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Rapid tolerance to the hypotensive effects of glyceryl trinitrate
in the rat: prevention by N-acetyl-L- but not N-acetyl-p-cysteine
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Donald S. Davies

Department of Clinical Pharmacology, Royal Postgraduate Medical School, Du Cane Road, London W12 ONN

1 A new model of tolerance to the hypotensive effect of organic nitrates has been developed in the rat.

2 The fall in mean arterial pressure (MAP) in response to bolus doses of sodium nitroprusside (NP)
(4 ug kg~ 1) and glyceryl trinitrate (GTN) (10 ugkg™!) was recorded both before and after a 60 min infu-
sion of either 0.9% saline, NP (20 ugkg ™ min~!) or GTN (40 ugkg ! min~?).

3 The hypotensive effects of NP or GTN were unchanged following saline infusion, but were reduced in
both cases by approximately 40% following the infusion of NP.

4 Infusion of GTN for 60min virtually abolished the hypotensive effect of a GTN bolus (i.e. nitrate
tolerance), whilst the effect of a NP bolus was reduced only to a similar extent (30%) as after an infusion
of NP. This latter effect is attributed to a degree of non-specific cross-tolerance between GTN and NP.

5 Co-treatment of a group of rats with N-acetyl-L-cysteine (L-NAC) prevented the development of
nitrate tolerance, confirming the role of thiols in this phenomenon, whereas N-acetyl-D-cysteine (D-NAC)
did not.

6 The stereospecificity in the effect of NAC in preventing this specific tolerance to GTN suggests that the
interaction between GTN and NAC and/or cysteine involves an enzyme-dependent step.

7 NAC was unable to prevent the non-specific cross-tolerance to NP which followed infusion of GTN,

suggesting that the mechanism does not directly involve NAC and/or cysteine.

Introduction

Organic nitrates (such as glyceryl trinitrate, GTN), nitric oxide
(NO) and NO-containing nitrocompounds (such as sodium
nitroprusside, NP) exert their vasodilator action through the
activation of soluble guanylate cyclase (Ignarro et al., 1984).
There is evidence for the involvement of intracellular thiols at
one or more sites within the biochemical pathway that
culminates in the activation of this enzyme. Firstly, stimu-
lation of partially purified soluble guanylate cyclase by NO or
NO-containing nitrocompounds in vitro requires the presence
of thiols, probably as precursors for the formation of S-
nitrosothiol intermediates (Ignarro et al, 1981). Secondly,
thiols may be involved at a stage in the biotransformation of
organic nitrates which precedes the formation of NO or S-
nitrosothiol intermediates, though the exact mechanism
remains a subject of some controversy (Needleman et al.,
1973; Ignarro et al., 1981; Yeates et al., 1985).

Tolerance to the beneficial effects of organic nitrates can
develop within 24 h of continuous administration (Elkayam et
al., 1987). Needleman & Johnson (1973) demonstrated that the
induction of tolerance to GTN in vivo in the rat was accompa-
nied by depletion of tissue sulphydryl groups, and several
clinical studies have shown prevention and reversal of nitrate
tolerance by the cysteine precursor N-acetylcysteine (Packer
et al., 1987; May et al., 1987). These data are compatible with
the hypothesis that it is the unavailability of critical intracellu-
lar sulphydryl groups, possibly in the form of cysteine, which
determines the development of nitrate tolerance. The results of
other studies performed in vitro, however, suggest that more
than one mechanism may be involved (Gruetter & Lemke,
1985; Abdollah et al., 1987; Mulsch et al., 1988; Henry et al.,
1989; Romanin & Kukowetz, 1989). In an attempt to eluci-
date further the mechanism by which N-acetyl-cysteine (NAC)
prevents tolerance in vivo, we have developed a new model of
tolerance to the hypotensive effects of intravenous GTN in the
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anaesthetized rat. We have used this model to study the inter-
action between GTN and the two enantiomers of NAC, and
to compare the effects of GTN with those of an inorganic
nitrate, NP.

Methods

Preparation of animals

Male Sprague-Dawley rats (200450 g) (obtained from Harlan
Olac Ltd, Bicester, UK.) were anaesthetized with sodium
pentobarbitone (60mgkg™! ip. and 40mgkg™!, s.c) and
placed on a heated mat (37-39°C, Remploy). Further anaes-
thetic (sodium pentobarbitone 40mgkg™!, i.p.) was adminis-
tered 20 min after the start of the 60 min infusion period. The
trachea was cannulated and blood pressure recordings were
made via a polyethylene cannula inserted into the right
carotid artery, using a Gould pressure transducer (model
P321D) and Grass polygraph recorder (model 79D). Intra-
venous drugs were administered via a polyethylene cannula
inserted into the right jugular vein. Heparin (1iug™!, i.v.) was
administered immediately after cannulation, and the experi-
ment was begun after a 10 min equilibration period.

Experimental protocol

Two bolus doses of NP (4ugkg™!) and then of GTN
(10 ugkg™") were administered i.v. both before and again
Smin after a 60 min infusion of either 0.9% saline (n = 4), NP
(20 ugkg™'min~') (n = 8) or GTN (40 ugkg ' min~!) (n = 8).
Two additional groups of animals received either L-NAC
(n = 8) or D-NAC (n = 8) before and during a 60 min infusion
of GTN (40ugkg™'min~?') as follows: 200mgkg~! in 1ml
0.9% saline i.p. and 200mgkg~! in 0.5ml 0.9% saline admin-
istered i.v. before infusion, and 200mgkg~! (in 0.9% saline) at
5mlkg~'h~! over the 60 min infusion period. A ‘Y’ connector
system ensured that extracorporeal admixture of GTN and
NAC was kept to a minimum. In all experiments the total
infusion volume was 10mlkg™~! over 60 min.
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Figure 1 Mean arterial pressure (MAP) recorded at the onset of the experiment (Basal) and at the beginning (Infusion on), the end
(Infusion off) and 5min following (+ 5) a 60 min i.v. infusion of 0.9% saline, sodium nitroprusside (NP) (20 ugkg~! min~*) or glyceryl
trinitrate (GTN) (40 ugkg™' min™") in rats anaesthetized with sodium pentobarbitone (60mgkg™?, i.p. and 40mgkg~?, s.c.). MAP
fell rapidly during the infusion of NP and GTN, reached a minimum (Minimum, solid column) within 2min of the onset, but then
rose towards the pre-infusion level during the remainder of the infusion period. MAP did not decrease during infusion of 0.9% saline,
so that no value for Minimum is shown for this group of animals. Two groups of animals were co-treated with either N-acetyl-L-
cysteine (L-NAC) or N-acetyl-D-cysteine (D-NAC) (total dose 600 mgkg~") before and during the infusion of GTN (see text), but such
treatment had no effect on basal MAP. Values are mean for numbers of animals indicated with s.e. shown by vertical lines.

Drugs

Glyceryl trinitrate (as a 0.5% solution in 30% v/v ethanol and
30% v/v propylene glycol) and sodium nitroprusside powder
were obtained from David Bull Laboratories. N-Acetyl-L-
cysteine and D-cystine were obtained from Sigma Chemical
Co. N-Acetyl-pD-cysteine was synthesized according to the
method described by Sheffner et al. (1966). Essentially, D-
cystine (2 g) was dissolved in aqueous sodium hydroxide (2 M,
8.7ml) and cooled in an ice/salt bath. Six portions of acetic
anhydride (0.7ml) and sodium hydroxide solution (6.6ml)
were added and the solution allowed to stand for 0.5h in the
cold and a further 0.5h at room temperature. Sodium ions
were removed by passage through a Dowex column (H* form,
25 x 1cm). Acetyl-p-cystine was reduced by zinc/acetic acid at
60°C for 3h; zinc ions were removed on a Dowex (H*)
column and the resulting solution lyophilised. N-Acetyl-D-
cysteine was recrystallised from hot water. The molecular
rotation of the product was confirmed as that of the p-isomer
by Miss S. Johnson, Department of Chemistry, Imperial
College, London.

Analysis of data :

Mean arterial pressure (MAP) was estimated from the systolic
(SDP) and diastolic (DBP) blood pressure recordings using
the formula MAP = DBP + ((SBP — DBP)/3). All results
have been expressed as mean + s.e.mean. Comparisons
amongst groups were made using two-way analysis of
variance, and individual comparisons using Student’s ¢ test for
paired samples. The null hypothesis was rejected at P < 0.05.

Results

Basal MAP was similar in all groups of rats, including those
co-treated with either L-NAC or D-NAC (Figure 1). Infusion
of 0.9% saline for 1h had no effect on MAP (n = 4). During
infusion of GTN (40 ugkg™ ! min~!), MAP fell rapidly to a
minimum of 69.4 + 3.5mmHg, rose progressively over the
remainder of the 60 min infusion period, but remained below

the preinfusion MAP during the first 5 min after completion of
the infusion. A similar pattern was observed in those animals
co-treated with either L-NAC or b-NAC (Figure 1). Infusion
of NP at a dose of 20 ugkg™'min~?! resulted in a somewhat
greater fall in MAP, reaching a minimum of 49.4 + 4.2 mmHg.
MAP again rose progressively over the remainder of the infu-
sion period, recovering rapidly during the immediate post-
infusion period to reach pre-infusion MAP within Smin
(Figure 1).
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Figure 2 Representative individual arterial pressure recordings
showing the hypotensive effect of duplicate intravenous bolus doses of
sodium nitroprusside (NP) (4 ugkg™!) and glyceryl trinitrate (GTN)
(10 ugkg™"') before (Pre-infusion) and Smin after a 60min infusion
(Post-infusion) of 0.9% saline, NP (20ugkg !min~') or GTN
(40 ugkg™'min~!). GTN infusions were also administered to animals
which had been co-treated with either N-acetyl-L-cysteine (L-NAC) or
N-acetyl-D-cysteine (D-NAC) (total dose 600 mgkg ™ !).
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Table 1 Baseline and minimum (min.) mean arterial pressure (MAP) (+s.e.mean) in response to intravenous bolus doses of sodium
nitroprusside (NP) (4 ugkg ') and glyceryl trinitrate (GTN) (10 ugkg~?), both before and 5min after the 60 min infusion period

Pre-infusion

Infusion NP GTN
type Baseline Min. Baseline
Saline 112.6 70.6 112.3
7.7 (2.8) 8.2
NP 115.6 724 106.3
3.1) 2.8) (3.3)
GTN 120.6 76.5 119.7
(5.8) 3.8 (4.8
GTN + 1133 753 109.2
L-NAC (4.0) (2.1) (3.8)
GTN + 105.5 75.7 102.6
D-NAC (5.1) 4.4 4.4

It was established during preliminary experiments that
bolus injections of NP (4 ugkg™') and GTN (10 ugkg™?) in
untreated anaesthetized rats caused a similar, transient, fall in
MAP, and these doses were used thereafter. Representative
tracings from each group of animals are shown in Figure 2
and the pooled results in Table 1 and Figure 3. There was no
significant difference between groups in the hypotensive effect
of bolus doses of NP or GTN administered immediately after
the equilibration period, including those animals which had
been pretreated with either L-NAC or pD-NAC. The fall in
MAP induced by a bolus dose of NP was similar pre- and
post-infusion of 0.9% saline for 60 min (42.0 + 9.1 mmHg pre-,
43.8 + 8.0mmHg post-), but was significantly and similarly
attenuated following infusion of NP (43.3 + 2.5mmHg pre-,
23.8 + 2.5mmHg post-, P <0.001) and GTN (44.0 + 4.6
mmHg pre-, 30.1 + 3.7mmHg post-, P < 0.05), most probably
due to a degree of non-specific tolerance to NP. This
reduction in the effect on MAP of a bolus dose of NP follow-
ing a GTN infusion was unaffected by co-treatment with
L-NAC (fall in MAP 38.0 + 3.9 mmHg pre-, 234 + 2.3 mmHg
post-infusion of GTN, P = 0.005), although D-NAC seemed to
have some protective effect (319 +3.5mmHg pre-,
24.6 + 2.8 mmHg post-, P > 0.1). However, this appeared to
be due to the fact that the hypotensive response to the pre-
infusion bolus dose of NP was impaired in these animals, the
reason for which is not clear.

Post-infusion

NP GTN
Min. Baseline Min. Baseline Min.
67.3 120.8 710 1193 78.6
2.4 (104) (5.8) (11.9) (1.7
69.6 127.2 103.4 126.3 102.0
(2.3) 4.2 4.2 (3.8) 4.0
82.0 110.6 80.5 116.1 106.6
3.2 3.8) 4.3) 4.0 4.3)
76.8 96.5 73.1 100.0 79.8
2.49) (5.5) 4.4) 6.2) 4.7)
71.5 104.3 79.8 109.1 97.6
4.0 2.8) (2.8) 29) (349

The hypotensive effect of a bolus dose of GTN was also
unaffected by infusion of 0.9% saline for 60 min, and was
attenuated following the infusion of NP (fall in MAP
36.7 + 24mmHg pre-, 24.3 + 24 mmHg post-, P < 0.005) by
a similar degree to that observed for the bolus dose of NP
post-infusion of NP, again suggesting a degree of non-specific
cross-tolerance between GTN and NP. Following infusion
of GTN, however, the hypotensive effect of a bolus dose of
GTN was markedly reduced (37.7 +41mmHg pre-,
9.6 + 1.1 mmHg post-, P = 0.0001), indicating an additional
element of tolerance specific to GTN and not NP. The specific
component of the tolerance to GTN could be completely pre-
vented by co-treatment with L-NAC (fall in MAP
323+ 28mmHg pre-, 20.2 + 2.7mmHg post-) but not
D-NAC (26.8 + 25mmHg pre-, 11.5+ 1.9mmHg post-),
(P =0.001 by ANOVA). This is perhaps most clearly illus-
trated by comparisons of the ratio of the fall in MAP induced
by a bolus of GTN compared to that induced by NP
(GTN : NP ratio) under different conditions (Figure 3).

Discussion

The mechanisms responsible for vascular tolerance to organic
nitrates remain unclear. Previous work in rats has shown that
tolerance induced in vivo is accompanied by depletion of tissue
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Figure 3 Fall in mean arterial pressure (MAP) (mean+s.e.) induced by intravenous bolus doses of sodium nitroprusside (NP)
(4ugkg™') and glyceryl trinitrate (GTN) (10ugkg™') before (Pre) and after (Post) a 60min infusion of 0.9% saline, NP
(20 ugkg™'min~!) or GTN (40 ugkg™ ' min~!). Shown in the bottom panel is the ratio of the fall in MAP induced by a bolus dose of
GTN compared to that induced by a bolus dose of NP (GTN : NP ratio).
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sulphydryl groups (Needleman & Johnson, 1973). More
recently, Ignarro et al. (1981) showed that activation of par-
tially purified soluble guanylate cyclase by organic nitrates,
nitrites, nitroprusside and nitric oxide in vitro requires the
addition of thiols; GTN differed from the other nitro-
compounds tested in that cysteine was the only effective thiol
donor. One interpretation of these data is that tolerance to
GTN is secondary to a specific depletion of intracellular cyste-
ine, rather than of the total thiol pool.

Intracellular cysteine may be replenished by L-NAC, which
enters cells where it is de-acetylated to free L-cysteine. The
intracellular concentration of L-cysteine is tightly controlled,
largely by conversion to glutathione (Cooper, 1985) and levels
above 150 uM cannot be achieved, even when isolated cells are
incubated with high concentrations of L-NAC in vitro
(Cotgreave et al., 1987). D-NAC will also readily enter cells,
but it is not metabolised further (Sjodin et al., 1989). Assuming
that D-NAC is distributed throughout total body water, then
it can be estimated that the tissue concentration in our experi-
ments would have been greater than one millimolar, thereby
providing a much higher concentration of free cysteine-
derived sulphydryl groups than the same dose of L-NAC. If
the maintenance of an adequate concentration of free cysteine-
derived sulphydryl groups for participation in a non-
enzymatic reaction was the only requirement for the
prevention of tolerance to GTN, then D-NAC should have
been the more effective of the two enantiometers. In fact we
found the exact opposite. Thus, our data are more compatible
with an enzyme-dependent interaction between GTN and
NAC and/or cysteine.

Whilst depletion of intracellular cysteine or other thiol com-
pounds may represent the main cause of tolerance to organic
nitrates, additional mechanisms of tolerance may exist, at least
under experimental conditions. For example, some in vitro
data suggest that tolerance may be induced to inorganic nitro-
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