platelets were compared.
SNOcap and GSNO were only one order of magnitude less
potent on platelets than on pulmonary artery, in marked
contrast to nitroprusside where the difference in potency was

more than three orders of magnitude. Data obtained in
human tissues have shown differences in the relative potencies
(blood vessels: platelets) for S-nitrosothiols compared with
nitroprusside. For example, two S-nitrosothiols, GSNO
and RIG200 (N-(S-nitroso-N-acetylpenicillamine)-2-amino-2-
deoxy-1,3,4,6-tetra-O-acetyl-f-D-glucopyranose), were more-
or-less equipotent on human saphenous vein and human
platelets whereas nitroprusside was less potent on platelets
than on the blood vessel preparation (Sogo et al., 2000a, b).

SNOcap, like captopril, exhibited ACE inhibitor properties
on rat pulmonary artery in that it increased the ECsy for
angiotensin I but not angiotensin II. We had hypothesised
that SNOcap would be more potent than captopril (for
reason, see Introduction). However, it became apparent that
a simple comparison of the potencies of SNOcap and
captopril was not possible. This was because the effectiveness
of both drugs exhibited a time-dependence that was not the
same for the two drugs. The time-dependence studies showed
that at short incubation times (<2.8 h), SNOcap was less
effective than captopril. This presumably reflected the slow
dissociation of SNOcap into captopril and NO, since the
half-life of SNOcap in oxygenated PSS at 37°C is 2.8 h
(Loscalzo et al., 1989). The requirement for SNOcap to
dissociate before it can inhibit ACE is to be anticipated. This
is because (i) in undissociated SNOcap it is the sulfhydryl
group of captopril that is occupied by NO and (ii)) the
sulfhydryl group is important for the binding of captopril to
zinc in the active site of ACE (Mackaness, 1985). Therefore
in undissociated SNOcap binding to ACE would be reduced.
It was found that a longer incubation time (corresponding to
two half-lives and hence commensurate with greater dissocia-
tion of SNOcap) led to an increase in the effectiveness of
SNOcap, as expected. However, under these prolonged
incubation conditions the effectiveness of captopril signifi-
cantly declined. The reason for the decline in potency of
captopril is not certain but the conditions of incubation used
would tend to destabilise captopril since, in oxygenated
aqueous solutions, captopril is vulnerable to oxidation,
especially above room temperature and at pH >4 (Timmins
et al., 1982; Pramar et al., 1992).

The results of this detailed study suggest that at any given
time point, the effectiveness of SNOcap was governed by
both (i) the amount of captopril released from the parent
compound and (i) the degree of degradation of free
captopril. The effectiveness of captopril, on the other hand,
would have been governed by the latter variable only. As a
result, a meaningful comparison of the potencies of SNOcap
and captopril could not be made. Nevertheless the experi-
ments showed that SNOcap could inhibit ACE in pulmonary
artery, consistent with previous findings in non-pulmonary
vessels (Cooke et al., 1989; Loscalzo et al., 1989). However
our results differed quantitatively from those reported on
bovine femoral artery, where 1 uM SNOcap was as effective
as | uM captopril in inhibiting angiotensin I after a
comparatively short incubation time (45 min; Cooke et al.,
1989). This discrepancy between our results and those of
Cooke et al. (1989) remains unexplained. Mathews & Kerr
(1993) have suggested that some, but not all, blood vessels
have the ability to accelerate the decomposition of S-
nitrosothiols and it is possible that bovine femoral artery
has this ability while rat pulmonary artery does not.
Certainly there was no evidence that rat pulmonary artery
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hastened the decomposition of SNOcap since experiments
using prolonged incubation times gave identical results
whether the blood vessel preparation was present or not.

Experiments showing concentration-dependency (as op-
posed to time-dependency) in inhibiting angiotensin I were
carried out at only one incubation time (i.e. 30 min, the
optimal time for captopril). It was noted that there was a
flattening of the concentration-response curve for captopril at
the highest concentration tested. A possible explanation is
that conversion of angiotensin I to angiotensin II is catalysed
by not only ACE but also chymase, which would not be
blocked by captopril (Iwamoto et al., 2001; Richard et al.,
2001). The concentrations of SNOcap used were not
sufficiently high to determine whether or not there was a
comparable flattening of the curve for this drug.

In view of the slow dissociation of SNOcap into captopril
and NO even in the presence of tissue (as established in the
ACE inhibitor studies), it was interesting that direct
vasorelaxant responses to SNOcap reached equilibrium in
as little as 2 min. Pulmonary vasodilator responses in vivo
after i.v. administration of SNOcap reach equilibrium equally
rapidly (Wanstall; unpublished data). The simplest explana-
tion for this is that vasorelaxation does not require prior
dissociation of NO, in one of its forms, from the parent
molecule. This is curious in view of the involvement of
activation of soluble guanylate cyclase in the response. It is
known that some of the biological actions of S-nitrosothiols
occur as a result of transnitrosation reactions that do not
require the prior release of NO (Feelisch & Stamler, 1996)
and that occur very rapidly (Arnelle & Stamler, 1995).
However it could be argued that transnitrosation would still
be associated with the appearance of free captopril; yet in the
ACE inhibitor experiments there was no functional evidence
for much free captopril even after 10 min. One possible,
though speculative, explanation for this apparent paradox is
that after transnitrosation (an initial rapid event) captopril
may exist largely as captopril disulphide, which would not
bind to ACE, whereas after dissociation of SNOcap into
captopril and NO (a more gradual process) the sulfhydryl
group of captopril is free to bind to ACE.

Not all vasoactive drugs necessarily have pharmacological
profiles that are identical in large and small pulmonary
arteries (Leach er al., 1992). However in the present study the
vasorelaxant properties of SNOcap on intralobar arteries
were consistent with those on main pulmonary artery, viz. (i)
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