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1 Previous studies show that linking acetylated glucosamine to S-nitroso-N-acetyl-D,L-penicillamine
(SNAP) stabilizes the molecule and causes it to elicit unusually prolonged vasodilator e�ects in
endothelium-denuded, isolated rat femoral arteries. Here we studied the propanoyl (SNPP; 3 carbon
side-chain), valeryl (SNVP; 5C) and heptanoyl (SNHP; 7C) N-substituted analogues of SNAP (2C),
to further investigate other molecular characteristics that might in¯uence chemical stability and
duration of vascular action of S-nitrosothiols.

2 Spectrophotometric analysis revealed that SNVP was the most stable analogue in solution.
Decomposition of all four compounds was accelerated by Cu(II) and cysteine, and neocuproine, a
speci®c Cu(I) chelator, slowed decomposition of SNHP. Generation of NO from the compounds
was con®rmed by electrochemical detection at 378C.
3 Bolus injections of SNAP (10 ml; 1078 ± 1073

M) into the perfusate of precontracted, isolated rat
femoral arteries taken from adult male Wistar rats (400 ± 500 g), caused concentration-dependent,
transient vasodilatations irrespective of endothelial integrity. Equivalent vasodilatations induced by
SNVP and SNHP were transient in endothelium-intact vessels but failed to recover to pre-injection
pressures at moderate and high concentrations (1076 ± 1073

M) in those denuded of endothelium.
This sustained e�ect (41 h) was most prevalent with SNHP and was largely reversed by the NO
scavenger, haemoglobin.

4 We suggest that increased lipophilicity of SNAP analogues with longer sidechains facilitates their
retention by endothelium-denuded vessels; subsequent slow decomposition within the tissue
generates su�cient NO to cause prolonged vasodilatation. This is a potentially useful characteristic
for targeting NO delivery to areas of endothelial damage.
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coe�cient; PTCA, percutaneous transluminal coronary angioplasty; PE, phenylephrine

Introduction

Nitric oxide (NO) synthesized in the endothelium of blood

vessels (Palmer et al., 1987; 1988; Palmer & Moncada, 1989) is
recognized to be an important factor in control of local blood
¯ow and of blood pressure in animals (Aisaka et al., 1989; Rees
et al., 1989; Gardiner et al., 1990; Chu et al., 1991) and man

(Vallance et al., 1989; Haynes et al., 1993). In addition, NO is
known to inhibit platelet adhesion and aggregation (Radomski
et al., 1987a,b; 1990), smooth muscle mitogenesis (Garg &

Hassid, 1989) and monocyte adhesion (Lefer, 1997). En-
dothelial dysfunction resulting in reduced NO synthesis is
thought to play an important role in atherogenesis (Chappell et

al., 1987; Harrison et al., 1987; Forstermann et al., 1988;
Guerra et al., 1989), and physical damage to the endothelium
during percutaneous transluminal coronary angioplasty
(PTCA) is a major contributory factor in the high incidence

of thrombus formation and restenosis following this procedure

(Langford et al., 1994). Current NO donor drugs, including the

organic nitrates (such as glyceryl trinitrate; GTN) and sodium
nitroprusside (SNP) do not improve outcome in patients with
unstable angina or myocardial infarction or following PTCA.

S-Nitrosothiols (general formula R-S-N=O) undergo

thermal decomposition in solution to disulphides, generating
NO in the process (Williams, 1985). They present a potential
alternative to existing NO donors, particularly as they do not

appear to engender vascular tolerance (Harowitz et al., 1983;
Bauer & Fung, 1991), an undesirable feature of prolonged
administration of organic nitrates. Other potential advantages

over current NO donors are their relative platelet (De Belder et
al., 1994) and arterial selectivity (MacAllister et al., 1995)
which might make them particularly attractive in the treatment
of thrombotic and arterial disease. However, the therapeutic

potential of the investigated S-nitrosothiols, such as S-nitroso-
N-acetyl-D,L-penicillamine (SNAP; Figure 1a) and S-nitroso-
glutathione (GSNO), is limited by the unpredictable nature of

their decomposition, due in part to the catalytic e�ect of trace
Cu(I) ions (Dicks et al., 1996; Gordge et al., 1996; Al-Sa'doni*Author for correspondence; E-mail: ian.megson@ed.ac.uk
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et al., 1997). Accelerated decomposition in the presence of

Cu(II) (De Man et al., 1996) is now thought to be mediated by
prior reduction to Cu(I) by thiols and might contribute to
copper-mediated inhibition of atherogenesis (Ferns et al.,

1997). In vivo, decomposition may also be accelerated by direct
transfer of NO+ to reduced tissue thiols (transnitrosation;
Askew et al., 1995) and by enzyme-dependent mechanisms

(Askew et al., 1995; Gordge et al., 1996). Therapeutic e�ects of
existing S-nitrosothiols might be improved by increasing their
stability in vitro and by introducing a means of targeting
delivery to damaged vessels deprived of endogenous NO.

Recently, we reported that a novel S-nitrosated glyco-amino
acid, consisting of SNAP coupled to acetylated glucosamine
(RIG200), was substantially more stable than the parent

compound in vitro. Furthermore, we showed that it caused
prolonged (44 h), NO-mediated vasodilatation in endothe-
lium-denuded rat isolated femoral arteries, whilst responses to

SNAP itself were transient (Megson et al., 1997). Both RIG200
and SNAP caused transient vasodilatation in endothelium-
intact vessels. We speculated that removal of the endothelium

facilitates retention of RIG200 and suggested that lipophilicity
of the compound by the acetylated glucosamine might be
responsible for the e�ect. Here, we further test our hypothesis
using novel N-substituted analogues of SNAP synthesized with

di�erent carbon side-chain lengths (C3 ± 7; Figure 1b,c and d).
We envisaged that increasing alkyl side-chain length would
increase lipophilicity and in vitro stability. We also anticipated

that SNAP analogues with longer side-chains would be more
likely to cause sustained vasodilatation in endothelium-
denuded vessels, similar to RIG200. Selectivity for endothe-

lium-denuded vessels could lead to targeting of NO donors to
vessels with endothelial injury caused by atherosclerosis or
surgical procedures such as PTCA.

Methods

Decomposition of SNAP analogues in vitro

2.5 mM solutions of SNAP and RIG200 in oxygenated (95%

O2, 5% CO2) Krebs bu�er (composition in mM): NaCl 118,

KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25 and

glucose 5.5, were incubated in the dark at 248C. Care was
taken to use the same Krebs solution to dilute SNAP and its
analogues in order to ensure identical copper ion content. The

decrease in absorbance at a wavelength (l) of 341 nm was
measured using a Phillips PU 8720 ultraviolet/visible scanning
spectrophotometer (path length=1 cm).

Experiments at 248C were repeated in the presence of either
an intermediate concentration of CuSO4 (1 mM; Askew et al.,
1995), or the speci®c Cu(I) chelator, neocuproine (NCu; 1 mM;
(Dicks et al., 1996; Al Sa'doni et al., 1997) in order to establish

the e�ect of Cu(I) on the decomposition rate. Decomposition
was also compared in the presence of the reduced thiol,
cysteine (Cys; 1 mM). Rate constants were derived according

to the following equation:

k � Ln2

T 1
2

where T�=the observed half-life of S-nitrosothiols in solution.
NO release from S-nitrosothiols (1075

M) in Krebs bu�er

solution at 378C was con®rmed using an isolated NO electrode
(World Precision Instruments, Aston, Hertfordshire, U.K.).
The electrode was calibrated with NO generated in situ from
NaNO2 (10

77 ± 1076
M) acidi®ed in ascorbic acid (1 mM). The

role of Cu(I) and reduced thiols in decomposition was assessed
using CuSO4 (1 mM), NCu (10 mM) and Cys (10 mM).

Ionization constants and lipophilicity parameters in
n-octanol/water of N-substituted analogues of SNAP

The pH-metric method (Avdeef, 1993) was used to measure the
ionization constant (pKa) and the logarithm of the partition
coe�cient in n-octanol/water of the neutral form of SNAP and
SNVP (log PN). The method is based on the principle that there

is a shift in the aqueous acid-base titration curve of a
protogenic substance when a second phase (namely n-octanol)
is added (Figure 2). The technique requires two successive

titrations; ®rst, the solute in water is titrated against standard
acid or base to deduce the ionization constant (pKa). The
titration is then repeated in the presence of n-octanol and a

new ionization constant p0Ka is determined. The shift in the

a b

c d

Figure 1 Structural formulae and full generic names for (a) SNAP, (b) SNPP, (c) SNVP and (d) SNHP.
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ionization constant is in response to the partitioning of some of

the substance into the organic phase. This shift in pKa for a
generic acid (HA) is used in the calculation of PN as shown in
the following equation:

PNHA �
�10�p0KaÿpKa� ÿ 1�

r

where r is the ratio of n-octanol to water.
All potentiometric titrations were performed using GLpKa

apparatus (Sirius Analytical Instruments Ltd, Forrest Row,

East Sussex, U.K.).
For the determination of the pKa of SNAP and SNVP,

15 ml aqueous solutions (n=4) were initially acidi®ed to

pH 1.8 with HCl. The solutions were then titrated under
nitrogen at 25.0+0.18C with standardized KOH to pH 8. pKa

values were obtained by di�erence (Bjerrum) plots (Figure 2)

and the values obtained were re®ned by a weighted nonlinear
least-squares procedure.

For the experimental determination of log PN, titrations of
SNAP and SNVP (1 mM), containing volumes of n-octanol

(1 ml organic solvent/15 ml water to 10 ml organic solvent/
8 ml water) were performed in the pH range 1.8 ± 8.0 (n=4).
The same conditions and calculation procedures used for the

determination of pKa values were adopted. The pH-metric
approach does not permit measurement of log P lower than
70.5, thus the log P of the anionic species (log PA) could not

be experimentally determined.
The experimental log PN value for SNAP (0.96) was used to

calculate the corresponding values for the other SNAP
analogues by a Rekker type approach (Avdeef, 1993;

Mannhold et al., 1995; Caron et al., 1997).

Biological activity

Preparation Experiments were performed on isolated seg-
ments of femoral artery from adult male Wistar rats (400 ±

500 g; n=36) using the perfusion technique described
previously (Flitney et al., 1992; Megson et al., 1997). Brie¯y,

animals were sacri®ced by cervical dislocation and both

femoral arteries were cannulated immediately distal to the
epigastric arterial branch. Arterial segments (7 ± 8 mm long)
were dissected free and transferred to perspex organ bath

chambers (1 ml volume) at 378C where they were perfused
(0.6 ml min71; Gilson minipuls 3, Anachem, Luton, U.K.) and
superfused (1 ml min71; Watson Marlow 302S; Watson
Marlow, Falmouth, U.K.) with fresh oxygenated Krebs bu�er

solution. Twin vessels were precontracted with phenylephrine
(PE) and perfusion pressure was monitored by a di�erential
pressure transducer (T; Sensym SCX 15ANC, Farnell

Electronic Components, Leeds, U.K.) located upstream.
The apparatus permits exclusive drug delivery to the

luminal surface of the vessel by bolus injection (10 ml) through
a resealable rubber septum into the perfusate immediately
upstream of the vessel (transit time to artery *3 s, through
lumen *300 ms). Injections of vehicle (Krebs bu�er) had no

e�ect on perfusion pressure. Vasodilator responses in control
vessels could be compared to those perfused with supra-
maximal concentrations of the recognized NO scavenger,
ferrohaemoglobin (Martin et al., 1985). Where possible, two

vessels from each animal were used in parallel; one being
denuded of endothelium, the other with endothelium intact.

Experimental protocols

All experiments were carried out in a darkened laboratory in

order to protect photolabile drugs and to prevent photo-
relaxation of vessels (Megson et al., 1995). Drugs were
dissolved and diluted in PE-containing Krebs solution and
kept on ice prior to use.

Endothelial function of precontracted arteries was assessed
using ferrohaemoglobin (Hb; 10 mM); Hb scavenges endogen-
ous NO and the resultant vasoconstriction is a measure of

basal NO activity. This technique was preferred to cholinergic,
endothelium-dependent relaxation because, in this perfusion
system, the endothelium is already highly stimulated to

produce NO by ¯ow, and responses to cholinergic stimuli are,

Figure 2 Di�erence (Bjerrum) plots for SNVP (1 mM) in water and in n-octanol/water (10 : 8; both n=4) where nH is the
proportion of SNVP that is not ionised. These pKa values were used to derive the partition coe�cient (log PN) for SNVP. Similar
experiments were carried out for SNAP and results are presented in Table 2.
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as a result, typically small (Flitney et al., 1992; Megson et al.,
1997). In addition, a signi®cant proportion of ACh-induced
vasodilatation is believed to be due to release of endothelium-

derived hyperpolarizing factor (EDHF; Cohen & Vanhoutte,
1995). In experiments where the endothelium was removed, air
was passed through the lumen until such time as the vessel was
unresponsive to Hb (5 ± 10 min). Denudation invariably

caused an increase in pressure due to loss of endothelium-
derived NO. Pressure was restored to its original level by
appropriate reduction in PE concentration (*0.56original

concentration). Selected vessels were taken for immunohisto-
chemical staining to con®rm endothelial denudation (5 mm
para�n sections, ®xed in formalin (10%; 24 h), treated with

biotinylated constitutive NO synthase antibodies coupled to
avidin (avidin-biotin complex) and visualized (n=8 endothe-
lium-denuded; n=8 endothelium-intact).

Vasodilator responses to bolus injections of SNAP and
its analogues

Bolus injections of increasing concentrations of SNAP, SNPP,
SNVP or SNHP (10 ml; 1078 ± 1073

M) were made sequentially
into the perfusate of precontracted, endothelium-intact or

-denuded vessels. Responses were deemed to have recovered
once pressure was maintained for more than 5 min. Time
intervals between injections of S-nitrosothiol were matched

between intact and denuded vessels for each individual
experiment. Responses to 1073

M concentrations were allowed
to recover for a period of 1 h, after which vessels were perfused

with Hb (10 mM). In order to assess the role of extracellular
NO in vasodilatation induced by SNAP and its N-substituted
analogues in endothelium-denuded vessels, sequential bolus
injections of S-nitrosothiols were also made into perfusate

containing Hb (10 mM).

Drugs and reagents

All chemicals except the S-nitrosothiols were obtained from
Sigma Ltd. (Poole, Dorset, U.K.). Met-Hb was reduced to the

ferro-form using sodium dithionite as described previously
(Martin et al., 1985).

SNAP was prepared using an established method (Field et
al., 1978). Ultraviolet/visible spectral analysis con®rmed an

absorption peak at l=341 nm, characteristic for S-nitro-
sothiols. The extinction coe�cient (e) at this wavelength was
1168 M

71 cm71. SNAP is soluble in Krebs bu�er at

concentrations up to 10 mM. The N-substituted analogues of
SNAP were synthesized by the acylation of D,L-penicillamine
followed by S-nitrosation (details will be published elsewhere).

All were soluble to concentrations up to 2.5 mM after
ultrasonication.

Analysis of results

Signals from the pressure transducers were processed by a
MacLab/4e analogue-digital converter and displayed through

`Chart' software (AD Instruments, Sussex, U.K.) on a
Macintosh Performa 630 microcomputer. Vasodilator re-
sponse amplitude was expressed as a percentage of PE-induced

pressure existing prior to the ®rst in a series of drug application
(percentage pressure change; negative values represent relaxa-
tion, positive represent constriction). Data are given for

percentage pressure change both at the peak of responses and
following response recovery as de®ned earlier. Mean values are
given+s.e.mean.

P values stated in the text were obtained using two-factor,
repeated dose ANOVAs except where otherwise speci®ed.
P50.05 was accepted as statistically signi®cant.

Results

Decomposition of SNAP analogues in vitro

Rate constants derived from spectrophotometric studies of
decomposition indicated that SNAP was the most stable of the
analogues in Krebs bu�er alone at 248C (Table 1). The rate of

SNAP and SNPP decomposition was noticeably more variable
than SNVP and SNHP. SNVP proved the most stable in Krebs
bu�er; decomposition was51% in 1 h, preventing calculation
of a rate constant.

Decomposition of all four analogues was accelerated by
Cu2+ (1 mM; Table 1). SNAP decomposition in the presence of
Cu2+ was signi®cantly faster than that of the other S-

nitrosothiols (P50.05; unpaired student's t-test). Interestingly,
SNVP decomposition under these conditions stopped after
*30 min, when the concentration reached 78.01+4.78 of its

initial value, preventing determination of a meaningful rate
constant. Only the rate of decomposition of SNHP was
signi®cantly inhibited by NCu (10 mM; Table 1; P50.05),
although the variabilty seen with SNAP and SNPP in Krebs

alone was not evident in the presence of NCu.
Cys (1 mM) accelerated decomposition of all four analogues

and the rate of decomposition in the presence of Cys was not

signi®cantly di�erent between the analogues (Table 1).
Generation of NO from the decomposition of SNAP and its

analogues (10 mM) was con®rmed at 378C using an isolated

Table 1 Rate constants for N-substituted analogues of SNAP in Krebs bu�er alone (control) and in the presence of NCu (10 mM),
CuSO4 (1 mM) and Cys (1 mM)

Rate Constant
Control

(61073 min71)
+NCu

(61073 min71)
+CuSO4

(61073 min71)
+Cys

(61073 min71)

SNAP
SNPP
SNVP
SNHP

14.7+2.7
12.2+6.6

7a

4.9+1.0***

12.7+0.6
9.3+0.7
7a

2.4+0.5*

81.1+17.2
31.7+7.3**

7b

27.6+5.2**

13.9+3.8
12.9+5.6
18.7+2.9
19.3+4.4

Results are expressed as means+s.e.mean (n=5) in 2.5 mM solutions of S-nitrosothiols at 248C. aInsu�cient decomposition of SNVP in
Krebs alone and Krebs+NCu occurred within 1 h (51%) to derive rate constants. bDecomposition of SNVP in Krebs+CuSO4 was
accelerated initially but stopped after *30 min when the concentration had fallen to 78.01+4.78%, preventing calculation of a
meaningful rate constant. *P50.05; **P50.01 for N-substituted analogues compared to SNAP values recorded under equivalent
conditions (unpaired Student's t-test).
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NO electrode. The results largely support the spectrophoto-
metric data in that SNAP generates NO signi®cantly more
rapidly than the other analogues and that NO generation is

accelerated by addition of Cu2+ or Cys (results for SNVP are
illustrated in Figure 3; similar experiments with other
analogues are summarized in Table 2). Addition of Cu2+ and

Cys together greatly accelerated decomposition; NO genera-
tion reached a peak value of*1.5 ± 2.5 mM after 2 min (Figure
3c). Addition of an excess of NCu (10 mM) in experiments
involving Cu2+ reversed the Cu-mediated accelerated NO

release (Figure 3b) but did not a�ect NO generated
spontaneously or in the presence of Cys. Addition of Hb
(10 mM) at any point during experiments caused a rapid

(51 min) fall in NO concentration to levels at or near zero
(Figure 3a and c).

Biological activity

Vessel parameters Vessels were pre-contracted to pressures of

101.2+3.7 mmHg with PE (7.89+0.52 mM; n=68). Pressure
in endothelium intact vessels increased by 78.1+9.0% (n=32;
P50.001; unpaired student's t-test) on perfusion with Hb

(10 mM). Pressure in denuded vessels failed to increase
signi®cantly above pre-contraction levels on perfusion with
Hb (+1.2+3.8%; n=36).

Vasodilator responses in endothelium-intact vessels Bolus
microinjections of all four S-nitrosothiols caused dose-

dependent vasodilatation in endothelium-intact arteries (Fig-
ures 4 and 5a). PD2 values were calculated as 5.83+0.17
(SNAP; n=8), 5.74+0.39 (SNPP; n=8), 5.09+0.31 (SNVP;
n=8) and 5.66+0.23 (SNHP; n=8). There was no signi®cant

di�erence between responses (P40.05, ANOVA) or PD2

values (P40.05, Student's t-test) for these compounds.
Vasodilator responses to S-nitrosothiols recovered to or above

pre-injection pressures at all but the highest injected
concentration (Figures 4a and 6a). Responses to 1073

M bolus
injections of SNPP and SNHP failed to recover fully after

washout. Perfusion with Hb 1 h after washout of 1073
M bolus

injections of SNAP analogues caused perfusion pressure to rise
signi®cantly above pre-injection pressure (Figure 4a;

+71.7+14.5% after SNAP, n=8; +57.3+7.1% for SNPP,
n=8; +51.9+7.5% for SNVP, n=8 and +49.0+16.9% for
SNHP; n=8).

Figure 3 Representative trace for NO concentration detected in solutions of SNVP (10 mM) in saline at 378C, using an isolated NO
electrode. Cys (10 mM; a, c), CuSO4 (1 mM; b, c), NCu (10 mM; b, c) and Hb (10 mM; a, c) were added to the solution as indicated by
the horizontal bars.

Table 2 E�ect of CuSO4 (1 mM), Cys (10 mM) or both CuSO4 and Cys on maximum NO concentrations measured in 10 mM solutions
of SNAP analogues in Krebs bu�er

NO Concentrations

Compound
In Krebs bu�er

(nM)
In Krebs+CuSO4

(nM)
In Krebs+Cys

(nM)
In Krebs+CuSO4

and Cys (nM)

SNAP
SNPP
SNVP
SNHP

343.3+171.6
58.0+13.9*
30.0+18.9**
248.9+92.4

867.7+485.7
144.5+88.5*
389.1+168.4*
623.0+121.0

1287.9+264.9
842.3+328.2
682.6+158.1
1029.7+345.8

1870.9+417.6
2097.1+914.2
1780.2+302.1
1749.5+463.0

Results are expressed as means+s.e.mean (n=5 for each). *P50.05; **P50.01 for N-substituted analogues compared to SNAP values
recorded under equivalent conditions (unpaired Student's t-test).
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Vasodilator responses in endothelium-denuded vessels Peak

amplitude of responses to SNVP and SNHP compounds was
signi®cantly enhanced in endothelium-denuded vessels com-
pared to intact vessels (P50.01 and P50.05 respectively, n=8

for both compounds) but not for SNAP and SNPP (P40.05).
The extent to which SNAP and SNPP responses recovered
following bolus injections was not di�erent in endothelium
denuded vessels compared with intact vessels (Figure 6b;

P40.05 for both compounds). However, in denuded vessels,
responses to SNVP and SNHP were sustained at concentra-
tions 41076

M (Figure 6b; P50.01 for both compounds).

Sustained vasodilatation was clearly related to the length of the
N-substituted side-chain, and was most pronounced with
SNHP. Sustained responses were largely reversed by Hb to

99.0+7.1% of pre-injection pressure following SNAP;
82.6+7.2% following SNPP; 94.2+7.9% following SNVP
and 81.6+7.0% following SNHP (n=8 for all four

compounds).

Inhibition of responses in endothelium-denuded vessels by
Hb Vasodilator responses in endothelium-denuded vessels

during perfusion with Hb (10 mM) were signi®cantly attenuated
(Figure 5c; P50.05, n=7 for all four compounds) and
recovered to, or above, pre-injection levels (Figure 6c) with

all four analogues; sustained vasodilatation was not evident in
Hb-perfused vessels.

Lipophilicity and sustained vasodilatation

Excellent agreement was achieved between experimental and
calculated values for SNVP (2.53 and 2.47+0.022 respec-

tively), con®rming the validity of the Rekker-type approach
for determining partition coe�cients and demonstrates the
lack of intramolecular e�ects in this series of S-nitrosothiols.

Ionization constants do not vary signi®cantly from shorter to
longer molecules, thus all the derivatives have the same degree
of ionization and are 99.9% ionized at physiological pH. The

log P of the anionic species (log PA) is generally assumed to be

three orders of magnitude lower than log PN (Avdeef, 1996). In

addition, according to their chemical structures, it is reason-
able to assume that the anionic forms are not a�ected by any
intramolecular e�ects, thus their logarithm of partion

coe�cient (log PA) are linearly correlated with log PN (Fruttero
et al., 1998) which can be used as the general lipophilicity
descriptors for SNAP and its derivatives.

A logarithmic plot of calculated values for PN against

response recovery following a bolus injection (1073
M) for each

of the S-nitrosothiols (Figure 7), shows a linear correlation
(r2=0.998), suggesting that lipophilicity (Testa et al., 1996)

might be an important factor in determining the degree of
sustained vasodilatation exhibited by this group of com-
pounds.

Discussion

Our results show that the N-substituted chain length of SNAP
analogues is an important determinant of the rate of
decomposition of the compounds in solution, their lipophili-

city, and their ability to cause sustained vasodilatation in
endothelium-denuded isolated rat femoral arteries.

Increasing the length of the alkyl sidechain of SNAP clearly

a�ected in vitro stability (Table 1), with SNVP proving the
least prone to decomposition. The stability of S-nitrosothiols is
a�ected by steric factors as it involves the dimerization of two

thiyl radicals (RS
.

, Bainbrigge et al., 1997) and it is apparent
that this process is most e�ectively retarded by a 5C side chain.
Decomposition of SNAP, SNPP, and SNHP were greatly
accelerated in the presence of Cu2+, as would be predicted

from previous observations (De Man et al., 1996; Dicks et al.,
1996; Gordge et al., 1996; Al-Sa'doni et al., 1997). However,
SNVP decomposition, though accelerated initially, stopped

when the concentration reached *80% of its original value.
The reason for this apparent resistance of SNVP to Cu-
mediated decomposition is unknown but it may involve

chelation of Cu ions by the resulting disulphide, in a process

Figure 4 Representative pressure recordings of vasodilatations elicited by sequential bolus injections (10 ml) of SNVP (log M
concentrations as indicated) in (a) endothelium-intact and (b) endothelium-denuded rat femoral arteries. Perfusion with 10 mM Hb is
indicated by the horizontal bar.
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similar to that reported previously for GSNO (Swift, 1989).
NCu signi®cantly inhibited decomposition of SNHP and
greatly reduced the variability in decompostion seen with

SNAP and SNPP in Krebs bu�er alone (Table 1). This result
suggests that su�cient trace Cu(I) in Krebs bu�er exists to
accelerate SNHP decomposition, and that changing Cu(I)

levels from day-to-day are responsible for inconsistencies in
SNAP and SNPP decomposition. Interestingly, the exquisite
sensitivity of SNAP to trace Cu(I) is not apparently shared by
SNVP, again implying that the valeryl sidechain imparts

resistance to Cu(I) catalysis.
The rate of decomposition of SNAP analogues was

accelerated by Cys and, interestingly, decomposition of all four

compounds in the presence of Cys occurred at similar rates
(Table 1). This observation might help to explain why S-
nitrosothiols with widely varying thermal stabilities in vitro have

similar biological properties, and suggests that transnitrosation
to Cys might be a key mechanism for decomposition in vivo.

Figure 6 Concentration-recovery curves (means+s.e.mean) for
bolus injections (10 ml) of N-substituted S-nitrosothiols into the
perfusate of (a) endothelium-intact vessels, (b) endothelium denuded
vessels and (c) endothelium-denuded vessels perfused with 10 mM Hb
(n=8 for all compounds under each condition). Signi®cant
di�erences in (b) are as shown (*P50.05, **P50.01, ***P50.001).
Responses to the four analogues were not signi®cantly di�erent from
each other in (a) and (c; P40.05; repeated dose, 2 factor ANOVAs).

Figure 5 Concentration-response curves for peak amplitude of
responses to bolus injections (10 ml) of N-substituted S-nitrosothiols
into the perfusate of (a) endothelium-intact vessels, (b) endothelium-
denuded vessels and (c) endothelium-denuded vessels perfused with
10 mMHb (n=8 for all compounds under each condition). There was no
statistical signi®cant di�erence between responses to any of the SNAP
analogues in either (a) or (b) (P40.05; repeated dose, 2 factor
ANOVAs).Responses to SNVPandSNHP,but not theother analogues,
were signi®cantly enhanced in (b) compared to (a) and responses to all
four analogues were signi®cantly inhibited by Hb (c; P50.05).
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SNVP, of all the compounds, generated NO most slowly in
Krebs bu�er alone (Table 2), as predicted by spectro-

photometric studies. Accelerated NO generation in the
presence of either Cu2+ or Cys (Figure 3a and b) re¯ected
Cu+-mediated catalysis and transnitrosation respectively. We

propose that the markedly accelerated NO generation seen in
the presence of both Cys and Cu2+ (Figure 3 and Table 2) is
due to Cys-mediated reduction of Cu2+ to Cu+, facilitating

Cu+-mediated catalysis of S-nitrosothiol decomposition. This,
added to transnitrosation from SNAP analogues to Cys,
forming unstable S-nitrosocysteine, would explain the rapid
release of NO under these conditions. The results indicate that

in the presence of Cys, di�erent SNAP analogues generate
similar amounts of NO, perhaps explaining comparable
biological e�ects.

Vasodilator responses to bolus injections of SNAP analo-
gues The lack of discrimination of arteries to bolus injections

of SNAP and its analogues (Figure 5a), despite large variations
in thermal stability (Table 1), lends weight to the argument
that S-nitrosothiol decomposition in vascular tissue is
accelerated by a process common to all of these compounds.

In general, responses to all four compounds were transient in
intact vessels (Figures 4 and 6), with only responses to the
highest dose on occasion failing to recover fully to pre-

injection pressure (Figure 6a). The rebound contraction
sometimes seen in endothelium intact vessels following bolus
injections (Figure 4a) were similar to those seen with RIG200

(Megson et al., 1997); an e�ect that might be due to
desensitization of vessels to endothelium-derived NO following
delivery of exogenous NO. Hb-mediated vasoconstriction at

the end of experiments re¯ected scavenging of endothelium-
derived NO and con®rmed the endothelial integrity of the
vessels (Figure 4a).

Peak amplitudes of vasodilator responses to SNVP and
SNHP were signi®cantly increased in endothelium-denuded
vessels (Figure 5b), perhaps re¯ecting hypersensitivity of
vessels to exogenous NO once deprived of endothelium-

derived NO (Moncada et al., 1991). However, these two
analogues were also the ones that caused sustained vasodilata-
tion in endothelium-denuded vessels (Figure 6b), suggesting

that the apparent increase in peak amplitude of responses
might be due to the falling perfusion pressure caused by the
sustained e�ects of preceding injections, rather than to

hypersensitivity (Figures 4b and 6b). The prolonged responses
to moderate and high concentrations (1076 ± 1073

M) of SNVP
and SNHP (Figure 6b), which lasted for 41 h after washout,

were largely reversed by Hb and were therefore predominently
NO-mediated (Figure 4b). Some vessels (n=5/16) still had
reduced tone (517%) even during Hb perfusion, perhaps
suggesting an alternative mechanism for sustained vasodilata-

tion, involving either NO from a source inaccessible to Hb, or
an NO-independent mechanism. However, this possibility is
not supported by evidence from our other experiments in

which vasodilatations in response to S-nitrosothiols in
endothelium-denuded vessels during Hb perfusion, invariably
recovered to pre-injection pressure (Figure 6c). The peak

amplitude of responses in endothelium-denuded vessels to all
four compounds was signi®cantly inhibited by perfused Hb
(Figure 5c), implying that the transient element of responses is,

at least in part, due to NO released at a site accessible to
intraluminal Hb.

The precise mechanism by which some S-nitrosothiols cause
sustained vasodilatation clearly requires further investigation

but our studies suggest that the e�ect is correlated to lipid
solubility (Figure 7). We hypothesize that sustained vasodilata-
tion is due to retention of lipophilic S-nitrosothiols in lipid-rich

compartments of sub-endothelial layers of denuded arteries.
Retained compounds decompose slowly to release NO which
causes dilatation of vessels for 41 h after bolus washout.

Penetration of compounds is su�ciently shallow to facilitate
scavenging of NO by intraluminal Hb, which does not
penetrate the basement membrane of arteries (Hongo et al.,
1988).

These properties require con®rmation in human vessels and
ultimately in vivo, but S-nitrosothiols that cause prolonged
vasodilatation speci®cally in vessels with endothelial injury

could be bene®cial following PTCA, particularly if they prove
to have anti-mitogenic properties and inhibitory e�ects on
platelet aggregation. S-nitrosothiols could also be useful in the

treatment of atherosclerosis where compounds might not only
be selectively retained in areas of endothelial damage but, in
light of their lipophilicity, also in regions of lipid deposition.
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