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Chronic Administration of the HNO Donor Angeli’s Salt
Does Not Lead to Tolerance, Cross-Tolerance,

or Endothelial Dysfunction:
Comparison with GTN and DEA=NO
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Abstract

Nitroxyl (HNO) displays distinct pharmacology to its redox congener nitric oxide (NO�) with therapeutic po-
tential in the treatment of heart failure. It remains unknown if HNO donors are resistant to tolerance devel-
opment following chronic in vivo administration. Wistar–Kyoto rats received a 3-day subcutaneous infusion of
one of the NO� donors, glyceryl trinitrate (GTN) or diethylamine=NONOate (DEA=NO), or the HNO donor
Angeli’s salt (AS). GTN infusion (10 mg=kg=min) resulted in significantly blunted depressor responses to in-
travenous bolus doses of GTN, demonstrating tolerance development. By contrast, infusion with AS
(20 mg=kg=min) or DEA=NO (2 mg=kg=min) did not alter their subsequent depressor responses. Similarly, ex vivo
vasorelaxation responses in isolated aortae revealed that GTN infusion elicited a significant 6-fold decrease in
the sensitivity to GTN and reduction in the maximum response to acetylcholine (ACh). Chronic infusion of AS or
DEA=NO had no effect on subsequent vasorelaxation responses to themselves or to ACh. No functional cross-
tolerance between nitrovasodilators was evident, either in vivo or ex vivo, although an impaired ability of a
nitrovasodilator to increase tissue cGMP content was not necessarily indicative of a reduced functional response.
In conclusion, HNO donors may represent novel therapies for cardiovascular disease with therapeutic potential
over clinically used organic nitrates. Antioxid. Redox Signal. 14, 1615–1624.

Introduction

Nitroxyl (HNO), the one electron reduced and pro-
tonated congener of nitric oxide (NO�), is rapidly

emerging as a novel nitrogen oxide with distinct biological
actions as compared with NO� (18, 36). Thus, unlike NO�,
HNO is able to increase myocardial contractility (via direct
thiol interaction) (37, 38), increase plasma levels of calcitonin
gene-related peptide (CGRP) (38), activate vascular voltage-
dependent (Kv) (1, 13, 16) and ATP-sensitive (KATP) (12) Kþ

channels, and is resistant to scavenging by superoxide (28).
Such unique properties of HNO offer considerable advan-
tages in the treatment of cardiovascular disease (18, 36).

Thus, the concomitant ability of HNO to serve as a positive
cardiac inotrope (37, 38) and cause vasodilation (unload the
heart) (11, 14, 17, 45) confers protection in the setting of
acute experimental heart failure (36, 37, 40), where NO� do-
nors have minimal impact. Such beneficial effects of HNO
arise as a consequence of its ability to directly target thiol
residues on cardiac sarcoplasmic ryanodine receptors (RyR2)

(42), sarcoplasmic reticulum Ca2þ-ATPase (SERCA2a) (21)
and myofilaments (5) to enhance Ca2þ cycling and sensitize
the contractile apparatus, respectively. HNO also serves as a
vasodilator (1, 11–14, 16, 17, 45) and inhibits platelet aggre-
gation (2), mediating such effects predominantly via activa-
tion of soluble guanylyl cyclase (sGC) (11, 16, 17, 45) and a
subsequent increase in cGMP (14, 17). Together, these find-
ings suggest that HNO donors may represent an alternative to
traditional NO� donors such as the organic nitrate, glyceryl
trinitrate (GTN), in the treatment of congestive heart failure
(36, 37, 40) and vascular disorders such as angina.

Importantly, in addition to the beneficial hemodynamic
effects of HNO donors, these compounds may also be resis-
tant to tolerance development (17), a major limitation of
clinically used organic nitrates such as GTN (6). Nitrate tol-
erance is defined as a rapid attenuation of the hemodynamic
and vasodilatory effects of nitrovasodilators following con-
tinuous exposure. It is a multifactorial process that may arise
as a consequence of neurohumoral counter-regulation, re-
duced biotransformation of organic nitrates, impaired sGC
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function, increased activity of cGMP degrading phosphodi-
esterases (PDEs), and increased production of the reactive
oxygen species (ROS), superoxide (for review, see Refs. 6 and
34). Nitrate tolerance is not only associated with a loss in
vasodilator potency but is also accompanied by endothelial
dysfunction due, at least in part, to a ROS-mediated decrease
in endogenous NO� bioavailability (6, 34).

Given that HNO donors such as Angeli’s salt (AS) do not
require bioactivation to release HNO, and HNO is resistant to
scavenging by superoxide (28), it may be anticipated that HNO
donors do not develop tolerance. Certainly we have shown that
short-term (1 h) treatment of rat isolated aortae with high
concentrations of AS (10–100mM) does not induce tachyphy-
laxis to the vasodilator actions of this compound (17). How-
ever, from a clinical perspective it is imperative to determine if
chronic in vivo administration of a low, therapeutically relevant
dose of an HNO donor leads to vascular tolerance both in vivo
and ex vivo. Such information can not be extrapolated from
isolated vessel studies, given the mechanisms underlying ni-
trate tolerance induced in vivo and in vitro have been shown to
be distinct (32). Moreover, given the reported ability of AS to
inhibit mitochondrial aldehyde dehydrogenase (ALDH-2) (8),
an enzyme believed to be critically involved in the biotrans-
formation of GTN to NO� (3, 4), it is important to determine
whether chronic in vivo administration of AS may induce cross-
tolerance to GTN. Similarly, investigation of vasodilatory re-
sponses to AS in GTN-tolerant animals will provide insight
into the potential use of HNO donors in patients displaying
tolerance to organic nitrates.

This study sought to determine if chronic in vivo adminis-
tration of the HNO donor, AS, leads to tolerance to its vaso-
dilatory actions both in vivo and ex vivo, endothelial
dysfunction, and cross-tolerance to the NO� donor, GTN.
Findings were compared to those obtained following chronic
administration of GTN and the spontaneous NO� donor
DEA=NO, which releases NO

�
with similar kinetics as the

release of HNO from AS, was investigated in order to allow us
to determine if tolerance development was specific for the
redox form of NO released (e.g., HNO vs. NO

�
) or the mode of

generation (e.g., biotransformation versus spontaneous re-
lease). Our results indicate that neither tolerance to the va-
sodilatory effects of AS nor endothelial dysfunction occurs
following chronic in vivo exposure. These findings further
strengthen the therapeutic potential of HNO as a novel class
of nitrovasodilator for the treatment of disorders such as heart
failure and angina.

Materials and Methods

Animals

This study was approved by the Pharmacology Animal
Ethics Committee, Monash University, Australia, and con-
forms to the US National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals (NIH Publication No. 85-
23, revised 1996). Male Wistar–Kyoto rats (16–17 weeks of
age, 300–350 g, n¼ 73) were housed in standard rat cages at
20� 38C, with a 12-hour day=night cycle. Food and water was
available ad libitum.

Rats were anesthetized with pentobarbitone, 60 mg=kg i.p.,
supplemented as required, and catheters inserted into the
right carotid artery and right jugular vein for direct blood
pressure measurement and drug administration, respectively.

Each catheter was externalized through the back, in the neck
region, and secured by a custom-made harness. Rats were
thereafter housed individually. Approximately 24 h after
surgery, the carotid artery was connected to a pressure
transducer (Gould Inc.) attached to a MacLab-8 data acqui-
sition system (ADInstruments). Mean arterial pressure (MAP)
and heart rate (HR) were derived from the phasic blood
pressure signal. All experiments were performed in conscious
unrestrained rats.

Infusion with NAC

After a 24 h recovery period, a subset of rats was used to
test the hypotensive effects of bolus intravenous administra-
tion of each of glyceryl trinitrate (GTN, 5-100mg=kg), the
HNO donor Angeli’s salt (AS, 10–200 mg=kg), or the NO�

donor diethylamine NONOate (DEA=NO, 1–50mg=kg) over
the following three experimental days (Fig. 1a). From this
preliminary dose-ranging, three doses were chosen for each
nitrovasodilator that induced depressor responses of simi-
lar magnitude and that did not exceed a decrease in MAP
of more than 50 mmHg. These doses were then used in an
additional subset of instrumented rats in which a 3-point
dose-response curve was constructed using one of these ni-
trovasodilators on any given day, prior to the rats receiving a
60 min infusion of the HNO scavenger N-acetyl-L-cysteine
(NAC; 6.7 mmol=kg=min, i.v. (38)). The 3-point dose-response
curve was then repeated in the presence of this infusion
(Figs. 1b–1d).

Tolerance protocol

In vivo tolerance. In different groups of animals, a mini-
osmotic Alzet pump (2ML1; 10ml=h pump rate) was implanted
into the flank of the animal during the catheterization proce-
dure. GTN tolerance was induced via continuous infusion of
GTN (10mg=kg=min) over a 3-day period as previously de-
scribed (19, 31). Chronic infusion rates of AS (20mg=kg=min)
and DEA=NO (2mg=kg=min) were chosen in accordance with
their depressor potency following acute intravenous adminis-
tration relative to that of GTN (Fig. 1a). Specifically, 2mg=kg
DEA=NO and 20mg=kg AS decreased mean arterial blood
pressure (MAP) to a similar magnitude as 10mg=kg GTN and
hence chronic infusion rates were based on these potency dif-
ferences. Rats received either GTN, AS, or DEA=NO, or their
respective vehicles (GTN vehicle¼propylene glycol, DEA=NO
& AS vehicle¼ 0.1 mol=l NaOH) over the 3-day period. To
investigate the possible development of tolerance to GTN, AS,
or DEA=NO (and cross-tolerance between these drugs) at the
end of this period, changes in MAP in response to intravenous
bolus doses of GTN (5, 20, and 50mg=kg), AS (10, 50, and
200mg=kg), and DEA=NO (1, 5, and 20mg=kg) were examined
in each of these animals.

To verify that the solutions of AS and DEA=NO had retained
their biological activity throughout their time in the osmotic
minipumps, the 4-day-old solutions were removed from the
osmotic minipumps of rats euthanized at the end of the treat-
ment period and their activity tested in additional naı̈ve rats,
with comparisons made to the depressor activity of freshly
constituted solutions. Moreover, to ensure that AS had retained
its identity as an HNO donor throughout its time in the mini-
pump, the depressor activity of the AS minipump solution was
further assessed following a 60 min infusion of NAC.

1616 IRVINE ET AL.



Tissue preparation and ex vivo tolerance

After 4 days of continuous infusions, the animals were
killed via CO2 and exsanguination. The entire aorta was ex-
cised and cleaned of connective tissue. 5 mm ring prepara-
tions were cut from the thoracic aorta, leaving the
endothelium intact. The vessels were then mounted in 20 ml
organ baths and isometric tension measured as described (17).
Data was captured using the CVMS data acquisition system
(World Precision Instruments, Sarasota, FL). Vessels were
maintained in physiological Krebs’ solution (composition in
mmol=l: NaCl 119, KCl 4.7, MgSO4 1.17, NaHCO3 25, KH2PO4

1.18, CaCl2 2.5, glucose 11.1, and EDTA 0.026) at 378C and
bubbled continuously with carbogen (95% O2, 5% CO2). After
a 30-min equilibrium period, vessels were stretched to an
optimal passive tension of 2 g.

Functional experiments

Vessels were maximally contracted with a Kþ-depolarizing
solution (composition of KPSS in mmol=l: KCL 123, MgSO4

1.17, KH2PO4 2.37, CaCl2 2.5, glucose 11.1, and EDTA 0.026).
Subsequent responses to vasorelaxants were examined in
vessels precontracted to *50% KPSS following a priming
dose of U46619 (1 nmol=lL) and titrated concentrations of
cirazoline (0.005–0.5 mmol=l) and cumulative concentration-
response curves to either GTN (1 nmol=l to 10mmol=l), AS
(1 nmol=l to 10mmol=l), DEA=NO (1 nmol=l to 10mmol=l), or
acetylcholine (ACh; 1 nmol=l to 10 mmol=l) were constructed.
Maximal relaxation was obtained with isoprenaline (1 mmol=l)
and only one concentration-response curve to any vasodilator
was obtained for each vessel segment.

cGMP assay

In addition, four thoracic aortic rings were immediately
dissected from each animal as described previously and
placed in Eppendorf vials in Krebs’ solution (1 ml), main-

tained at 378C and bubbled continuously with carbogen. After
a 30-min equilibration period, vessels were incubated alone or
with either 30mmol=l GTN, AS, or DEA=NO for 1 min prior to
being snap-frozen in liquid nitrogen and stored at�808C until
cGMP analysis. Frozen tissues were crushed in ice-cold 6%
tricholoroacetic acid, sonicated and centrifuged at 6000 rpm
for 15 min. The supernatant was extracted 4X with saturated
diethylether and air dried. cGMP analysis was performed
using a RIA kit (Perkin Elmer) according to manufacturer’s
instructions and results expressed as fmol per mg tissue (wet
weight).

Data and statistical analysis

All data are expressed as mean� SEM. Statistical analysis
was performed using a Student unpaired t-test, or by 1-way,
2-way, or 2-way with repeated measures analysis of variance
(ANOVA) with Bonferroni corrections where appropriate
(GraphPad Prism 4.0, La Jolla, CA). Depressor responses are
expressed as the maximum change in MAP from baseline
readings. Vasorelaxation responses are expressed as a per-
centage reversal of cirazoline precontraction. Individual re-
laxation curves were fitted to a sigmoidal logistic equation
and pEC50 values (concentration of agonist giving a 50% re-
laxation) calculated and expressed as�logmol=l. P< 0.05 was
accepted as statistically significant.

Drugs

Drugs and their sources were glyceryl trinitrate
(50 mg=10ml, Mayne Pharma, Warwickshire, UK); Angeli’s
salt (sodium trioxodinitrate), U46619 [9,11-dideoxy-9a,11a-
methanoepoxy-prosta-5Z,13E-dien-1-oic acid] (Sapphire
Bioscience, Crows Nest, Australia); diethylamine NONOate
[diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-
1,2-diolate], cirazoline hydrochloride [2-[(2-cyclopropylphe-
noxy)methyl]-4,5-dihydro-1H-imidazole], N-acetyl-L-cysteine

FIG. 1. NAC inhibits
the dose-dependent vaso-
depressor effects of HNO.
Dose-dependent depressor re-
sponses induced in conscious
rats by the bolus intravenous
(i.v.) administration of (a)
GTN (NO�, &), DEA=NO
(NO

�
, !), or Angeli’s salt

(HNO, �); (b–d) responses
measured before (open sym-
bols) or after (closed symbols) a
60 min infusion of NAC
(6.7 mmol=kg=min). Values are
expressed as the maximum
change in mean arterial pres-
sure (MAP) from baseline and
are given as mean� SEM,
where n¼ 6–10 for all groups.
***P< 0.0001 for response in
the presence of NAC vs. un-
treated control (2-way re-
peated measures ANOVA).

HNO AND IN VIVO TOLERANCE 1617

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3269&iName=master.img-000.jpg&w=360&h=251


(Sigma-Aldrich, St. Louis, MO). Stock solutions of AS and
DEA=NO (10 mmol=l) were constituted in 0.01 mol=l NaOH,
as were all subsequent dilutions. Stock solutions of U46619
(10 mmol=l) were made up in absolute ethanol (EtOH), and
GTN (10 mmol=l) in 50% EtOH. All subsequent dilutions of
stock solutions were in distilled water. All other drugs were
made up in distilled water. All dilutions were prepared fresh
daily. For infusion from osmotic pumps, glyceryl trinitrate
(ADI Limited, Mulwala, NSW, Australia; 5% w=w solution in
EtOH) was diluted in propylene glycol, and AS and DEA=NO
were constituted in 0.1 mol=l NaOH.

Results

AS causes a dose-dependent depressor
response in vivo

Both the NO� donors GTN and DEA=NO and the HNO
donor AS caused transient dose-dependent decreases in MAP
in conscious rats (Fig. 1a). DEA=NO was the most potent
depressor agent with a rank order of potency of DEA=NO
>GTN>AS. In subsequent experiments, three doses of GTN
(5, 20, and 50mg=kg), AS (10, 50, and 200 mg=kg), and
DEA=NO (1, 5, and 20 mg=kg) were used to produce equiva-
lent decreases in MAP.

NAC discriminates between NO
�

and HNO

NAC infusion (60 min) increased MAP on average by
15� 6 mmHg (P< 0.001; n¼ 26) with no significant change in
HR (4� 9 bpm), as measured prior to the repeat administration
of nitrovasodilator. Importantly, depressor responses to AS
were significantly (P< 0.0001, Fig. 1d) attenuated following the
infusion of the HNO scavenger NAC, yet the responses to GTN
and DEA=NO were unchanged (Figs. 1b and 1c).

AS and DEA=NO retain their depressor effects
following 4 days in minipumps

There was no change in the depressor response to a 5mg=kg
i.v. bolus dose of DEA=NO derived from the 4-day old
minipump solutions (-24� 4 mmHg MAP; n¼ 4) compared to
that obtained from freshly prepared DEA=NO (-21� 3 mmHg
MAP; n¼ 4). Similarly, the depressor response to 50mg=kg
i.v. AS obtained from the minipump (-21� 3 mmHg MAP;
n¼ 4) or freshly prepared AS (-21� 4 mmHg MAP; n¼ 4) did
not differ. In additional experiments, minipump-derived so-
lutions of AS (50 mg=kg i.v.; �25� 2 mmHg MAP; n¼ 7) were
significantly attenuated following a 60 min infusion of NAC
(-9� 2 mmHg MAP; n¼ 7; P< 0.001).

Tolerance development to GTN but not AS
or DEA=NO in vivo

Following 3 days continuous infusion of either GTN,
DEA=NO, or AS, baseline MAP and HR were unchanged as
compared with vehicle-treated animals (Table 1). Pretreat-
ment of animals with GTN (10mg=kg=min, 3-day infusion via
osmotic minipump) significantly (P< 0.0001) blunted the
dose-dependent depressor response to GTN (Fig. 2a) such
that a 50mg=kg i.v. bolus dose of GTN decreased MAP by
9� 1 mmHg (n¼ 9) and 40� 2 mmHg (n¼ 8) in GTN- and
vehicle-treated rats, respectively. In contrast, the depressor
responses to AS in AS treated (3 days; 20mg=kg=min) rats
remained unchanged from those in vehicle treated rats (Fig.
2c). Likewise, responses to DEA=NO in DEA=NO treated (3
days; 2mg=kg=min) rats were similar to those obtained in
vehicle treated rats (Fig. 2b). In addition, there was no cross-
tolerance evident between any of the nitrovasodilators (Figs.
2a–2c); for example, chronic GTN pretreatment did not alter
the vasodepressor effect of AS.

Tolerance development to GTN but not AS
or DEA=NO ex vivo

Ex vivo vasorelaxation responses to GTN in isolated aortae
from GTN-treated rats showed a significant 6-fold (P< 0.05)
decrease in sensitivity and 15% (P< 0.01) decrease in the re-
sponse to 10mmol=l GTN (pEC50¼ 6.72� 0.22; Rmax¼ 79.4
3.4%; Fig. 3a) as compared with vehicle-treated rats (pEC50¼
7.51� 0.14; Rmax¼ 93.4� 2.1%). This impaired vasorelaxa-
tion was associated with a reduced ability of GTN to ele-
vate aortic cGMP content, such that GTN-induced cGMP
accumulation was significantly (P< 0.01) attenuated in GTN-
treated rats (86.5� 20.7 fmolmg�1 tissue) versus vehicle-
treated (270.4� 53.1 fmolmg�1 tissue; Fig. 3a inset) rats.
Chronic GTN infusion also resulted in a significant (P< 0.01)
reduction in the maximum response to ACh (GTN treated:
Rmax¼ 54.4� 5.4% vs. GTN vehicle: Rmax¼ 77.1� 2.3%; Fig.
3b). In contrast, GTN treatment had no effect on vasorelaxa-
tions to either AS or DEA=NO (Figs. 3c and 3d). However, in
the latter case, GTN treatment significantly reduced (P< 0.01)
cGMP accumulation in response to an in vitro challenge with
DEA=NO (781.0� 64.2 fmolmg�1 tissue) compared with
vehicle-treated rats (1069.0� 63.1 fmolmg�1 tissue; Fig. 3d
inset). However, AS-induced cGMP accumulation was not
significantly reduced (GTN treated: 597.6� 74.0 vs. GTN ve-
hicle: 624.3� 135.6 fmolmg�1 tissue; Fig. 3c inset).

Ex vivo vasorelaxation responses to GTN, ACh, AS, and
DEA=NO in isolated aortae were unchanged following 4-day
AS treatment (Fig. 4a–4d). Furthermore, AS-induced cGMP

Table 1. Basal Mean Arterial Pressures, Heart Rates, and Basal Aortic cGMP Content

After 3–4 Day Continuous Infusion of Nitrovasodilator or Its Vehicle

Variable
Vehicle
(GTN)

GTN
(10 mg=kg=min)

Vehicle
(DEA=NO)

DEA=NO
(2mg=kg=min)

Vehicle
(AS)

AS
(20mg=kg=min)

MAP (mmHg) 127� 4 131� 5 132� 3 132� 4 130� 3 126� 1
HR (bpm) 311� 8 341� 11 312� 10 323� 13 309� 5 326� 7
cGMP (fmolmg�1 tissue) 12.6� 0.4 12.4� 2.3 16.5� 3.1 11.5� 1.4 18.1� 2.5 16.7� 4.4

Values are given as mean� SEM. n¼ 7–9 per group.
AS, Angeli’s salt; DEA=NO, diethylamine=NONOate; GTN, glyceryl trinitrate; HR, heart rate; MAP, mean arterial pressure.
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accumulation was not significantly reduced following AS
treatment (Fig. 4c inset). Interestingly however, cGMP accu-
mulation in response to an in vitro challenge with GTN was
significantly (P< 0.05; Fig. 4a inset) attenuated in the AS-
treated animals, yet DEA=NO-induced cGMP accumulation
remained unchanged (Fig. 4d inset).

Similarly, 4-day treatment with DEA=NO had no effect on
subsequent vasorelaxations to GTN, ACh, AS, and DEA=NO
in isolated aortae (Figs. 5a–5d), yet cGMP accumulation was
significantly attenuated in response to in vitro challenges with
DEA=NO (P< 0.05; Fig. 5d inset), GTN (P< 0.01; Fig. 5a in-
set), and AS (P< 0.01; Fig. 5c inset).

Basal levels of aortic cGMP content remained unchanged
following 4-day treatment with either GTN, AS, or DEA=NO,
compared to their respective vehicle controls (Table 1). It is
interesting to note that the magnitude of cGMP accumulation
differed substantially between the nitrovasodilators such that
DEA=NO>AS>GTN.

Discussion

This study has demonstrated for the first time that chronic
in vivo treatment with a low, therapeutically relevant dose of
the HNO donor AS does not lead to the development of tol-
erance. Specifically, we found that chronic AS infusion had no
effect either on subsequent in vivo vasodepressor responses to
AS or to AS-induced vasorelaxations ex vivo. Furthermore,
chronic administration of AS did not induce cross-tolerance to
GTN or DEA=NO or cause endothelial dysfunction. Im-
portantly, with regards to its clinical usefulness, the vasodi-
lator capacity of AS both in vivo and ex vivo was preserved in
animals tolerant to GTN.

AS caused transient dose-dependent decreases in blood
pressure, akin to those induced by the NO� donors GTN and
DEA=NO. We found the rank order of potency of these do-
nors in vivo to be DEA=NO>GTN>AS, which is comparable
to the study of Miranda and co-workers who found
2mg=kg=min DEA=NO decreased left ventricular end-systolic
pressure in dogs to a similar level as 10mg=kg=min AS (26). Of
note, such potency differences between the nitrovasodilators
studied are reflective of the parent compounds rather than the
species donated (i.e., NO

�
or HNO) as DEA=NO decomposes

to generate two equivalents of NO�, whilst AS generates one
equivalent of HNO. Our results are the first demonstration of
a blood pressure-lowering effect of HNO in conscious rats and
are consistent with studies in anesthetized rabbits (23) and
cats (7), and conscious dogs (37, 38).

HNO and NO� donors can be distinguished both in vivo and
in vitro via their sensitivity to thiols. Specifically, thiols at-
tenuate the actions of HNO, yet enhance and prolong the
activity of NO� (11, 16, 17, 22, 38, 42, 45, 48). Accordingly, we
found the depressor response to AS to be attenuated in the
presence of the thiol NAC, yet hemodynamic responses to
GTN and DEA=NO remained unchanged. These findings are
in agreement with previous studies in which NAC has been
shown to selectively inhibit AS-mediated vasodilatory re-
sponses in the isolated perfused heart (12), inotropic effects in
conscious dogs (38), and protective preconditioning actions
during myocardial ischaemia=reperfusion (35), and suggest
that the in vivo vasodepressor response to AS was mediated
by HNO. Interestingly, the observation that NAC infusion
caused a significant increase in baseline MAP may suggest

FIG. 2. Tolerance development to GTN but not Angeli’s
salt or DEA/NO in vivo. Depressor responses induced in
conscious rats by the bolus intravenous administration of
GTN (&,&), DEA=NO (!,!), or Angeli’s salt (*,�) after a
3-day subcutaneous infusion via osmotic minipump of either
(a) GTN vehicle (open symbols) or GTN (10 mg=kg=min; closed
symbols), (b) DEA=NO vehicle (open symbols) or DEA=NO
(2 mg=kg=min; closed symbols) or (c) Angeli’s salt (AS) vehicle
(open symbols) or AS (20 mg=kg=min; closed symbols). Values
are expressed as the maximum change in mean arterial
pressure (MAP) from baseline and are given as mean� SEM,
where n¼ 7–9 for all groups. ***P< 0.0001 for responses in
GTN pretreated vs. vehicle treated control (2-way ANOVA).
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FIG. 3. Tolerance devel-
opment to GTN ex vivo.
Concentration-dependent
vasorelaxation responses
to (a) GTN, (b) ACh, (c)
Angeli’s salt, and (d)
DEA=NO in isolated aor-
tae from rats having
received a 4-day subcuta-
neous infusion via osmotic
minipump of either GTN
vehicle (open symbols;
n¼ 5-7) or GTN (10mg=
kg=min; closed symbols;
n¼ 6–8). Values are ex-
pressed as percentage re-
versal of pre-contraction
and given as mean� SEM,
where n¼ number of ves-
sel segments. Insets: cGMP
accumulation in response
to 30mmol=l (1 min) (a)
GTN, (c) Angeli’s salt (AS),
and (d) DEA=NO in aortae
isolated from rats treated
for 4 days with either GTN
vehicle (open bars; n¼ 7–9)
or GTN (10mg=kg=min;
closed bars; n¼ 7–9). *
P< 0.05 for pEC50 value vs.
vehicle control (unpaired
t-test). cc P< 0.01 for re-
sponse at 10mmol/l vs.
vehicle control (unpaired
t-test). ddP< 0.01 vs. vehi-
cle (unpaired t-test).

FIG. 4. Angeli’s salt does
not develop tolerance ex vivo.
Concentration-dependent va-
sorelaxation responses to (a)
GTN, (b) ACh, (c) Angeli’s
salt, and (d) DEA=NO in iso-
lated aortae from rats having
received a 4-day subcutaneous
infusion via osmotic mini-
pump of either Angeli’s salt
vehicle (open symbols; n¼ 5–6)
or Angeli’s salt (20mg=kg=min;
closed symbols; n¼ 6–8). Values
are expressed as percentage
reversal of pre-contraction and
given as mean� SEM, where
n¼number of vessel seg-
ments. Insets: cGMP accumu-
lation in response to 30mmol=l
(1 min) (a) GTN, (c) Angeli’s
salt (AS), and (d) DEA=NO in
aortae isolated from rats trea-
ted for 4 days with either
Angeli’s salt vehicle (open bars;
n¼ 7–9) or Angeli’s salt
(20mg=kg=min; closed bars;
n¼ 7–9). dP< 0.05 vs. vehicle
(unpaired t-test).
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that putative endogenous HNO (1) contributes to blood
pressure regulation. Moreover, whilst AS decomposes to
produce both HNO and nitrite, it is unlikely that the vaso-
depressor response is attributable to nitrite since the latter is
15,000-fold less potent than AS (16). Similarly, nitrite was
reported to lower blood pressure in rats but only at very high
concentrations (0.3–1.0 g=kg body weight) (43).

Using a well-established model of in vivo nitrate tolerance
(19, 31, 33, 46), we clearly demonstrated tolerance to GTN,
such that its depressor response in the intact animal, as well as
ex vivo vasorelaxation and cGMP accumulation in isolated
aortae, were markedly impaired. In agreement with previous
studies (33, 41), chronic GTN treatment also induced endo-
thelial dysfunction as evidenced by slightly impaired vasor-
elaxation to the endothelium-dependent vasodilator, ACh.
Such dysfunction has previously been attributed to reduced
endogenous NO� bioavailability as a consequence of in-
creased oxidative stress (41) and=or nitric oxide synthase
(NOS) uncoupling (15).

In contrast, the HNO donor AS did not develop tolerance
either in vivo or ex vivo. Specifically, following chronic ad-
ministration, AS maintained its ability to induce dose-de-
pendent depressor responses in the intact animal, elicit
vasorelaxation, and elevate cGMP in isolated aortae. More-
over AS treatment did not lead to endothelial dysfunction,
with ACh-mediated vasorelaxation preserved. These findings
support and extend our previous observations that AS does
not develop tachyphylaxis in the isolated vasculature (17).
Further, the vasodilatory efficacy of AS, both in vivo and ex
vivo, was preserved in GTN-tolerant animals. Thus, the lack of
tolerance of AS and cross-tolerance with GTN suggests that
HNO donors may represent an alternative to traditional ni-
trovasodilators and be of use in patients tolerant to organic
nitrates.

The susceptibility of the spontaneous NO
�

donor,
DEA=NO, to tolerance development was also studied in order
to determine if tolerance was dependent upon the redox form
of NO donated (i.e., NO

�
vs. HNO) or the mode of release

(i.e., spontaneous release vs. biotransformation). Like AS,
DEA=NO was resistant to the development of self-tolerance
both in vivo and ex vivo following chronic administration.
The lack of tolerance development to AS and DEA=NO did
not reflect inadequate drug administration nor was there a
time-dependent decrease in the biological activity of each
nitrovasodilator whilst in the minipump, since the residual
solutions of AS and DEA=NO obtained from minipumps after
4 days of continuous use elicited vasodepressor responses in
naı̈ve rats of similar magnitude to freshly constituted solu-
tions. Furthermore, it is unlikely that over the 4-day infusion
period AS decomposed to generate nitrite as depressor re-
sponses to AS removed from the minipump retained their
sensitivity to NAC. Last, chronic infusions of both AS and
DEA=NO influenced the ability of nitrovasodilators to in-
crease acutely aortic cGMP content (see later) providing fur-
ther evidence for their sustained bioactivity during chronic
infusion.

Taken together, our findings suggest that tolerance devel-
opment is not dependent upon the redox form of NO donated
by a nitrovasodilator, given both the HNO (AS) and NO�

(DEA=NO) donors were resistant, yet the NO� donor GTN
was susceptible to tolerance development. Rather, the resis-
tance of AS and DEA=NO to tolerance development may be
due to their ability to spontaneously donate HNO and NO�

respectively, versus GTN which requires biotransformation to
generate NO

�
(3, 41). Certainly there is an increasing body of

evidence that impaired biotransformation of GTN by mito-
chondrial ALDH-2 (4) contributes to nitrate tolerance (3, 41).
However, tolerance is a complex process and multiple

FIG. 5. DEA/NO does not
develop tolerance ex vivo.
Concentration-dependent va-
sorelaxation responses to (a)
GTN, (b) ACh, (c) Angeli’s salt,
and (d) DEA=NO in isolated
aortae from rats having re-
ceived a 4-day subcutaneous
infusion via osmotic minipump
of either DEA=NO vehicle (open
symbols; n¼ 5–6) or DEA=NO
(2mg=kg=min; closed symbols;
n¼ 7–9). Values are expressed
as percentage reversal of pre-
contraction and given as
mean� SEM, where n¼num-
ber of vessel segments. Insets:
cGMP accumulation in re-
sponse to 30mmol=l (1 min) (a)
GTN, (c) Angeli’s salt (AS), and
(d) DEA=NO in aortae isolated
from rats treated for 4 days
with either DEA=NO vehicle
(open bars; n¼ 7–9) or DEA=NO
(20mg=kg=min; closed bars;
n¼ 7–9). dP< 0.05, ddP< 0.01
vs. vehicle (unpaired t-test).
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mechanisms may underlie the phenomenon, including neu-
rohumoral counter-regulation, impaired sGC function, in-
creased activity of PDEs, and increased production of
superoxide (6, 34). Previous findings that in vivo GTN treat-
ment does not cause cross-tolerance to nitrovasodilators such
as DEA=NO ex vivo (24, 47), coupled with our observation that
both AS and DEA=NO retained their vasodilatory efficacy
and, for the most part, ability to elevate vascular cGMP in
GTN-tolerant rats indicates that neither impaired
sGC=cGMP=cGMP-dependent protein kinase (cGK-I) signal-
ing nor increased PDE activity alone accounts for organic
nitrate tolerance.

Although chronic infusion of AS and DEA=NO did not lead
to self-tolerance, we assessed their ability to induce cross-
tolerance to GTN given they have been shown to inhibit
ALDH-2 with IC50s in the micromolar range (8, 9). Im-
portantly, chronic infusion with either AS or DEA=NO did not
translate to a functional change in the response to GTN, such
that its vasodepressor and vasorelaxant effects were pre-
served. Such findings lend support to the idea that HNO
donors may be co-administered with GTN, thereby facilitat-
ing the use of lower doses of organic nitrates and minimizing
the potential for tolerance development.

Another novel aspect of the present study relates to the
changes in cGMP production when assessing tolerance de-
velopment. We clearly showed that aortae from GTN-tolerant
rats had a significantly reduced ability to increase cGMP
content in response to an acute in vitro challenge with GTN,
which is consistent with previous in vivo studies in mice (44)
and rats (19). This finding appears to correlate with the at-
tenuated depressor response and reduced vasorelaxant effect
of GTN in GTN-tolerant rats and upon initial consideration,
concurs with the conclusion of Dikalov and colleagues (10)
that nitrate-induced effects on cGMP content can be used as a
marker of tolerance development. However, in the present
study, we report several instances of mismatch between tol-
erance and cGMP production that show an impaired ability of
a nitrovasodilator to increase cGMP may not be necessarily
indicative of an impaired functional response.

Thus, chronic infusion of either GTN, AS, or DEA=NO at-
tenuated the subsequent ability of one or more of the ni-
trovasodilators to elevate cGMP acutely in isolated aortae,
despite their sustained in vivo depressor and ex vivo vasor-
elaxation responses. The preservation of functional responses
in the face of cGMP reduction is perhaps not so surprising
given the recent evidence that only very low amounts of
cGMP are needed for a full biological response to sGC acti-
vators (25). Certainly in the present study, DEA=NO, AS, and
GTN displayed similar vasodilator potencies, yet DEA=NO
elevated cGMP content to a level 2- and 4-fold higher than that
for AS and GTN, respectively. Furthermore, a recent study
showed that maximum relaxation to GTN occurred at cGMP
levels of only 3.4% of the maximal levels obtained with
100 mmol=l DEA=NO (20). Alternatively, such findings may
be indicative of an ability of NO

�
and HNO to target

sGC=cGMP-independent signaling pathways. Indeed we
have provided evidence that the sensory neuropeptide,
CGRP, contributes to HNO-mediated vasorelaxation of the
coronary vasculature (12). Moreover, HNO has been shown to
target both Kv (1, 13, 16) and KATP (12) channels in the resis-
tance vasculature, albeit via an apparent cGMP-dependent

mechanism (13). NO� can also directly activate KCa channels
in resistance arteries (39). Thus, cGMP-independent vasodi-
latory mechanisms may serve to compensate for the reduced
capacity of NO� and HNO to elevate cGMP.

The mechanisms underlying the observed mismatch be-
tween cGMP accumulation and functional response remain to
be elucidated but may involve changes at the level of ALDH-2
(8), sGC expression (46), and=or downstream targets of
cGMP, such as cGK-I (31, 46) and the cGMP metabolizing
enzyme phosphodiesterase 5 (PDE5) (30), all of which may be
differentially affected by nitrovasodilators. Future studies in
our laboratory will address these salient points. Importantly,
however, our findings clearly indicate that measurement of
cGMP alone is not a sensitive indicator of vascular tolerance.

From a clinical perspective, the findings of this study have
significant impact. First and foremost, the unique hemody-
namic actions of HNO (i.e., positive cardiac inotrope) coupled
with its resistance to tolerance development, indicate that
HNO donors may offer a superior alternative to currently
used organic nitrates in the treatment of heart failure and
possibly other vascular disorders such as angina. In addition,
we hypothesize that the cardio- and vasoprotective actions of
HNO may be preserved under disease conditions where those
to NO� are compromised (i.e., during oxidative stress). Thus,
unlike NO�, HNO is (i) resistant to scavenging by superoxide
(29), (ii) can target distinct signaling pathways in the myo-
cardium (RyR2, SERCA2a) (5, 42) and vasculature (Kv, KATP,
CGRP) (12, 16), in part via its ability to modify critical cysteine
residues, (iii) preferentially activates oxidized, ferric heme-
proteins (27), and (iv) its bioavailability may be augmented in
the face of disease-associated thiol depletion (18). Whilst this
concept remains to be fully explored, it appears that the va-
sodepressor actions of HNO are preserved in an experimental
model of heart failure (37). Importantly we also have evidence
to suggest that the lack of tolerance to HNO donors persists in
the setting of hypercholesterolemia, a disease state associated
with elevated vascular superoxide and impaired endogenous
NO� bioavailability (Bullen, Kemp–Harper et al., unpub-
lished). Taken together these findings suggest that the clinical
efficacy of HNO donors may be maintained under disease
conditions associated with oxidative stress.

In conclusion, this study has clearly demonstrated that
neither self-tolerance, cross-tolerance to other nitrovaso-
dilators, nor endothelial dysfunction develops following
chronic in vivo treatment with an HNO donor. As such, HNO
donors with their distinct pharmacology and lack of tolerance
development may offer considerable therapeutic advantages
over traditional nitrovasodilators in the treatment of cardio-
vascular disorders.
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ANOVA¼ analysis of variance
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cGK¼ cGMP-dependent protein kinase
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CGRP¼ calcitonin gene-related peptide

DEA=NO¼diethylamine=NONOate
EtOH¼ ethanol
GTN¼ glyceryl trinitrate
HNO¼nitroxyl
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KATP ¼ATP-sensitive Kþ channel
KCa¼ calcium-sensitive Kþ channel
Kv¼voltage-sensitive Kþ channel

KPSS¼Kþ-depolarizing solution
MAP¼mean arterial pressure
NAC¼N-acetyl-L-cysteine

NaOH¼ sodium hydroxide
NO� ¼nitric oxide

PDE5¼phosphodiesterase 5
ROS¼ reactive oxygen species
RyR¼ ryanodine receptor
SEM¼ standard error of the mean

SERCA¼ sarcoplasmic reticulum Ca2þ-ATPase
sGC¼ soluble guanylyl cyclase
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