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Abstract The anti-ischemic effects of organic nitrates atenuate its vasodilator potency. Tolerance may be also due
rapidly attenuated due to the development of nitrate tolerthe inability of the vessel to dilate after prolonged treat-
ance. The mechanisms underlying this phenomenon likelgnt with the nitrate. More recent experimental studies
involve several independent factors. As a vasodilator, Imixve challenged traditional tolerance concepts by demon-
troglycerin activates compensatory neurohumoral mechtating that tolerance is not associated with sulfhydryl
nisms such as the renin-angiotensin system and incregsagp depletion, reduced nitroglycerin biotransformation,
catecholamine and vasopressin levels, all of which mayat-desensitization of the target enzyme guanylyl-cyclase.
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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 Il, 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 |l
may be at least in part responsible for tolerance mecha-
nisms at the cellular level.

Key words Nitrate tolerance - PKC - Superoxide -
Endothelin-1 - NAD(P)H oxidase

Abbreviations PKC Protein kinase C -
NTG Nitroglycerin

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 treatmentaif evidence supporting many of these hypotheses. In
stable effort angina, mixed angina, unstable angina, gadticular the loss of NTG biotransformation has been
postmyocardial infarction. The efficacy of NTG irmdemonstrated in vitro in both intact organs and cultured
chronic situations is limited by the rapid development oélls [17-19]. The enzymes involved have been demon-
nitrate tolerance in patients with coronary artery diseageated to be membrane bound and not to be identical
and heart failure [1-3]. The mechanisms underlying théth glutathioneStransferases. Following in vitro incu-
tolerance remain poorly defined but likely involve sevebation with NTG, nitric oxide production in endothelial
al independent mechanisms. This review focuses onaad smooth muscle cells has been shown to be de-
cent experimental and clinical observations regarding oreased, as is relaxation to the organic nitrate. These ob-
trate tolerance and summarized its potential implicatiogsrvations have led several groups to suggest that at least
with respect to concomitant drug treatment for preveit- vitro tolerance is in part due to decreased NTG bio-
ing or reversing tolerance. transformation. Almost 25 years ago Needleman and
Jonhnson [13-15] postulated the well-known “sulfhyd-
ryl-group depletion concept.” Their concept postulates
The challenge of traditional tolerance concepts that nitrates react with sulfhydryl-groups (so-called ni-
trate receptor) leading to the formation of a disulfide

Several mechanisms have been suggested to accounlirfkage, and that this change in the configuration of the
the phenomenon of nitrate tolerance. Mechanisms exmérate receptor explains lower affinity to NTG in re-
neous (so-called pseudo-tolerance) to the vessel wallspense to chronic treatment. The concept that the target
clude neurohumoral counterregulatory mechanisms amzyme guanylyl-cyclase becomes desensitized during
intravascular volume expansion [1, 4, 5]. Tolerance Hd3G treatment is based on observations from Murad’s
also been shown to be due to an inability of the vascuimoup [10] demonstrating that in response to chronic
smooth muscle to convert NTG to nitric oxide (so-calleddiTG treatment there is cross-tolerance to both endotheli-
“true vascular tolerance”) [6]. There has been substantiai-dependent and endothelium-independent nitrovasodi-
debate as to the extent to which these two mechanidatsrs, and that in tolerant tissue the cGMP formation in
contribute to the loss of antianginal efficacy duringesponse to acute NTG challenges is severely blunted.
chronic NTG therapy, and the notion that neurohumoral All three traditional concepts of cellular tolerance,
mechanisms are a predominant cause has achieved sulfhydryl-group depletion, impaired biotransformation,
stantial popularity [4, 7]. The decrease in blood pressamed desensitization of the target enzyme guanylyl-cy-
caused by NTG causes baroreflex stimulation leadingclase, have recently been challenged by experimental
a variety of neurohumoral adjustments. These include fimdings. Boesgard et al. [20] showed that in vivo treat-
creases in catecholamine levels and release rates [8Jment with high-dose NTG does not result in significant
creases in plasma vasopressin [4, 9], plasma renin actithianges in the intracellular sulfhydryl-group concentra-
ty [4, 9], and aldosterone levels [4, 9]. These changes @was in arterial or venous tissue. Thiol supplementation
not NTG specific but are also observed during therappgreases NTG responsiveness in both tolerant and non-
with other vasodilators. tolerant states mainly via an extravascular rather than in-

NTG therapy is also associated with a marked itracellular interaction between sulfhydryl-groups and the
crease in intravascular volume which may attenuate tirganic nitrates [21, 22]. Using spin-trapping technique,
preload effects. During continuous NTG infusion fdraursen et al. showed that in vivo conversion of NTG to
72 h there is a consistent drop in hematocrit in patiemigic oxide is changed in neither veins nor arteries. In
with coronary artery disease [9]. A decrease in hematontrast, higher concentrations of NTG seem to induce
crit during long-term NTG has been demonstrated bgther than to desensitize the enzyme [23]. More recent
several groups and very likely reflects intravascular valata also show that tolerance is almost completely re-
ume expansion secondary to a transvascular shift of flugtsed by removing the endothelium, making it very un-
due to an alteration in Starling forces and/or a phenontikely that the soluble guanlyly-cyclase of smooth mus-
non related to an aldosterone-mediated salt and watercte-cells is responsible for the attenuation of NTG vaso-
tention [1, 4, 5] dilator effects in the setting of nitrate tolerance [23, 24]

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 wiblissociation of neurohormonal adjustments and
NTG demonstrate blunted vasodilatation to the envirdielerance development in large epicardial arteries
ment. Four intracellular tolerance mechanisms have tra-
ditionally been hypothesized to be responsible for atte®sme insight into the role of neurohormones in nitrate
uation of NTG action following chronic exposure. Thedelerance can be gained from examining the time course
include: a desensitization of the target enzyme guanylgf-tolerance in certain vessel regions and its relationship
cyclase [10], an increase in phosphodiesterase actitidyneurohumoral activation. Further, the time course of
(leading to an enhanced cGMP breakdown) [11, 12], i@lerance may not be the same in the systemic and coro-
tracellular sulfhydryl group depletion [13-15], and imRary vasculatures. For example, as mentioned above, it
paired NTG biotransformation [16]. There is experimehas been shown that a large portion of the intravascular
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Group | Group Il Group Il fluid shift occurs within the first hour of treatment [5].
Control 24hNTG 72hNTG During this period, however, the effects of NTG on the
28 ot % pulmonary capillary wedge pressure in patients with cor-
b ° 2 ,\‘/‘/H 2
Diameter 2.4 2

mm) ., ) the pulmonary capillary wedge pressure rises to the pre-

: .- onary artery disease and heart failure are usually pre-
2. M/M/’ served [25]. Over a longer period of infusion, 24-48 h,

”0 »d treatment value [1, 26] with little or no additional vol-
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' ume retention, suggesting that mechanisms independent
of volume retention are involved. Therefore a significant

1 *  decrease in hematocrit may be used more as a marker for

6)

0

C 00501505 B C 00501505 B

2.

Diameter 2 H/H/( % . NTG treatment rather than a marker for tolerance devel-
(mm) 24 2 2. opment. In addition, the persistent drop in hematocrit ac-
22 2 2. tually lends support to the conclusion that, for example,

20 ) 9 tolerance to epicardial artery effects does not follow the

€ 00501505 B C 00501505 B C oses05 B game time line as tolerance in other vascular beds.

ongoing 0.5 ug/kg/min One possibility is that neurohumoral adjustments such
NITROGLYCERIN(ug/kg/min) as increases in vasopressin, activation of the renin-angio-

Fig. 1 Effects of increasing intravenous and intracoronary NTt&Nsin system, and increases in circulating catecholamine
on large coronary artery diameter [left anterior descendiA®) levels produce increases in vasoconstrictor tone, over-
?“d |8f|t|)C|erur;g|%XNK-|9é)] n pa{'eng g‘“thﬁ‘l*)t () and with 24 coming the NTG vasodilatation. Recent observations by
group Il) an pretreatmergroup 111). Under ongoing :
NTG infusions patients pretreated with NTG for 24 h did not rgarker e.t al. [4]. demorjstrate t.hat the_rapy with NTG
spond with a further increase in diameter, indicating a maximal &atches is associated with transient activation of the re-
lated coronary artery. In contrast, those pretreated with NTG fonB1-angiotensin system, increases in vasopressin and cat
days responded with a diameter increase that was not statisticeiholamine levels, and signs of intravascular volume ex-
different from that of group I, which is strongly suggestive of tol- ; i ; ; ;
erance development in large epicardial arteries. Increasing con [glpn. Slmllarlly, by husmgf s“gdh“%/ hlglher Ieve_ls Of.
trations of NTG were given intravenously for 7 min eaéh. ' Intravenously we have found that tolerance In epi-
0.2 mg NTG bolus intracoronary. Data are given as mean+SEMrdial coronary arteries does not coincide with the acti-
(open squares *Signifcantly different vs. baseline values (aftevation time course of these neurohumoral parameters [9]
Bonferonni comection for the numbers of comparisonsd). — (Figs. 1, 2). In these studies in patients with stable coro-
(Adapted from [9]) nary artery disease the increase in these parameters dur-
ing NTG therapy was also transient, and not observed af-

Group Il Group Il ter 72 h of therapy. During the period in which these pa-

200

* rameters were highest (24-48 h) the epicardial coronary
ALDO artery response to NTG was preserved. Well after these
egmy I neurohumoral parameters had returned to normal, how-
T ever, the vasodilatation of the epicardial coronary arte-
0 . ries to NTG was virtually lost. These findings indicate
18 that increased levels of circulating vasoconstricting neu-
PRA 10 rohormones are unlikely to be responsible for the loss of
(ng/mim) i l effect of NTG on the epicardial coronary arteries and
strongly suggests tolerance at the cellular level.
0.0
20 *
ADH New tolerance concepts: evidence for a role
(pg/mi) 10 i % _-_J[[M_ of oxygen-derived free radicals and PKC
5: ' Role for superoxide in nitrate tolerance
HCT R Recently we have defined a new mechanism partially re-
(%) . sponsible for NTG tolerance and cross-tolerance to other
l@ lﬁl endothelium-dependent and edothelium-independent

° vasodilators [40]. In an animal model of nitrate tolerance

we found that aortic segments from rabbits demonstrate
Fig. 2 Effects of 24 and 72 h NTG infusion on plasma renin a@ great degree of tolerance to NTG and cross-tolerance
tivity (PRA), plasma aldosterone levelLDO), plasma vasopres- to acetylcholine and the sydnonimine of SIN-1. Using a
sin levels ADH), and hematocritCT). Long-term NTG infusion different animal model we established a similar pattern

caused a transient increase in plasma vasopressin and aldost ; g
levels and a transient increase in plasma renin activity but a per'gf)TSIerance to that of Molina et al. [L0Jwho demonstrat

tent drop in hematocrit, indicating intravascular volume expaﬁa in addition to an attenuation of NTG responsiveness
sion. Data are presented as mean+SEM. (Adapted from [9])  cross-tolerance to endothelium-dependent and endotheli-

C 24hNTG C 72hNTG
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um-independent vasodilators. The removal of the endmdothelium either releases chronically a vasoconstrictor

thelium, however, markedly attenuated tolerance aodthat nitric oxide released from NTG becomes chemi-

cross-tolerance to NTG and the nitrovasodilator SIN-dally inactivated before stimulating the vascular smooth
making an involvement of the guanylyl-cyclase unlikeljnuscle guanylyl-cyclase.

(Fig. 3). This observation led us to hypothesize that theln support of the latter hypothesis we found that the su-
peroxide @ levels in tolerant vessels were about twice
those of control vessels (Fig. 4A). Interestingly, removal

A + Endothelium of the endothelium increased,©production in control

N 8 7 -6 .5 NTG vessels but paradoxically decreased it in tolerant vessels.
T T T This observation indicates that the endothelium indeed
oE _ represents the major source of-Qproduction in nitrate

- Endothelium 29%ﬂ tolerance. @ binds very rapid with NO to form the high-

- -8 " ly reactive peroxinitrite (ONO€) with a cytotoxic poten-

6 -5 NTG tial which is about 1000 times higher than that ¢DJi
and which has a substantially shorter half-life, and which
PE is much less potent in stimulating guanylyl-cyclase [55,
B ] ] 56] (Fig. 4B). ONOO also protonates to peroxynitrous
. retaadothelium present Endothelium absent acid (ONOOH) to yield an oxidant with the reactivity of
0 = Control hydroxyl radical ©OH) via metal-independent mecha-
D 0005 ve veontror nisms. Peroxynitrite in pure form causes oxidative damage
50 p < 0.05 vs vcontrol . L7
turelaxation p<005vscontrel {0 protein, lipid, carbohydrate, DNA, subcellular organ-
& o elles, and cell systems. The hypothesis that superoxide
100 100 and/or peroxynitrite plays in important role in tolerance is
9 8 7 6 5 9 8 7 6 5 strengthened by our observations that attenuated NTG re-
Fog MINTE] Fog MINTE] sponses in the setting of nitrate tolerance can be almost

Fig. 3 A Experimental record demonstrating the effect of end6éompletely corrected by preincubation of vessels with a li-

thelial removal on the relaxations to NTG (1 nM-8@) in toler- posomal superoxide dismutase preparation (Fig. 5).

ant rabbit aortic ring segments. Both segments were preconstrictedrhese studies also provided some insight into the po-

with phenylephrine, and relaxations to cumulative concentrati ; N
of NTG were examined. In the presence of the endothelium#,oﬁk‘l\tIal sources of 53 production in nitrate tOIGranCGE_O

vessel relaxed maximally 37% and in its absence MB%lean Production was completely normalized by adding diphen-
data demonstrating NTG-induced relaxations in both control aylene iodonium, a potent inhibitor of flavoprotein-contain-
NTG-tolerant vessels with and without endothelium. Data &jigg oxidases. These include mitochondrial oxidases, nitric
mean+SEM. (Adapted from [24]) oxide synthase, xanthine oxidase, and plasmalemmal
NADH-dependent and NADPH-dependent oxidases. Us-
ing specific inhibitors we excluded mitochondrial en-

Fig. 4 A Superoxide levels in aortic segments from control al i i i i
NTG-treated rabbits. O levels were estimated by lucigenin chem@mes’ m_mc oxide Synthdaset,. or the Xatn thtl.n ? OX||dane as
luminescence in the presence and absence of the endothelium. HHT G- ,Source,s’ Indicaing a po te lal role tor

are expressed as mean+SEM<6.05 vs. control with and without NAD(P)H-driven oxidases [57]. Recently it has become
endothelium; *P<0.001 tolerant vs. control vessels with endothelinore apparent that vascular tissues possess these mem-
i T2<4%OI§ olerant ‘.’gss(eg'}";"thouctﬂvs- with endothelium. (Adapteftane-bound oxidase-specific activity-utilizing NADH and
rom uperoxide (©-) rapidly reacts with nitric oxide to . ;

form the highly reactive intermediate peroxynitrite (ONYD®he bi- NADPH as cofactc_)rs for SUperOXIde. proc_iuctlon_ [58, 59].
molecular reaction between NO angtQs three times faster than the 10 address an involvement of this oxidase in tolerance

enzymatic dismutation of © catalayzed by superoxide dismutase we examined superoxide production by homogenates of

e Control 0

©  Tolerant
t 20

40 40
60 60

20

*

A B

pmol Oz/min/mg

0.8 . NO- » | GC—» Relaxation
0.6 - A \
O ONOO-
0.4 -
\ Peroxynitrite
0.2 - SOD
H202 + 02
0.0 -
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+ Endo - Endo + Endo - Endo



895

Endothelium present 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
20 - gg:::g:HiP_ sop by which NTG treatment increases the activity of these
oxidases remains unclear; however, it may involve acti-
vation by neurohumoral stimuli such as angiotensin Il
60 * The concept that increased superoxide production is
responsible for nitrate tolerance is further substantiated
by recent experimental data showing that hydralazine

% Relaxation

03

40

100 prevents the NTG-induced increase in vascular superox-
03050 O 80 S0 ide production and in parallel the development of nitrate
20 TR Tt + Lip.SOD tolerance [27]. In this study we found that a commonly
] —>— Tolerant + conv.SOD used vasodilator, hydralazine, potently inhibits the devel-
40 opment of nitrate tolerance and in parallel prevents the

NTG-induced activation of the vascular NAD(P)H oxi-

l dase (Fig. 7). Interestingly, hydralazine was effective as
-80 | 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
LogM(NTG) assembly of the oxidase rather than directly inhibiting

Fig. 5 Effect of liposomal entrapped superoxide dismut&en) the enzyme. Another pOSS'b'“ty is that the effect of hy-.
on NTG dose response in control NTG-tolerant rabbit aorta. cifalazine requires the intact cell to exert its effect, possi-
trol and tolerant aortic segments were incubated at 37°C irbly via its known hyperpolarizing effects. This concept is
HEPES/Krebs buffer for one hour containing 600 U/ml SOD istrengthened by the observation that hyperpolarizing
this liposomal preparation. Segments were preconstricted ;Agﬂents such as pinacaidil also inhibit vasculgr- @ro-

phenylephrine, and relaxations to cumulative concentration . .. . .
NTG were examined. In addition, in tolerant rabbit aorta the €1 ction, and that the antioxidant effect of hydralazine is

fects of conventional SOD on NTG dose response were tested.IDRibited by pretreating rings with depolarizing potassi-
posomal entrapped SOD nicely reversed nitrate tolerance while chloride concentrations [27]. This would imply that

conventional SOD was virtually ineffective. Data are expressedipg activity of these oxidases, which are membrane asso-
mean=SEM. (Adapted from [24]) ciated are regulated by the membrane potential. Further
support of a potential role of,© in nitrate tolerance was
provided by studies showing that angiotensin Il infusion
increases vascular superoxide production via activation

-100
90 -80 -70 -6.0 -5.0

nmol Oy/mg/min

100 — NADH — — NADPH —

. of the membrane associated NADH oxidase and that un-
80 T der these circumstances the vasodilator potency of NTG
‘ is impaired [28].
60
40 -
Role for PKC in nitrate tolerance
20 4
. i — I 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

Fig. 6 Effects of in vivo NTG treatment on NADH and NADPHsensitivity to a-adrenergic receptor mediated contrac-

oxidase activity in aortas from rabbits. In vivo treatment withys to epinephrine and norepinephrine [10, 29]. Since

NTG increased superoxide £€) production in response to L . !

NADH almost 2.5-fold. (Adapted from [27]) the hypersensitivity to catecholamines canould be
blocked by a specifia,-receptor antagonist, anadren-
ergic receptor mediated phenomenon has been suggested

aortas from normal and nitrate-tolerant animals. The usebe responsible for this phenomenon [29]. More recent

of homogenates allowed us to add various substratesxperimental data, however, indicate that after prolonged
characterize the oxidases involved. As previously repdidTG treatment enhanced vasoconstrictor sensitivity is
ed, the superoxide production evoked by addition bt restricted to sympathomimetic agents and is also

NADH is substantially (approximately threefold) greatetemonstrated for vasoconstrictors such as serotonin, an-

than that observed upon addition of NADPH [58, 59iotensin II, and potassium chloride [30] (Fig. 8). This

Also consistent with previous reports, the oxidase actigbservation suggests that enhanced sensitivity to vaso-

ty is predominantly in the particulate fraction [59]. NT@onstrictors is not specific to any one agonist but may in-

treatment for’Bd causes an almost threefold increase Wnlve a common intracellular signaling process.

Control  Tolerant Control  Tolerant
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Fig. 7A, B Effect of 3d treat- A B
ment with NTG alone or in
combination with hydralazine

o, H " .
on vascular reactivity to NTG % Relaxation pmol Oz ‘mg/min
and vascular superoxide pro- 0 10 ;
duction. NTG treatment alone
caused a marked degree of tol- 20 8
erance. Combination therapy
with hydralazine completely -40 6
preserved the vascular sensitiv-
ity to NTG (A) and in addition 60 4
completely prevented the NTG
induced increase in superoxide -80 2 4
production B). (Adapted from I
[27]) -100/ 0.0 g

-9 -8 -7 -6 -5 Control Control Tolerant Tolerant
Iog M[NTG] + Hydralazin + Hydralazin

—@— Control

—A— Control + Hydralazin
—QO— Tolerant

—/\— Tolerant + Hydralazin

A B % Constriction
% Constriction
80
80 150
t 1 t
60 Af/ :
100 * 60
40 *
50
20 40 .
0 0f
-11.0 -100 -9.0 -8.0 80 -70 -60 -50 20 —e— Control
log M [All] log M [PE] —O— Tolerant
C D
100 t 100 (U
20 80 -10 -9 -8 -7
60 R 60 . Log M [ET-1]
40 40 * EC50 p<0.05 vs control
1 Max. constriction p<0.05 vs control
20 20
0 0 Fig. 9 Effects of 3 days’ NTG treatment on constrictions induced
80 70 60 0 10 20 30 4 by endothelin-1. Data are expressed as mean+SEM. (Adapted
log M [5-HT] mM [KCI] from [30])
—@— Control * EC50 p<0.05 vs control

—aA— Control + Cal C 107M
—O— Tolerant
—&— Tolerant + Cal C 107M

1 % constriction p<0.05 vs tolerant

Fig. 8 of three days of NTG treatment on sensitivity to angiotethat this hypersensitivity is corrected by the administra-
sin II (A), phenylephrine), serotonin C), and potassium chio- fion of the PKC inhibitors calphostin C and staurosporin

ride (D). Nitrate tolerance was associated with an increase in s€nld. 9). Moreover, more recent experimental data dem-
sitivity to all constrictors, which was largely corrected by calphognstrated that in vivo treatment with a PKC antagonist
tin C (100 nM). Data are expressed as mean+SEM. (Adapted frpmevented the development of a hypersensitivity to vaso-
(30D constrictors such as phenylephrine and thromboxane and
simultaneously prevented the development of nitrate tol-
erance suggesting that the attenuation of the NTG vaso-
An interesting observation is that constrictions in ndlilator effects may be mediated at least in part by a PKC
trate tolerant vessels in response to phenylephrine or activation within endothelial/and or smooth muscle cells
giotensin Il are rather sustained despite repeated washB].
these drugs from the organ chambers. Since sustaine®urprisingly, contractions induced by endothelin-1, a
vascular contractions are mediated by PKC [31], we lolassical activator of PKC, are paradoxically attenuated
pothesized that this increased sensitivity to vasoconstiic-hitrate tolerance (Fig. 10). A possible explanation of
tors is due to activation of PKC. This concept is strengthis paradox is that it is related to the binding of existing
ened by the observation that the hypersensitivity of trexeptors by locally (autocrine) produced endothelin
tolerant vasculature is shared with a direct stimulator [88]. Indeed, immunocytochemical analysis reveals in-
PKC, the phorbolester phorbolester 12,13 dibutyrate, @rdse endothelin-1 and large-endothelin staining in NTG-
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treated animals, but no staining in aortas from contfglmimicking the vascular hypersensitivity in response to
animals is observed (Fig. 11). a 3-day in vivo treatment with NTG (Fig. 12). Further-
How does locally (autocrine-) produced endothelinfhore, adding the PKC inhibitor calphostin C completely
mediate the increase in sensitivity to these various aguhiibited this hypersensitivity to vasoconstrictors. We
nists? In separate experiments we found that threshibldrefore postulate that autocrine-produced endothelin
concentrations of endothelin-1 added to control vesss&sves as a priming stimulus for PKC which in turn me-
markedly enhance constrictions in response to angiotdiates hypersensitivity to a variety of vasoconstrictors.
sin Il, serotonin, KCI, and phenylephrine, thereby exadtterestingly, at least two other conditions have been
shown to be associated with altered reactivity, possibly
due to autocrine-produced endothelin, such as athero-
9% Constriction sclerosis and pulmonary hypertension [34, 35]. Thus ni-
trate tolerance may share with these diseases a common

150 t mechanism underlying sensitivity to vasoconstrictor
stimuli.
100 The mechanis_m whereby nitrat_e treatment incrgases
. vascular superoxide production or induces endothelin ex-

pression in vascular smooth muscle cells remains unclear.
In cultured vascular smooth muscle cells, angiotensin I
in nanomolar concentrations activates NAD(P)H-driven,
—e-— Control . . . .
—o— Tolerant membrane-associated oxidases which in turn have been
recently proposed to represent the major source,of O

50

0 L 4
1110 9 8 -7 6 5 -4

Log M [PDBu]

* EC50 p<0.05 vs control Fig. 11 Endothelin-1 A, B) and large endothelin-IC( D) immu-
1 Max. constriction p<0.05 vs control noreactivity in rabbit aortic segments. In NTG-toleraht €) seg-
ments both endothelin-1 and large endothelin-1 immunoreactivity
Fig. 10 Effects of 3 days’ NTG treatment on constrictions infbrown stair) were present in the media. NormBl D) rabbit aor-
duced by a diract activator of PKC, phorbolester 12,13 dibutyrates did not exhibit positive staining for either endothelin-1 or large
(PDBU). Data are expressed as meantSEM. (Adapted from [30]endothelin-1. (Adapted from [30])

A ey 3 & B
o P e T it @ ﬂ"quw mrn -\ ‘ o

7 - . o
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A B
NTG -Therapy |
% Constriction | Py
100 120 t
80 t 100 Angiotensin Il (++)
60 . 80 * AT-1 receptor antagonist / N AT-1 receptor antagonist
60 ACE inhibitor / \ ACE inhibitor
a0 :
40 Increased endothelial and smooth  Increased expression of endothelin
20 20 muscle superoxide production in vascular media
04 0! SOD Endothelin receptor
-11.0 -100 90 -80 80 -70 -60 -5.0 blockade?
log M[(All
C 9 MI(AN D log M[PE] Enhanced degradation of NO Activation of PKC
100 t 100 * _v_ PKC antagonists?
80 80 Diminished stimulation of Increased sensitivity to
* . guanylyl cyclase vasoconstrictors
60 60 \ /
40 40 .
| Nitrate tolerance |
20 20
04 04 Fig. 13 Proposed mechanism for nitrate tolerance. NTG therapy
8.0 7.0 6.0 0 10 20 30 40 . ) . : - ;
log M [5-HT] mM [KCI] increases via baroreflex mechanisms circulating levels of angio-
tensin Il. Angiotensin Il in turn activates vascular superoxide pro-
e o totorant -l S ducing oxidases and induces autocrine endothelin production
¥ % constriction p<0.05 vs toleran -A- c+ET1 (tooMy calc oy Within vascular smooth muscle cells. Superoxide inactivates nitric

oxide released from NTG and leads to diminished stimulation of

Fig. 12 Effects of preincubation of normal aortic segments witf€ smooth muscle guanylyl-cyclase, and enhanced endothelin
threshold concentrations of endothelin-1 (10 min) on contractiop@duction serves as a priming stimulus for PKC mediating the
caused by angiotensin IA], phenylephrine &), serotonin C), hypersensitivity to vasoconstrictors. Either phenomenon may at-
and potassium chlorideD} in the presence and absence of calenuate the vasodilator potency of NTG, thereby causing nitrate

phostin C. Data are expressed as mean+SEM. (Adapted from [3@]grance. Tolerance may be prevented by blocking the angiotensin
II"induced superoxide or endothelin production or antioxidants,

endothelin receptor blockers, or PKC antagonists

production in nitrate tolerance [36, 37]. Moreover, in cul-

tured smooth muscle cells, angiotensin Il induces the &ke demonstration that a PKC-inhibitor prevents the de-
pression of pre-proendothelin mRNA via stimulation afelopment of nitrate tolerance [32] may suggest that acti-
the angiotensin type 1 receptor subtype in a PKC-depeation of one or more PKC subtypes in the endothelium
dent mechanism [38, 39]. Thus it is conceivable to caare involved in the reversible inactivation of NTG-me-
clude that enhanced circulating angiotensin Il leveksbolizing enzymes. PKC has been shown to activate
which have been encountered during the in vivo tredAD(P)H-dependent superoxide-producing oxidases in
ment with NTG [30], play a key role in initiating celluphagocytes [37]. As stated above, these oxidases repres-
lar events which ultimately lead to the attenuation of tleat the most important source of superoxide in endotheli-
NTG vasodilator effects during prolonged treatment pa+ and smooth muscle cells [37, 41] and also have been
riods. shown to be activated in the setting of nitrate tolerance

Preliminary data indicate that this observation m4#7, 36]. It is therefore tempting to speculate that activa-
have important clinical implications. Heitzer et al. [40jon of PKC during NTG therapy in turn activates oxi-
demonstrated that a 48-h treatment of patients suffergteges in the vascular endothelium, resulting in increased
from stable coronary artery disease with intravenosigperoxide production and consequently enhanced nitric
NTG was associated with a marked hypersensitivity @tide degradation and/or decreased NTG biotransforma-
forearm resistance vessels to angiotensin Il and phenign.
ephrine. This increase in sensitivity to vasoconstrictors
was completely corrected by treating patients concomi-
tantly with the angiotensin-converting enzyme inhibitd®erspectives: do nitrates inhibit or accelerate
enalapril, suggesting an involvement of the renin-angithe atherosclerotic process?
tensin system in mediating this phenomenon.

More recent data confirm our concept for a role &y comparing results obtained from vessels from hyper-
PKC in nitrate tolerance by demonstrating that in vidgpidemic animals and animals treated for several days
treatment with a PKC inhibitor inhibits the developmentith NTG, it is interesting to note that these two condi-
of a NTG-induced hypersensitivity to phenylephrine aritbns are sharing many characteristics. Chronic NTG
also to a thromboxane agonist. Excitingly, PKC inhibireatment and hypercholesterolemia are associated with
tion has also been found to prevent the developmentrafreased endothelial superoxide production [24, 42],
nitrate tolerance [32]. What is the link between PKC amdth endothelial dysfunction [24, 43, 44], with increased
increased vascular (endothelial) superoxide productisensitivity to vasoconstrictors secondary to an activation
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of PKC [30, 45] and increased autocrine production of. Silver PJ, Pagani ED, de-Garavilla L, Van-Aller GS, Volberg
endothelin-1 within the vascular media [30, 34]. These ML, Pratt PF, Buchholz RA (1991) Reversal or nitroglycerin

. . . i, tolerance by the cGMP phosphodiesterase inhibitor zaprinast.
observations would explain at least in part why munition £\ 3 pharmacol 199:141-142

workers with high industrial NTG exposure show com2. Axelsson KL, Andersson RG (1983) Tolerance towards nitro-
pared to age matched population signs for acceleratedglycerin, induced in vivo, is correlated to a reduced cGMP re-
atherosclerosis in coronary arteries [46]. It is therefore Sponsle a.n7d1 a7n alteration in cGMP turnover. European J Phar-
tempting to speculate that NTG treatment initiates pg Macol 88:71-79

even accelerates the atherosclerotic process rather

i

Needleman P, Johnson E MJ (1973) Mechanism of tolerance
Bevelopment to organic nitrates. J Pharmacol Exp Ther 184:

preventing it. The demonstration of angiotensin Il medi- 709-715 '
ated enhanced vascular superoxide production and deti-Needleman P, Jakschik B, Johnson E Jr (1973) Sulfhydryl re-
vation of PKC secondary to autocrine endothelin produc-

tion within the tolerant vasculature suggests that in adg-

quirement for relaxation of vascular smooth muscle. J Pharma-
col Exp Ther 187:324-331
Needleman P, Johnson EM Jr (1976) Sulfhydryl reactivity of

tion to angiotensin-converting enzyme inhibitors or an- organic nitrates: tolerance and vasodilation. in: Bevan Ja et al.
giotensin type 1 receptor blockers the administration of (eds) Vascular neuroeffector mechanisms. Basel, Karger, pp

antioxidants such as hydralazine, vitamin E, and vitangﬁ
C and, for example, endothelin receptor blockers prevent

208-215
Chung SJ, Fung HL (1990) Identification of the subcellular site
for nitroglycerin metabolism to nitric oxide in bovine coronary

the development of nitrate tolerance (see Fig. 13). More smooth muscle cells. J Pharmacol Exp Ther 253:614—619

recent data indeed indicate that concomitant treatméntFeelisch M, Kelm M (1991) Biotransformation of organic ni-
with antioxidants such as vitamin C and vitamin E pre-
serve the sensitivity of the vasculature to the organic pi-

trates [47—-49] and even prevent the development of ve-

nous tolerance in healthy volunteers [50].

19.

trates to nitric oxide by vascular smooth muscle cells and en-
dothelial cells. Biochem Biophys Res Commun 190:286-293
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
Forster S, Woditsch I, Schréder H, Schrér K (1991) Reduced
nitric oxide release causes nitrate tolerance in the intact circu-
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