
&p.1:Abstract The anti-ischemic effects of organic nitrates are
rapidly attenuated due to the development of nitrate toler-
ance. The mechanisms underlying this phenomenon likely
involve several independent factors. As a vasodilator, ni-
troglycerin activates compensatory neurohumoral mecha-
nisms such as the renin-angiotensin system and increases
catecholamine and vasopressin levels, all of which may at-

tenuate its vasodilator potency. Tolerance may be also due
to the inability of the vessel to dilate after prolonged treat-
ment with the nitrate. More recent experimental studies
have challenged traditional tolerance concepts by demon-
strating that tolerance is not associated with sulfhydryl
group depletion, reduced nitroglycerin biotransformation,
or desensitization of the target enzyme guanylyl-cyclase.
Experimental and clinical observations suggest that toler-
ance may be the consequence of intrinsic abnormalities of
the vasculature, including enhanced endothelial produc-
tion of oxygen-derived free radicals secondary to an acti-
vation of NAD(P)H-dependent oxidases and an activation
of PKC. Superoxide degrades nitric oxide derived from ni-
troglycerin (NTG) while C activation causes enhanced
sensitivity of the vasculature to circulating neurohormones
such as catecholamines, angiotensin II, and serotonin, all
of which may compromise the vasodilator potency of
NTG. Interestingly, these vascular consequences of in vivo
NTG treatment such as superoxide production and PKC
activation can be mimicked in vitro by incubating cultured
endothelial and smooth muscle cells with angiotensin II.
Furthermore, nitrate tolerance and rebound following sud-
den cessation of prolonged NTG therapy can be prevented
by concomitant treatment with high-dose angiotensin-con-
verting enzyme inhibition, angiotensin type 1 receptor
blockade, or antioxidants such as hydralazine. Thus one
can conclude that neurohumoral counterregulatory mecha-
nisms such as increased circulating levels of angiotensin II
may be at least in part responsible for tolerance mecha-
nisms at the cellular level.
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Introduction

NTG has been one of the most widely used anti-ischemic
drugs for more than a century. Given in acute situations,
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organic nitrates are excellent agents for the treatment of
stable effort angina, mixed angina, unstable angina, and
postmyocardial infarction. The efficacy of NTG in
chronic situations is limited by the rapid development of
nitrate tolerance in patients with coronary artery disease
and heart failure [1–3]. The mechanisms underlying the
tolerance remain poorly defined but likely involve sever-
al independent mechanisms. This review focuses on re-
cent experimental and clinical observations regarding ni-
trate tolerance and summarized its potential implications
with respect to concomitant drug treatment for prevent-
ing or reversing tolerance.

The challenge of traditional tolerance concepts

Several mechanisms have been suggested to account for
the phenomenon of nitrate tolerance. Mechanisms extra-
neous (so-called pseudo-tolerance) to the vessel wall in-
clude neurohumoral counterregulatory mechanisms and
intravascular volume expansion [1, 4, 5]. Tolerance has
also been shown to be due to an inability of the vascular
smooth muscle to convert NTG to nitric oxide (so-called
“true vascular tolerance”) [6]. There has been substantial
debate as to the extent to which these two mechanisms
contribute to the loss of antianginal efficacy during
chronic NTG therapy, and the notion that neurohumoral
mechanisms are a predominant cause has achieved sub-
stantial popularity [4, 7]. The decrease in blood pressure
caused by NTG causes baroreflex stimulation leading to
a variety of neurohumoral adjustments. These include in-
creases in catecholamine levels and release rates [8] in-
creases in plasma vasopressin [4, 9], plasma renin activi-
ty [4, 9], and aldosterone levels [4, 9]. These changes are
not NTG specific but are also observed during therapy
with other vasodilators.

NTG therapy is also associated with a marked in-
crease in intravascular volume which may attenuate the
preload effects. During continuous NTG infusion for
72 h there is a consistent drop in hematocrit in patients
with coronary artery disease [9]. A decrease in hemato-
crit during long-term NTG has been demonstrated by
several groups and very likely reflects intravascular vol-
ume expansion secondary to a transvascular shift of fluid
due to an alteration in Starling forces and/or a phenome-
non related to an aldosterone-mediated salt and water re-
tention [1, 4, 5]

As mentioned above, vascular tolerance is thought to
be secondary to an inability of the vascular tissue to re-
spond to NTG. Vessels from animals pretreated with
NTG demonstrate blunted vasodilatation to the environ-
ment. Four intracellular tolerance mechanisms have tra-
ditionally been hypothesized to be responsible for atten-
uation of NTG action following chronic exposure. These
include: a desensitization of the target enzyme guanylyl-
cyclase [10], an increase in phosphodiesterase activity
(leading to an enhanced cGMP breakdown) [11, 12], in-
tracellular sulfhydryl group depletion [13–15], and im-
paired NTG biotransformation [16]. There is experimen-

tal evidence supporting many of these hypotheses. In
particular the loss of NTG biotransformation has been
demonstrated in vitro in both intact organs and cultured
cells [17–19]. The enzymes involved have been demon-
strated to be membrane bound and not to be identical
with glutathione-S-transferases. Following in vitro incu-
bation with NTG, nitric oxide production in endothelial
and smooth muscle cells has been shown to be de-
creased, as is relaxation to the organic nitrate. These ob-
servations have led several groups to suggest that at least
in vitro tolerance is in part due to decreased NTG bio-
transformation. Almost 25 years ago Needleman and
Jonhnson [13–15] postulated the well-known “sulfhyd-
ryl-group depletion concept.” Their concept postulates
that nitrates react with sulfhydryl-groups (so-called ni-
trate receptor) leading to the formation of a disulfide
linkage, and that this change in the configuration of the
nitrate receptor explains lower affinity to NTG in re-
sponse to chronic treatment. The concept that the target
enzyme guanylyl-cyclase becomes desensitized during
NTG treatment is based on observations from Murad’s
group [10] demonstrating that in response to chronic
NTG treatment there is cross-tolerance to both endotheli-
um-dependent and endothelium-independent nitrovasodi-
lators, and that in tolerant tissue the cGMP formation in
response to acute NTG challenges is severely blunted.

All three traditional concepts of cellular tolerance,
sulfhydryl-group depletion, impaired biotransformation,
and desensitization of the target enzyme guanylyl-cy-
clase, have recently been challenged by experimental
findings. Boesgard et al. [20] showed that in vivo treat-
ment with high-dose NTG does not result in significant
changes in the intracellular sulfhydryl-group concentra-
tions in arterial or venous tissue. Thiol supplementation
increases NTG responsiveness in both tolerant and non-
tolerant states mainly via an extravascular rather than in-
tracellular interaction between sulfhydryl-groups and the
organic nitrates [21, 22]. Using spin-trapping technique,
Laursen et al. showed that in vivo conversion of NTG to
nitric oxide is changed in neither veins nor arteries. In
contrast, higher concentrations of NTG seem to induce
rather than to desensitize the enzyme [23]. More recent
data also show that tolerance is almost completely re-
versed by removing the endothelium, making it very un-
likely that the soluble guanlyly-cyclase of smooth mus-
cle cells is responsible for the attenuation of NTG vaso-
dilator effects in the setting of nitrate tolerance [23, 24]

Dissociation of neurohormonal adjustments and
tolerance development in large epicardial arteries

Some insight into the role of neurohormones in nitrate
tolerance can be gained from examining the time course
of tolerance in certain vessel regions and its relationship
to neurohumoral activation. Further, the time course of
tolerance may not be the same in the systemic and coro-
nary vasculatures. For example, as mentioned above, it
has been shown that a large portion of the intravascular
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fluid shift occurs within the first hour of treatment [5].
During this period, however, the effects of NTG on the
pulmonary capillary wedge pressure in patients with cor-
onary artery disease and heart failure are usually pre-
served [25]. Over a longer period of infusion, 24–48 h,
the pulmonary capillary wedge pressure rises to the pre-
treatment value [1, 26] with little or no additional vol-
ume retention, suggesting that mechanisms independent
of volume retention are involved. Therefore a significant
decrease in hematocrit may be used more as a marker for
NTG treatment rather than a marker for tolerance devel-
opment. In addition, the persistent drop in hematocrit ac-
tually lends support to the conclusion that, for example,
tolerance to epicardial artery effects does not follow the
same time line as tolerance in other vascular beds.

One possibility is that neurohumoral adjustments such
as increases in vasopressin, activation of the renin-angio-
tensin system, and increases in circulating catecholamine
levels produce increases in vasoconstrictor tone, over-
coming the NTG vasodilatation. Recent observations by
Parker et al. [4] demonstrate that therapy with NTG
patches is associated with transient activation of the re-
nin-angiotensin system, increases in vasopressin and cat-
echolamine levels, and signs of intravascular volume ex-
pansion. Similarly, by using slightly higher levels of
NTG intravenously we have found that tolerance in epi-
cardial coronary arteries does not coincide with the acti-
vation time course of these neurohumoral parameters [9]
(Figs. 1, 2). In these studies in patients with stable coro-
nary artery disease the increase in these parameters dur-
ing NTG therapy was also transient, and not observed af-
ter 72 h of therapy. During the period in which these pa-
rameters were highest (24–48 h) the epicardial coronary
artery response to NTG was preserved. Well after these
neurohumoral parameters had returned to normal, how-
ever, the vasodilatation of the epicardial coronary arte-
ries to NTG was virtually lost. These findings indicate
that increased levels of circulating vasoconstricting neu-
rohormones are unlikely to be responsible for the loss of
effect of NTG on the epicardial coronary arteries and
strongly suggests tolerance at the cellular level.

New tolerance concepts: evidence for a role
of oxygen-derived free radicals and PKC

Role for superoxide in nitrate tolerance

Recently we have defined a new mechanism partially re-
sponsible for NTG tolerance and cross-tolerance to other
endothelium-dependent and edothelium-independent
vasodilators [40]. In an animal model of nitrate tolerance
we found that aortic segments from rabbits demonstrate
a great degree of tolerance to NTG and cross-tolerance
to acetylcholine and the sydnonimine of SIN-1. Using a
different animal model we established a similar pattern
of tolerance to that of Molina et al. [10]who demonstrat-
ed in addition to an attenuation of NTG responsiveness
cross-tolerance to endothelium-dependent and endotheli-

893

Fig. 1 Effects of increasing intravenous and intracoronary NTG
on large coronary artery diameter [left anterior descending (LAD)
and left circumflex (LCx)] in patients without () and with 24
(group II) and 72 h NTG pretreatment (group III). Under ongoing
NTG infusions patients pretreated with NTG for 24 h did not re-
spond with a further increase in diameter, indicating a maximal di-
lated coronary artery. In contrast, those pretreated with NTG for 3
days responded with a diameter increase that was not statistically
different from that of group I, which is strongly suggestive of tol-
erance development in large epicardial arteries. Increasing concen-
trations of NTG were given intravenously for 7 min each. B
0.2 mg NTG bolus intracoronary. Data are given as mean±SEM
(open squares). *Signifcantly different vs. baseline values (after
Bonferonni correction for the numbers of comparisons, n=4).
(Adapted from [9])

Fig. 2 Effects of 24 and 72 h NTG infusion on plasma renin ac-
tivity (PRA), plasma aldosterone levels (ALDO), plasma vasopres-
sin levels (ADH), and hematocrit (HCT). Long-term NTG infusion
caused a transient increase in plasma vasopressin and aldosterone
levels and a transient increase in plasma renin activity but a persis-
tent drop in hematocrit, indicating intravascular volume expan-
sion. Data are presented as mean±SEM. (Adapted from [9])



um-independent vasodilators. The removal of the endo-
thelium, however, markedly attenuated tolerance and
cross-tolerance to NTG and the nitrovasodilator SIN-1,
making an involvement of the guanylyl-cyclase unlikely
(Fig. 3). This observation led us to hypothesize that the

endothelium either releases chronically a vasoconstrictor
or that nitric oxide released from NTG becomes chemi-
cally inactivated before stimulating the vascular smooth
muscle guanylyl-cyclase.

In support of the latter hypothesis we found that the su-
peroxide O2

–· levels in tolerant vessels were about twice
those of control vessels (Fig. 4A). Interestingly, removal
of the endothelium increased O2

–· production in control
vessels but paradoxically decreased it in tolerant vessels.
This observation indicates that the endothelium indeed
represents the major source of O2

–· production in nitrate
tolerance. O2–· binds very rapid with NO to form the high-
ly reactive peroxinitrite (ONOO–) with a cytotoxic poten-
tial which is about 1000 times higher than that of H2O2,
and which has a substantially shorter half-life, and which
is much less potent in stimulating guanylyl-cyclase [55,
56] (Fig. 4B). ONOO– also protonates to peroxynitrous
acid (ONOOH) to yield an oxidant with the reactivity of
hydroxyl radical (.OH) via metal-independent mecha-
nisms. Peroxynitrite in pure form causes oxidative damage
to protein, lipid, carbohydrate, DNA, subcellular organ-
elles, and cell systems. The hypothesis that superoxide
and/or peroxynitrite plays in important role in tolerance is
strengthened by our observations that attenuated NTG re-
sponses in the setting of nitrate tolerance can be almost
completely corrected by preincubation of vessels with a li-
posomal superoxide dismutase preparation (Fig. 5).

These studies also provided some insight into the po-
tential sources of O2–· production in nitrate tolerance. O2

–·
production was completely normalized by adding diphen-
ylene iodonium, a potent inhibitor of flavoprotein-contain-
ing oxidases. These include mitochondrial oxidases, nitric
oxide synthase, xanthine oxidase, and plasmalemmal
NADH-dependent and NADPH-dependent oxidases. Us-
ing specific inhibitors we excluded mitochondrial en-
zymes, nitric oxide synthase, or the xanthine oxidase as
major O2

–· sources, indicating a potential role for
NAD(P)H-driven oxidases [57]. Recently it has become
more apparent that vascular tissues possess these mem-
brane-bound oxidase-specific activity-utilizing NADH and
NADPH as cofactors for superoxide production [58, 59].

To address an involvement of this oxidase in tolerance
we examined superoxide production by homogenates of
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Fig. 3 A Experimental record demonstrating the effect of endo-
thelial removal on the relaxations to NTG (1 nM–30µM) in toler-
ant rabbit aortic ring segments. Both segments were preconstricted
with phenylephrine, and relaxations to cumulative concentrations
of NTG were examined. In the presence of the endothelium#, the
vessel relaxed maximally 37% and in its absence 78%. B Mean
data demonstrating NTG-induced relaxations in both control and
NTG-tolerant vessels with and without endothelium. Data are
mean±SEM. (Adapted from [24])

Fig. 4 A Superoxide levels in aortic segments from control and
NTG-treated rabbits. O2–· levels were estimated by lucigenin chemi-
luminescence in the presence and absence of the endothelium. Data
are expressed as mean±SEM. *P<0.05 vs. control with and without
endothelium; **P<0.001 tolerant vs. control vessels with endotheli-
um; †P<0.05 tolerant vessel without vs. with endothelium. (Adapted
from [24]) B Superoxide (O2–·) rapidly reacts with nitric oxide to
form the highly reactive intermediate peroxynitrite (ONOO–). The bi-
molecular reaction between NO and O2

–· is three times faster than the
enzymatic dismutation of O2–· catalayzed by superoxide dismutase



activity of the NADH-oxidase in the nitrate-tolerant ves-
sel homogenates (Fig. 6). Likewise, the activity of the
membrane fractions of tolerant vessels is substantially
higher than that in control membranes. The mechanism
by which NTG treatment increases the activity of these
oxidases remains unclear; however, it may involve acti-
vation by neurohumoral stimuli such as angiotensin II.

The concept that increased superoxide production is
responsible for nitrate tolerance is further substantiated
by recent experimental data showing that hydralazine
prevents the NTG-induced increase in vascular superox-
ide production and in parallel the development of nitrate
tolerance [27]. In this study we found that a commonly
used vasodilator, hydralazine, potently inhibits the devel-
opment of nitrate tolerance and in parallel prevents the
NTG-induced activation of the vascular NAD(P)H oxi-
dase (Fig. 7). Interestingly, hydralazine was effective as
an antioxidant only when administered in vivo or in in-
tact rings, and had no effect when administered to vascu-
lar homogenates.

One possibleexplanation is that hydralazine prevents
assembly of the oxidase rather than directly inhibiting
the enzyme. Another possibility is that the effect of hy-
dralazine requires the intact cell to exert its effect, possi-
bly via its known hyperpolarizing effects. This concept is
strengthened by the observation that hyperpolarizing
agents such as pinacaidil also inhibit vascular O2

–· pro-
duction, and that the antioxidant effect of hydralazine is
inhibited by pretreating rings with depolarizing potassi-
um chloride concentrations [27]. This would imply that
the activity of these oxidases, which are membrane asso-
ciated are regulated by the membrane potential. Further
support of a potential role of O2–· in nitrate tolerance was
provided by studies showing that angiotensin II infusion
increases vascular superoxide production via activation
of the membrane associated NADH oxidase and that un-
der these circumstances the vasodilator potency of NTG
is impaired [28].

Role for PKC in nitrate tolerance

Much less attention has been devoted to a potential role
for enhanced vasoconstriction in nitrate tolerance. Previ-
ous studies with high-dose NTG have shown increased
sensitivity to α-adrenergic receptor mediated contrac-
tions to epinephrine and norepinephrine [10, 29]. Since
the hypersensitivity to catecholamines canould be
blocked by a specific α1-receptor antagonist, an α-adren-
ergic receptor mediated phenomenon has been suggested
to be responsible for this phenomenon [29]. More recent
experimental data, however, indicate that after prolonged
NTG treatment enhanced vasoconstrictor sensitivity is
not restricted to sympathomimetic agents and is also
demonstrated for vasoconstrictors such as serotonin, an-
giotensin II, and potassium chloride [30] (Fig. 8). This
observation suggests that enhanced sensitivity to vaso-
constrictors is not specific to any one agonist but may in-
volve a common intracellular signaling process.
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Fig. 5 Effect of liposomal entrapped superoxide dismutase (SOD)
on NTG dose response in control NTG-tolerant rabbit aorta. Con-
trol and tolerant aortic segments were incubated at 37°C in a
HEPES/Krebs buffer for one hour containing 600 U/ml SOD in
this liposomal preparation. Segments were preconstricted with
phenylephrine, and relaxations to cumulative concentrations of
NTG were examined. In addition, in tolerant rabbit aorta the ef-
fects of conventional SOD on NTG dose response were tested. Li-
posomal entrapped SOD nicely reversed nitrate tolerance while
conventional SOD was virtually ineffective. Data are expressed as
mean±SEM. (Adapted from [24])

Fig. 6 Effects of in vivo NTG treatment on NADH and NADPH
oxidase activity in aortas from rabbits. In vivo treatment with
NTG increased superoxide (O2

–·) production in response to
NADH almost 2.5-fold. (Adapted from [27])

aortas from normal and nitrate-tolerant animals. The use
of homogenates allowed us to add various substrates to
characterize the oxidases involved. As previously report-
ed, the superoxide production evoked by addition of
NADH is substantially (approximately threefold) greater
than that observed upon addition of NADPH [58, 59].
Also consistent with previous reports, the oxidase activi-
ty is predominantly in the particulate fraction [59]. NTG
treatment for ❚3d causes an almost threefold increase in



An interesting observation is that constrictions in ni-
trate tolerant vessels in response to phenylephrine or an-
giotensin II are rather sustained despite repeated washing
these drugs from the organ chambers. Since sustained
vascular contractions are mediated by PKC [31], we hy-
pothesized that this increased sensitivity to vasoconstric-
tors is due to activation of PKC. This concept is strength-
ened by the observation that the hypersensitivity of the
tolerant vasculature is shared with a direct stimulator of
PKC, the phorbolester phorbolester 12,13 dibutyrate, and

that this hypersensitivity is corrected by the administra-
tion of the PKC inhibitors calphostin C and staurosporin
(Fig. 9). Moreover, more recent experimental data dem-
onstrated that in vivo treatment with a PKC antagonist
prevented the development of a hypersensitivity to vaso-
constrictors such as phenylephrine and thromboxane and
simultaneously prevented the development of nitrate tol-
erance suggesting that the attenuation of the NTG vaso-
dilator effects may be mediated at least in part by a PKC
activation within endothelial/and or smooth muscle cells
[32].

Surprisingly, contractions induced by endothelin-1, a
classical activator of PKC, are paradoxically attenuated
in nitrate tolerance (Fig. 10). A possible explanation of
this paradox is that it is related to the binding of existing
receptors by locally (autocrine) produced endothelin
[33]. Indeed, immunocytochemical analysis reveals in-
tense endothelin-1 and large-endothelin staining in NTG-

896

Fig. 7A, B Effect of 3d treat-
ment with NTG alone or in
combination with hydralazine
on vascular reactivity to NTG
and vascular superoxide pro-
duction. NTG treatment alone
caused a marked degree of tol-
erance. Combination therapy
with hydralazine completely
preserved the vascular sensitiv-
ity to NTG (A) and in addition
completely prevented the NTG
induced increase in superoxide
production (B). (Adapted from
[27])

Fig. 8 of three days of NTG treatment on sensitivity to angioten-
sin II (A), phenylephrine (B), serotonin (C), and potassium chlo-
ride (D). Nitrate tolerance was associated with an increase in sen-
sitivity to all constrictors, which was largely corrected by calphos-
tin C (100 nM). Data are expressed as mean±SEM. (Adapted from
[30])

Fig. 9 Effects of 3 days’ NTG treatment on constrictions induced
by endothelin-1. Data are expressed as mean±SEM. (Adapted
from [30])



treated animals, but no staining in aortas from control
animals is observed (Fig. 11).

How does locally (autocrine-) produced endothelin-1
mediate the increase in sensitivity to these various ago-
nists? In separate experiments we found that threshold
concentrations of endothelin-1 added to control vessels
markedly enhance constrictions in response to angioten-
sin II, serotonin, KCl, and phenylephrine, thereby exact-
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Fig. 10 Effects of 3 days’ NTG treatment on constrictions in-
duced by a diract activator of PKC, phorbolester 12,13 dibutyrate
(PDBu). Data are expressed as mean±SEM. (Adapted from [30])

Fig. 11 Endothelin-1 (A, B) and large endothelin-1 (C, D) immu-
noreactivity in rabbit aortic segments. In NTG-tolerant (A, C) seg-
ments both endothelin-1 and large endothelin-1 immunoreactivity
(brown stain) were present in the media. Normal (B, D) rabbit aor-
tas did not exhibit positive staining for either endothelin-1 or large
endothelin-1. (Adapted from [30])

ly mimicking the vascular hypersensitivity in response to
a 3-day in vivo treatment with NTG (Fig. 12). Further-
more, adding the PKC inhibitor calphostin C completely
inhibited this hypersensitivity to vasoconstrictors. We
therefore postulate that autocrine-produced endothelin
serves as a priming stimulus for PKC which in turn me-
diates hypersensitivity to a variety of vasoconstrictors.
Interestingly, at least two other conditions have been
shown to be associated with altered reactivity, possibly
due to autocrine-produced endothelin, such as athero-
sclerosis and pulmonary hypertension [34, 35]. Thus ni-
trate tolerance may share with these diseases a common
mechanism underlying sensitivity to vasoconstrictor
stimuli.

The mechanism whereby nitrate treatment increases
vascular superoxide production or induces endothelin ex-
pression in vascular smooth muscle cells remains unclear.
In cultured vascular smooth muscle cells, angiotensin II
in nanomolar concentrations activates NAD(P)H-driven,
membrane-associated oxidases which in turn have been
recently proposed to represent the major source of O2

–·



production in nitrate tolerance [36, 37]. Moreover, in cul-
tured smooth muscle cells, angiotensin II induces the ex-
pression of pre-proendothelin mRNA via stimulation of
the angiotensin type 1 receptor subtype in a PKC-depen-
dent mechanism [38, 39]. Thus it is conceivable to con-
clude that enhanced circulating angiotensin II levels,
which have been encountered during the in vivo treat-
ment with NTG [30], play a key role in initiating cellu-
lar events which ultimately lead to the attenuation of the
NTG vasodilator effects during prolonged treatment pe-
riods.

Preliminary data indicate that this observation may
have important clinical implications. Heitzer et al. [40]
demonstrated that a 48-h treatment of patients suffering
from stable coronary artery disease with intravenous
NTG was associated with a marked hypersensitivity of
forearm resistance vessels to angiotensin II and phenyl-
ephrine. This increase in sensitivity to vasoconstrictors
was completely corrected by treating patients concomi-
tantly with the angiotensin-converting enzyme inhibitor
enalapril, suggesting an involvement of the renin-angio-
tensin system in mediating this phenomenon.

More recent data confirm our concept for a role of
PKC in nitrate tolerance by demonstrating that in vivo
treatment with a PKC inhibitor inhibits the development
of a NTG-induced hypersensitivity to phenylephrine and
also to a thromboxane agonist. Excitingly, PKC inhibi-
tion has also been found to prevent the development of
nitrate tolerance [32]. What is the link between PKC and
increased vascular (endothelial) superoxide production?

The demonstration that a PKC-inhibitor prevents the de-
velopment of nitrate tolerance [32] may suggest that acti-
vation of one or more PKC subtypes in the endothelium
are involved in the reversible inactivation of NTG-me-
tabolizing enzymes. PKC has been shown to activate
NAD(P)H-dependent superoxide-producing oxidases in
phagocytes [37]. As stated above, these oxidases repres-
ent the most important source of superoxide in endotheli-
al and smooth muscle cells [37, 41] and also have been
shown to be activated in the setting of nitrate tolerance
[27, 36]. It is therefore tempting to speculate that activa-
tion of PKC during NTG therapy in turn activates oxi-
dases in the vascular endothelium, resulting in increased
superoxide production and consequently enhanced nitric
oxide degradation and/or decreased NTG biotransforma-
tion.

Perspectives: do nitrates inhibit or accelerate
the atherosclerotic process?

By comparing results obtained from vessels from hyper-
lipidemic animals and animals treated for several days
with NTG, it is interesting to note that these two condi-
tions are sharing many characteristics. Chronic NTG
treatment and hypercholesterolemia are associated with
increased endothelial superoxide production [24, 42],
with endothelial dysfunction [24, 43, 44], with increased
sensitivity to vasoconstrictors secondary to an activation
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Fig. 12 Effects of preincubation of normal aortic segments with
threshold concentrations of endothelin-1 (10 min) on contractions
caused by angiotensin II (A), phenylephrine (B), serotonin (C),
and potassium chloride (D) in the presence and absence of cal-
phostin C. Data are expressed as mean±SEM. (Adapted from [30])

Fig. 13 Proposed mechanism for nitrate tolerance. NTG therapy
increases via baroreflex mechanisms circulating levels of angio-
tensin II. Angiotensin II in turn activates vascular superoxide pro-
ducing oxidases and induces autocrine endothelin production
within vascular smooth muscle cells. Superoxide inactivates nitric
oxide released from NTG and leads to diminished stimulation of
the smooth muscle guanylyl-cyclase, and enhanced endothelin
production serves as a priming stimulus for PKC mediating the
hypersensitivity to vasoconstrictors. Either phenomenon may at-
tenuate the vasodilator potency of NTG, thereby causing nitrate
tolerance. Tolerance may be prevented by blocking the angiotensin
II induced superoxide or endothelin production or antioxidants,
endothelin receptor blockers, or PKC antagonists



of PKC [30, 45] and increased autocrine production of
endothelin-1 within the vascular media [30, 34]. These
observations would explain at least in part why munition
workers with high industrial NTG exposure show com-
pared to age matched population signs for accelerated
atherosclerosis in coronary arteries [46]. It is therefore
tempting to speculate that NTG treatment initiates or
even accelerates the atherosclerotic process rather than
preventing it. The demonstration of angiotensin II medi-
ated enhanced vascular superoxide production and acti-
vation of PKC secondary to autocrine endothelin produc-
tion within the tolerant vasculature suggests that in addi-
tion to angiotensin-converting enzyme inhibitors or an-
giotensin type 1 receptor blockers the administration of
antioxidants such as hydralazine, vitamin E, and vitamin
C and, for example, endothelin receptor blockers prevent
the development of nitrate tolerance (see Fig. 13). More
recent data indeed indicate that concomitant treatment
with antioxidants such as vitamin C and vitamin E pre-
serve the sensitivity of the vasculature to the organic ni-
trates [47–49] and even prevent the development of ve-
nous tolerance in healthy volunteers [50].

References

1. Packer M, Lee W, Kessler PD, Gottlieb SS, Medina N, Yushak
M (1987) Prevention and reversal of nitrate tolerance in pa-
tients with congestive heart failure. N Engl J Med 317:799–804

2. Zimrin D, Reichek N, Bogin KT, Aurigemma G, Douglas P,
Berko B, Fung HL (1988) Antianginal effects of intravenous
nitroglycerin over 24 hours. Circulation 77:1376–1384

3. Elkayam U, Kulick D, McIntosh N, Roth A, Hsueh W, Rahim-
toola SH (1987) Incidence of early tolerance to hemodynamic
effects of continuous infusion of nitroglycerin in patients with
coronary artery disease and heart failure. Circulation 76:
577–584

4. Parker JD, Farrell B, Fenton T, Cohanim M, Parker JO (1991)
Counter-regulatory responses to continuous and intermittent
therapy with nitroglycerin. Circulation 84:2336–2345

5. Dupuis J, Lalonde G, Lemieux R, Rouleau JL (1990) Toler-
ance to intravenous nitroglycerin in patients with congestive
heart failure: role of increased intravascular volume, neurohu-
moral activation and lack of prevention with N-acetylcysteine.
J Am Coll Cardiol 16:923–931

6. Slack CJ, McLaughlin BE, Brien JF, Marks GS, Nakatsu K
(1989) Biotransformation of glyceryl trinitrate and isosorbide
dinitrate in vascular smooth muscle made tolerant to organic
nitrates. Can J Physiol Pharmacol 67:1381–1385

7. Parker JO, Parker JD (1992) Neurohormonal activation during
nitrate therapy: a possible mechanism for tolerance. Am J Car-
diol 70:24

8. Stewart DJ, Elsner D, Sommer O, Holtz J, Bassenge E (1986)
Altered spectrum of nitroglycerin action in long-term treat-
ment: nitroglycerin-specific venous tolerance with maintenance
of arterial vasodepressor potency. Circulation 74:573–582

9. Munzel T, Heitzer T, Kurz S, Harrison DG, Luhman C, Pape
L, Olschewski M, Just H (1996) Dissociation of coronary vas-
cular tolerance and neurohormonal adjustments during long-
term nitroglycerin therapy in patients with stable coronary ar-
tery disease. J Am Coll Cardiol 27:297–303

10. Molina CR, Andresen JW, Rapoport RM, Waldman S, Murad
F (1987) Effect of in vivo nitroglycerin therapy on endotheli-
um-dependent and independent vascular relaxation and cyclic
GMP accumulation in rat aorta. J Cardiovasc Pharmacol 10:
371–378

11. Silver PJ, Pagani ED, de-Garavilla L, Van-Aller GS, Volberg
ML, Pratt PF, Buchholz RA (1991) Reversal or nitroglycerin
tolerance by the cGMP phosphodiesterase inhibitor zaprinast.
Eur J Pharmacol 199:141–142

12. Axelsson KL, Andersson RG (1983) Tolerance towards nitro-
glycerin, induced in vivo, is correlated to a reduced cGMP re-
sponse and an alteration in cGMP turnover. European J Phar-
macol 88:71–79

13. Needleman P, Johnson E MJ (1973) Mechanism of tolerance
development to organic nitrates. J Pharmacol Exp Ther 184:
709–715

14. Needleman P, Jakschik B, Johnson E Jr (1973) Sulfhydryl re-
quirement for relaxation of vascular smooth muscle. J Pharma-
col Exp Ther 187:324–331

15. Needleman P, Johnson EM Jr (1976) Sulfhydryl reactivity of
organic nitrates: tolerance and vasodilation. In: Bevan Ja et al.
(eds) Vascular neuroeffector mechanisms. Basel, Karger, pp
208–215

16. Chung SJ, Fung HL (1990) Identification of the subcellular site
for nitroglycerin metabolism to nitric oxide in bovine coronary
smooth muscle cells. J Pharmacol Exp Ther 253:614–619

17. Feelisch M, Kelm M (1991) Biotransformation of organic ni-
trates to nitric oxide by vascular smooth muscle cells and en-
dothelial cells. Biochem Biophys Res Commun 190:286–293

18. Salvemini D, Mollace V, Pistelli A, Anggard E, Vane J (1992)
Metabolism of glyceryl trinitrate to nitric oxide by endothelial
cells and smooth muscle cells and its induction by Escherichia
coli lipopolysaccharide. Proc Natl Acad Sci USA 89:982–986

19. Forster S, Woditsch I, Schröder H, Schrör K (1991) Reduced
nitric oxide release causes nitrate tolerance in the intact circu-
lation. J Cardiovasc Pharmacol 17:867–872

20. Boesgaard S, Aldershvile J, Poulsen HE, Loft S, Anderson
ME, Meister A (1994) Nitrate tolerance in vivo is not associat-
ed with depletion of arterial or venous thiol levels. Circ Res
74:115–120

21. Fung HL, Chong S, Kowaluk E, Hough K, Kakemi M (1988)
Mechanisms for the pharmacologic interaction of organic ni-
trates with thiols: existence of an extracellular pathway for the
reversal of nitrate vascular tolerance by N-acetylcysteine. J
Pharmacol Exp Ther 245:524–530

22. Munzel T, Holtz J, Mulsch A, Stewart DJ, Bassenge E (1989)
Nitrate tolerance in epicardial arteries or in the venous system
is not reversed by N-acetylcysteine in vivo, but tolerance-inde-
pendent interactions exist. Circulation 79:188–97

23. Laursen JB, Mülsch A, Boesgard S, Mordvintcev P, Trautner
S, Gruhn N, Nielsen-Kudsk JE, Busse R, Aldershvile J (1996)
In vivo nitrate tolerance is not associated with reduced biocon-
version of nitrglycerin to nitric oxide. Circulation 94:

24. Munzel T, Sayegh H, Freeman BA, Tarpey MM, Harrison DG
(1995) Evidence for enhanced vascular superoxide anion pro-
duction in nitrate tolerance. A novel mechanism underlying
tolerance and cross-tolerance. J Clin Invest 95:187–194

25. Elkayam, U (1991) Tolerance to organic nitrates: evidence,
mechanisms, clinical relevance, and strategies for prevention.
Ann Intern Med 114:667–677

26. Roth A, Kulick D, Freidenberger L, Hong R, Rahimtoola SH,
Elkayam U (1987) Early tolerance to hemodynamic effects of
high dose transdermal nitroglycerin in responders with severe
chronic heart failure. J Am Coll Cardiol 9:858–864

27. Munzel T, Kurz S, Rajagopalan S, Thoenes M, Berrington
WR, Thompson JA, Freeman BA, Harrison DG (1996) Hy-
dralazine prevents nitroglycerin tolerance by inhibiting activa-
tion of a membrane-bound NADH oxidase: a new action for an
old drug. J Clin Invest 98:1465–1470

28. Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Gri-
endling KK, Harrison DG (1996) Angiotensin II-mediated hy-
pertension in the rat increases vascular superoxide production via
membrane NADH/NADPH oxidase activation. Contribution to
alterations of vasomotor tone. J Clin Invest 97:1916–1923

29. Rydell EL, Axelsson KL (1984) Adrenaline toxicity in mice:
sensitization of alpha 1 adrenoceptors by nitroglycerin. Acta
Pharmacol Toxicol 55:73–77

899



30. Munzel T, Giaid A, Kurz S, Stewart DJ, Harrison DG (1995)
Evidence for a role of endothelin 1 and protein kinase C in ni-
troglycerin tolerance. Proc Natl Acad Sci USA 92:5244–5248

31. Andrea JE, Walsh MP (1992) Protein kinase C of smooth mus-
cle. Hypertension 20:585–595

32. Zierhut W, Ball HA (1996) Prevention of vascular nitroglycer-
in tolerance by inhibition of protein kinase C. Br J Pharmacol
119:3–5

33. Clozel M, Löffler BM, Breu V, Hilfiger L, Maire JP, Butscha
B (1993) Downregulation of endothelin receptors by autocrine
production of endothelin-1. Am J Physiol 265:C188–C192

34. Lerman A, Edwards BS, Hallett JW, Heublin DM, Sandberg
SM, Burnett J CJ (1991) Circulating and tissue endothelin im-
munoreactivity in advanced atherosclerosis. New Engl J Med
325:997–1001

35. Giaid A, Yanagisawa M, Langleben D, Michel RP, Levy R,
Shennib H, Kimura S, Masaki T, Duguid WP, Stewart D
(1993) Expression of endothelin-1 in the lungs of patients with
pulmonary hypertension. N Engl J Med 328:1732–1739

36. Munzel T, Kurz S, Rajagopalan S, Tarpey M, Freeman B, Har-
rison DG (1995) Identification of the membrane bound NADH
oxidase as the major source of superoxide anion in nitrate tol-
erance (abstract). Endothelium 3 [Suppl]:s14

37. Griendling KK, Minieri CA, Ollerenshaw JD, Alexander RW
(1994) Angiotensin II stimulates NADH and NADPH oxidase
activity in cultured vascular smooth muscle cells. Circ Res
74:1141–1148

38. Sung CP, Arleth AJ, Storer BL, Ohlstein EH (1994) Angioten-
sin type 1 receptors mediate smooth muscle proliferation and
endothelin biosynthesis in rat vascular smooth muscle cells. J
Pharmacol Exp Ther 271:429–437

39. Hahn AW, Resink TJ, Scott-Burden T, Powell J, Dohi Y, Buhl-
er FR (1990) Stimulation of endothelin mRNA and secretion
in rat vascular smooth muscle cells: a novel autocrine func-
tion. Cell Regul 1:649–659

40. Heitzer T, Munzel T, Just H (1995) Nitroglycerin induced hy-
persensitivity to vasoconstrictors is prevented by treatment
with ACE-inhibitors (abstract). Circulation 92:1-18

41. Mohazzab-H KM, Kaminski PM, Wolin MS (1994) NADH
oxidoreductase is a major source of superoxide anion in bo-
vine coronary endothelium. Am J Physiol 266:H2568–H2572

42. Ohara Y, Peterson TE, Harrison DG (1993) Hypercholesterole-
mia increases endothelial superoxide anion production. J Clin
Invest 91:2546–2551

43. Harrison DG, Freiman PC, Armstrong ML, Marcus ML,
Heistad DD (1987) Alterations of vascular reactivity in athero-
sclerosis. Circ Res 61:II74–II80

44. Harrison DG, Armstrong ML, Freiman PC, Heistad DD
(1987) Restoration of endothelium-dependent relaxation by
dietary treatment of atherosclerosis. J Clin Invest 80:
1808–1811

45. Tagawa H, Tomoike H, Mitsuoka W, Satoh S, Kuga T, Shim-
okawa H, Nakamura M, Takeshita A (1993) Hyperreactivity of
aortic smooth muscle to serotonin is related to the presence of
atheroma in Watanabe heritable hyperlipidaemic rabbits. Car-
diovasc Res 27:2164–2169

46. Carmicheal P, Lieben J (1963) Sudden death in explosive
workers. Arch Environ Health 14:50–65

47. Laight D, Änggard E (1995) Effects of antioxidants on toler-
ance to glyceryl trinitrate. Endothelium 3:S71

48. Bassenge E, Fink B (1995) Suppression of nitrate induced tol-
erance by vitamin C and other antioxidants (abstract). Endo-
thelium 3:S71

49. Skatchkov M, Fink B, Dikalov S, Sommer O, Bassenge E
(1995) Antioxidant mediated prevention of nitrate tolerance is
achieved through immediate inactivation of peroxinitrite. En-
dothelium 3:S71

50. Watanabe H, Kakihana M, Ohtsuka S, Sugishita Y (1996) The
preventive effect of vitamin E on nitrate tolerance (abstract).
Circulation 94:1–503

900


