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Abstract:

Organic nitrates are a group of very effective anti-ischemic drugs. They are used for the treatment of patients with stable angina,

acute myocardial infarction and chronic congestive heart failure. A major therapeutic limitation inherent to organic nitrates is the de-

velopment of tolerance, which occurs during chronic treatment with these agents. The mechanisms underlying nitrate tolerance re-

main incompletely defined and are likely multifactorial. One mechanism seems to be a diminished bioconversion of nitroglycerin,

another seems to be the induction of vascular oxidative stress, and a third may include neurohumoral adaptations. Recent studies

have revealed that mitochondrial reactive oxygen species (ROS) formation and a subsequent oxidative inactivation of nitrate reduc-

tase, the mitochondrial aldehyde dehydrogenase (ALDH-2), play an important role in the development of nitrate and cross-

tolerance. The present review focus first on the role of oxidative stress and second on the role of ALDH-2 in organic nitrate bioacti-

vation leading to the development of tolerance and cross-tolerance (endothelial dysfunction) in response to nitroglycerin treatment.

Recently, the role of mitochondrial oxidative stress in the development of nitrate tolerance was demonstrated in a mouse model with

a heterozygous deletion of manganese superoxide dismutase (MnSOD+/–), which is the mitochondrial isoform of this enzyme. Stud-

ies from our own laboratory have provided evidence for cross-talk between mitochondrial and cytosolic (Nox-dependent) sources of

ROS. We close this review by focusing on the protective properties of the organic nitrate pentaerithrityl tetranitrate, which up-

regulates enzymes that have strong antioxidative activity, such as heme oxygenase-1 and ferritin, thereby preventing the develop-

ment of tolerance and endothelial dysfunction.
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Clinical background

A number of cardiovascular diseases are associated

with increased oxidative stress due to the formation of

reactive oxygen and nitrogen species, abbreviated as

ROS and RNS [37, 38, 40]. It is important to note that

these reactive species are not only byproducts of car-

diovascular diseases but that they also contribute to

Pharmacological Reports, 2009, 61, 33–48 33

Pharmacological Reports

2009, 61, 33–48

ISSN 1734-1140

Copyright © 2009

by Institute of Pharmacology

Polish Academy of Sciences



the development and progression of these diseases.

For example, it has been shown for hypertension,

hyperlipidemia, atherosclerosis and diabetes mellitus

that higher levels of reactive oxygen and nitrogen spe-

cies occur within the vasculature and that these spe-

cies induce oxidative damage in vascular tissue [56].

This observation has been associated with endothelial

dysfunction [9], which in turn has proven to be a valid

early marker for cardiovascular events [34, 41].

Therefore, non-invasive flow-mediated dilation (FMD)

in the forearm, invasive plethysmography (acetyl-

choline-dependent dilation in the forearm), and coro-

nary vasoreactivity (acetylcholine infusion into the

coronaries by a catheter) [76] are increasingly being

used to determine endothelial function as a prognostic

parameter. Endothelial dysfunction has been identi-

fied as a hallmark of most cardiovascular diseases [9],

and it is always associated with vascular oxidative

stress, decreased NO bioavailability, and/or impaired

activity (uncoupling) of endothelial NO synthase [30,

61]. Conversely, patients with an impaired endothelial

function have been shown to be at higher risk of car-

diovascular events [41, 76]. Endothelial dysfunction

of coronary arteries is associated with an increased

risk of myocardial infarction [76] since dysfunctional

vessels are prone to atherosclerosis and thrombus for-

mation [87]. Coronary stenosis is another hallmark of

endothelial dysfunction of the heart vasculature; de-

pending on whether vulnerable plaques are involved

or not, this condition is termed unstable or stable an-

gina pectoris [2]. In the present review we wish to ex-

plain the basic mechanisms underlying oxidative

stress-induced endothelial dysfunction and why nitro-

glycerin-triggered nitrate tolerance is a valid model

for studying vascular oxidative stress and dysfunction.

Vascular (endothelial) dysfunction and

oxidative stress

Vascular function is as essential as the heart beat,

since it regulates blood pressure and thereby protects

from hypertension and atherosclerosis in the long

term [9, 40]. In addition, it maintains the function of

the vessel walls as a blood barrier and thereby pre-

vents leukocyte infiltration as well as inflammatory

processes into the vascular wall [13, 50]. Finally, vas-

cular function involves the release of anti-aggregation

mediators that suppress thrombus formation and vas-

cular stenosis [94]. There is a complex network of

regulatory systems of vascular tone, which consists of

catecholamines, vasoactive peptides such as angioten-

sin-II or vasopressin, a set of vasoactive prostaglan-

dins, and the water retention/excretion system. A cen-

tral constituent of the regulatory instruments of the

vascular system (especially for large vessels) is the

synthesis of the endothelium-derived relaxing factor

(EDRF), nitric oxide (NO), by endothelial NO syn-

thase. NO is a potent vasodilator but also an anti-

aggregation messenger [3, 72, 73]. The synthesis of

the vasodilator NO, along with that of other com-

pounds such as prostacyclin and natriuretic peptides,

makes the endothelium one of the most important “or-

gans” in the organism. At the same time this central

role of the endothelium for regulating vascular tone

also makes it a good target for oxidative stress, which

can interfere at many points along the NO/cGMP sig-

naling cascade [15].

Figure 1 summarizes the most important mecha-

nisms by which reactive oxygen and nitrogen species

impair vascular NO/cGMP signaling [85]. Typical

risk factors for endothelial dysfunction are chronic

smoking, hypertension, diabetes and hypercholestero-

lemia, which lead to an induction and/or (PKC-

dependent) activation of vascular NADPH oxidases.

NADPH oxidases produce superoxide, which reacts

with NO produced by endothelial NO synthase to

form peroxynitrite (ONOO–) within the endothelium.

This reaction leads to a decrease in NO bioavailability

(a depletion of NO in favor of ONOO–). Peroxynitrite

is a potent oxidant that is much more potent than su-

peroxide, and it can react directly with sulfhydryl

moieties or decay to hydroxyl and nitrogen dioxide

radicals that react with nearly all known biomolecules

[5, 19]. Peroxynitrite is known to nitrate and inacti-

vate prostacyclin synthase, thereby removing the po-

tent vasodilator and anti-aggregation compound pros-

tacyclin [46, 96]. In addition, peroxynitrite oxidizes

tetrahydrobiopterin (BH4), an essential cofactor of

eNOS, thereby causing uncoupling of eNOS [49].

A semi-uncoupled NOS was reported to function as

a peroxynitrite synthase, indicating that uncoupled

NOS produces superoxide instead of NO, thereby

turning a highly protective enzyme into a harmful

one. Because of this possible switch of NOS enzymes

from good to evil, they are also termed “Janus-faced”

enzymes. In smooth muscle, the above-described risk

factors also lead to an activation of NADPH oxidases,
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which may lead to a desensitization of soluble guany-

lyl cyclase (sGC), as well as to increased activity of

phosphodiesterases (PDEs) that catalyze the break-

down of cGMP. Several additional factors contribute

to vascular dysfunction: uncoupling of mitochondrial

respiration, opening of the mitochondrial permeability

transition pore (mPTP), formation of mitochondrial

ROS and RNS, increased xanthine oxidase activity,

and an increase in neutrophil and macrophage infiltra-

tion to the subendothelial tissue [4].

A number of studies using transgenic or knockout

mouse models have provided molecular evidence that

oxidative stress leads to vascular (endothelial) dys-

function and associated cardiovascular diseases. It has

been shown that NO production in mice with deoxy-

corticosterone acetate (DOCA)-salt-induced hyper-

tension approaches the normal level following genetic

deletion of the NADPH oxidase subunit p47phox and

simultaneous administration with the NOS cofactor

tetrahydrobiopterin [49]. These results demonstrate

that NADPH oxidase-derived ROS contribute to the

pathogenesis of hypertension and the associated endo-

thelial dysfunction. Moreover, these results show that

uncoupled NOS is a major source of ROS and that re-

storing eNOS function can cure hypertension in ex-

perimental systems. Another research group showed

that in mice with myocardial infarction (MI), which

significantly reduced the level of NO, genetic deletion

of the NADPH oxidase subunit p47phox partially re-

stored the normal bioavailability of NO [22]. At the

same time, MI-induced ROS formation was lower in

p47phox knockout mice as compared to wild type con-
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Fig. 1. Scheme illustrating the mechanisms underlying vascular (endothelial) dysfunction caused by oxidative stress. Known cardiovascular
risk factors (e.g. smoking, hypertension, hyperlipidemia) increase superoxide (O2

•–) formation in endothelium and smooth muscle, both in the
mitochondria and through the activation of NADPH oxidase by protein kinase C (PKC). Superoxide reacts with •NO, thereby decreasing •NO
bioavailability in favor of peroxynitrite (ONOO–) formation. Peroxynitrite causes uncoupling of endothelial NOS due to oxidation of tetrahydro-
biopterin (BH4) and nitration/inactivation of prostacyclin synthase (PGI2S). Uncoupled NOS produces superoxide instead of NO, and nitrated
PGI2S produces no prostacyclin (PGI2). Inhibition of smooth muscle soluble guanylyl cyclase (sGC) by superoxide and peroxynitrite contrib-
utes to vascular dysfunction as well as increased inactivation of cyclic GMP (cGMP) by phosphodiesterases (PDE). Adopted from Warnholtz
et al. [85]. (Reproduced with the permission of Georg Thieme Verlag KG, Stuttgart, Germany.)



trols, heart function was better, and survival rate after

MI was higher by 20%. Moreover, deletion of the

NADPH oxidase subunits p47phox and Nox1 has

a protective effect on blood pressure and endothelial

function in angiotensin-II-induced hypertension in

mice [48, 53]. In contrast, overexpression of Nox1 in

these transgenic mice causes a further increase in

blood pressure [21]. There are many more examples

that cannot be presented here.

Nitrate tolerance, vascular dysfunction

and oxidative stress

It is well established that most organic nitrates cause

nitrate tolerance and/or cross-tolerance to endothe-

lium-dependent vasodilators such as acetylcholine

[35, 77, 78, 81]. Below we discuss pentaerithrityl te-

tranitrate as an example of an organic nitrate that fails

to stimulate any tolerance development in vivo. In

contrast, continuous nitroglycerin therapy lasting at

least 48 h is known to significantly decrease the drug’s

potency in humans [75, 77] and experimental animals

[58]. In the types of vessels studied, nitroglycerin

caused concentration-dependent relaxation. The ves-

sel most sensitive to nitroglycerin-induced relaxation

was the A. radialis = V. saphena > A. mammaria (data

for radial artery are shown in Fig. 2A). Nitroglycerin

treatment caused a rightward shift of the nitroglycerin

concentration-response relationship, consistent with

nitrate tolerance. The degree of tolerance was most

striking in A. radialis. Acetylcholine treatment in the

vessel types studied caused a concentration-dependent

relaxation, and this effect was greatest in A. radialis >

A. mammaria > V. saphena (data for radial artery are

shown in Fig. 2A). Treatment with nitroglycerin caused

36 Pharmacological Reports, 2009, 61, 33–48

Fig. 2. Effects of treating patients undergoing bypass surgery for 48 h with nitroglycerin (NTG, 0.5 µg/kg/min via infusion) on vasoreactivity of
the radial artery (left panels) and vascular superoxide formation in aortic cryo-sections after incubation with dihydroethidine (red fluorescent
staining, right panel). This nitroglycerin therapy leads to the development of nitrate tolerance, as demonstrated by a rightward shift in the nitro-
glycerin (NTG)-relaxation curve (upper left panel). In addition, the nitroglycerin therapy leads to the development of endothelial dysfunction,
as demonstrated by a rightward shift in the acetylcholine (ACh)-relaxation curve (lower left panel). This loss of vascular function is accompa-
nied by a dramatic increase in superoxide formation in the vascular wall of the mammary artery (NTG versus Sham). Adopted from Schulz et al.
[77]. (Reproduced with permission of the American Heart Association.)



a significant degree of endothelial dysfunction, as

indicated by the rightward shift of the acetylcholine

concentration-response relationship in A. radialis,

whereas the changes in endothelial function observed

in A. mammaria and V. saphena were less pronounced.

These findings on decreased vascular reactivity went

hand in hand with a dramatic increase in ROS forma-

tion throughout the vessel wall, as visualized by

dihydroethidine-dependent fluorescence (Fig. 2B). In

these previous studies, the integrity of NO/cGMP sig-

nal transduction was assessed by measuring phospho-

rylation of the vasodilator-stimulated phosphoprotein

(VASP), which is a downstream target of cGMP-

dependent kinase. In contrast to its lack of effect on

VASP protein expression, in vivo treatment of patients

with nitroglycerin caused a significant drop in the

level of P-VASP and therefore in the P-VASP/VASP

ratio in A. mammaria (not shown). These results dem-

onstrate that in vivo treatment of patients with nitro-

glycerin for 48 h results in a significant degree of ni-

trate tolerance and endothelial dysfunction, which

leads in turn to increased vascular oxidative stress and

impaired NO/cGMP signaling. Therefore, nitrate tol-

erance obviously meets all the criteria of vascular (en-

dothelial) dysfunction.

In addition to oxidative stress, other factors con-

tribute to clinical tolerance [60]: one mechanism

seems to be a diminished conversion of nitroglycerin

to its active vasodilator metabolite. Other mecha-

nisms likely include neurohumoral adaptations, such

as increases in plasma volume, activation of the renin

angiotensin system, and increases in plasma levels of

vasopressin and catecholamines. The extravascular

effects serve to counteract the vasodilator and cardiac

unloading actions of these agents. Cross-tolerance to

other nitrovasodilators may be due to changes in the

activity of the enzyme guanylate cyclase, which is the

target of the nitric oxide released from these drugs, or

perhaps to increases in the activity of the phosphodi-

esterases that degrade cGMP.

The first report on a role for oxidative stress in the

development of nitrate tolerance was published in

1995 by Münzel and coworkers [66]. These authors

found that superoxide levels were two-fold higher in

aortic segments of nitrate-tolerant vessels with intact

endothelium. Based on these findings, they suspected

that the enhanced levels of superoxide in nitrogly-

cerin-tolerant vessels might contribute not only to

nitroglycerin tolerance, but also to cross-tolerance to

3-morpholino sydnonimine (Sin-1) and endogenous

NO production stimulated by acetylcholine. To test

this hypothesis, they examined the effects of bovine

Cu,Zn-SOD encapsulated in pH-sensitive liposomes.

In nitroglycerin-tolerant aortic segments with intact

endothelium, liposomal SOD markedly enhanced the

relaxations evoked by nitroglycerin, Sin-1, and ace-

tylcholine. The source of ROS formation in the case

of nitrate tolerance was first thought to be the NADH

oxidase since tolerant tissue homogenates showed

a NADH-dependent increase in ROS formation (mean-

while it is accepted that classical Nox-dependent oxi-

dases rather use NADPH instead of NADH as a co-

factor). This finding was based mainly on the obser-

vation that the superoxide signal was largest in the

presence of NADH, that it was reduced by NADPH,

and that it was located in the fraction that contained

mitochondria and membrane constituents (60,000 g

pellet) and not in the cytosolic fraction [65]. More

compelling data come from the observation that pro-

tein kinase C inhibition effectively suppressed nitro-

glycerin-induced vascular ROS formation and vaso-

constrictor supersensitivity in tolerant vessels [62,

63]. Indirect evidence that chronic nitroglycerin treat-

ment activates the renin-angiotensin-aldosterone sys-

tem (RAAS) and therefore the angiotensin-II-depen-

dent PKC/NADH oxidase is based on the highly pro-

tective effect of AT1-receptor blockers [43, 47] and

ACE inhibitors [6, 59], which are known to have

pleiotropic effects including antioxidative properties.

However, the NADH-based assay used to measure

oxidase activity by lucigenin-enhanced chemilumi-

nescence was called into question because of redox

cycling of the chemiluminescent probe lucigenin. In

addition, suspensions of 60,000 g pellets contain many

cell organelles that complicate the identification of

the ROS source in these preparations. We still believe

that these former observations are correct but there is

now good evidence that a large part of the signal is

due to mitochondrial ROS formation and is probably

not exclusively due to membrane-bound NADH oxi-

dase. As presented in Figure 3, the 60,000 g pellet sus-

pensions contain mitochondria and the inhibitory pro-

file on the NADH-driven ROS signal resembles that

of sonicated preparations of isolated mitochondria.

Therefore, the NADH-triggered ROS signals previ-

ously observed in tolerant tissue or aortic homogen-

ates may be due largely to mitochondrial ROS forma-

tion. As shown in Figure 3B and C, the inhibitory pro-

file did not depend on the chemiluminescent probe

used, since L-012 and lucigenin gave similar results.
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This excludes false-positive detection of ROS by lu-

cigenin in this system. Similar inhibitory profiles were

obtained when aortic or cardiac homogenates were

stimulated by succinate, malate/glutamate or �-keto-

glutarate (not shown). In addition to these reports, nu-

merous studies exist supporting the oxidative stress

concept in nitrate tolerance due to the protective ef-

fects of various antioxidants such as vitamin C, folic

acid and hydralazine [14, 60].

Several studies investigated the nature of the reac-

tive species being formed in the setting of nitrate tol-

erance. For example, there is good evidence that su-

peroxide forms, since superoxide dismutases have

significantly improved vascular reactivity in tolerant

vessels. However, since nitroglycerin is thought to re-

lease NO as well, the formation of peroxynitrite from

NO and superoxide can be expected. Indeed, some

studies have reported increased levels of tyrosine-

nitrated proteins in tolerant tissue, which is a marker

of increased levels of peroxynitrite formation in vivo

[86]. We have even observed higher concentrations of

nitrated prostacyclin synthase and decreased prosta-

cyclin levels in tolerant tissue (Fig. 4A and B) [42].

Nitrated protein was detected by immunohistochemi-

cal methods as well as immunoprecipitation, and sev-

eral controls were performed in order to exclude any

false-positive staining by the 3-nitrotyrosine antibody.

Nitration was prevented by the peroxynitrite scaven-

ger ebselen and by uric acid, a scavenger of peroxy-

nitrite-derived free radicals. Recently, we also de-

tected 3-nitrotyrosine formation in isolated mitochon-

dria treated with increasing levels of nitroglycerin

(Fig. 4C). Indirect proof for a role of peroxynitrite in

nitrate tolerance came from the observation that hy-

dralazine, which effectively improves nitrate toler-

ance, is a powerful peroxynitrite scavenger and in-

hibitor of nitration of tyrosines in proteins [17].

Moreover, authentic or in situ-generated (Sin-1) per-

oxynitrite was most efficient at inhibiting the enzyme

that activates nitroglycerin [88]. Three more inde-

pendent reports have provided data that peroxynitrite

plays a central role in the development and patho-

genesis of nitrate tolerance [1, 28, 54].
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Fig. 3. Effects of nitroglycerin treatment in vivo (6.6 µg/kg/min for 4 d) on ROS formation from cardiac mitochondria and aortic homogenates.
(A) ROS formation in sonicated cardiac mitochondria (0.1 mg/ml) was measured using L-012 (100 µM) ECL in the presence of NADH (200 µM)
in PBS. Cyclosporine A (0.2 µM) was used as an inhibitor of mPTP and rotenone (5 µM) as an inhibitor of mitochondrial complex I. Data are the
mean ± SEM of 14–16 independent experiments. * p < 0.05 vs. EtOH in vivo; # p < 0.05 vs. GTN in vivo. (B) ROS formation in aortic suspensions
of 60,000 g pellets (0.1 mg/ml, from 750 g supernatants) was measured by L-012 (100 µM) ECL in the presence of NADH (200 µM). Inhibitors
were rotenone (Rot), cyclosporine A (Cyclo) and diphenylene iodonium (DPI, 10 µM). Results were similar when 750 g fractions from aortic
homogenates were used. Data are the mean ± SEM of 4–6 independent experiments. * p < 0.05 vs. EtOH in vivo; # p < 0.05 vs. GTN in vivo.
(C) ROS formation in aortic 60,000 g fractions (from 750 g supernatants) was measured using lucigenin (250 µM) ECL in the presence of NADH
(200 µM). Inhibitors were rotenone (Rot), diphenylene iodonium (DPI) and the NADPH oxidase inhibitory compound phenylarsenoxide (PAO,
10 µM). Results were similar when 750 g fractions from aortic homogenates were used. Data are the mean ± SEM of 6–10 independent experi-
ments. * p < 0.05 vs. GTN in vivo



Mitochondrial oxidative stress and

mitochondrial aldehyde dehydrogenase

The concept of NAD(P)H oxidase-driven ROS forma-

tion in nitrate tolerance was the most accepted one for

nearly 10 years. It was in 2002 when Chen et al.

showed that mitochondrial aldehyde dehydrogenase

(ALDH-2) significantly metabolizes nitroglycerin in

vitro and in vivo and that inhibition of this enzyme

markedly decreases the vasodilator potency of nitro-

glycerin [12]. In fact, Towell et al. had already re-

ported in 1985 that anti-anginals have antabus-like ef-

fects in red blood cells [84], suggesting a role of

ALDH-2 in nitroglycerin bioactivation. In 2004 we

demonstrated that ALDH-2 also functions in generat-

ing tolerance in vivo, and we provided the first in-

sights into mitochondrial ROS formation in the set-

ting of tolerance [80]. Formation of ROS in heart mi-

tochondria from rats treated with nitroglycerin for

three days was approximately 50% higher than in

controls (Fig. 5A). Furthermore, incubation of iso-

lated mitochondria from control animals with nitro-

glycerin (5 and 50 �M) caused a dose-dependent in-

crease in ROS production (Fig. 5A). Uric acid (20 �M)

nearly completely inhibited L-012-enhanced chemilu-
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Fig. 4. (A) Immunohistochemical detection of nitrated prostacyclin-synthase (PGI2-S) in slices of aortic rings from rats with and without nitro-
glycerin treatment (0.4 mg/h for 3 d). In tissue from sham-treated rats, (a) nitration was virtually absent, and (b) PGI2-S expression was not sig-
nificantly modified, and hence, (c) the overlay of both yielded only marginal background staining. In tolerant tissue, (d) nitrated protein gave
a clear positive signal, (e) the amount of PGI2-S was comparable to that in control tissue, and (f) the overlay resulted in deep yellow staining in-
dicating co-localization of PGI2-S and nitration. Specificity of the 3-nitrotyrosine antibody in tolerant tissue was confirmed in three control ex-
periments: (1) the antibody was blocked by co-incubation with authentic 3-nitrotyrosine (h); (2) protein-bound 3-nitrotyrosine was reduced by
sodium dithionite before antibody incubation (g); and (3) no specific staining was observed when only secondary antibody was used (i). Green
fluorescence (Alexa 488-labeled secondary antibody) corresponds to nitrated protein; red fluorescence (Alexa 568-labeled secondary anti-
body), to PGI2-S; and yellow, to the computer-generated overlay of both signals and, thus to nitrated PGI2-S. (B) Western blot analysis of aortas
from control and nitroglycerin (NTG)-treated rabbits. The left side shows the effects of nitroglycerin treatment on the expression of prostacy-
clin-synthase (PGI2-S). The right side shows the amount of tyrosine-nitrated PGI2-S present in 3-nitrotyrosine immunoprecipitates. p < 0.05 vs.

control. Adopted from Hink et al. [42]. (Reproduction was granted by Rightslink®, Copyright Clearance Center.) (C) Nitrotyrosine-positive stain-
ing in mitochondria (0.1 mg/ml) treated with increasing concentrations of nitroglycerin (5, 50, 500 and 5000 µM) for 1 h. Dot blot analysis was
used as described [93], and 12.5 µg of protein were loaded in each well



minescence derived from nitroglycerin (50 �M). DTT

and ebselen (each 100 �M) also completely prevented

the increase in ROS caused by in vitro incubation

with 5 mM nitroglycerin. In this study we also found

that total ALDH activity was more than 50% lower in

vessels from rats treated with nitroglycerin in vivo

than in vessels from sham-treated controls. In addi-

tion, ALDH activity in isolated rat heart mitochondria

was markedly inhibited by in vitro treatment with ni-

troglycerin (500 �M) and by in vivo treatment with

nitroglycerin. Incubation of mitochondria from toler-

ant animals with DTT (2 mM) normalized ALDH ac-

tivity.

A decrease of more than 50% in ALDH-2 activity

was also observed when ROS formation was stimu-

lated in isolated mitochondria using the complex III

inhibitor antimycin A. Although Needleman and co-

workers had already described the harmful effects of

organic nitrates on mitochondria in the 1960s [44,

68], which included mitochondrial swelling, thiol de-

pletion and impaired respiration, it took more than

40 years to reveal the pivotal role of mitochondria in

40 Pharmacological Reports, 2009, 61, 33–48

Fig. 5. (A) Effects of in vivo and in vitro nitroglycerin treatment (6.6 µg/kg/min for 3 d) on mitochondrial production of ROS, as assessed by
L-012 enhanced chemiluminescence. UA, uric acid. * p < 0.05 vs. control; # p < 0.05 vs. 50 µM GTN. Redrawn from Sydow et al. [80]. (B) The
basal formation of ROS was detected by microscopy using fluorescence due to DHE (0.1 µM) in aortic tissue sections from wild-type or
Mn-SOD+/– mice. The auto-fluorescence of the lamina is stained in green, and scale bars represent 100 µm. Images shown were recorded at
20× magnification. Adopted from Daiber et al. [18]. (Reproduced with the permission of the American Society for Pharmacology and Experi-
mental Therapeutics.) (C) Vasodilator responses of isolated aortic vessel segments in response to chronic treatment of wild-type and
Mn-SOD+/– mice with low-dose nitroglycerin (12.5 µg/min/kg for 4 d). Concentration-relaxation curves for nitroglycerin (10–9 to 10–4.5 M) in ves-
sels from wild-type and Mn-SOD+/– mice in response to treatment with ethanol or nitroglycerin in ethanol. The symbols are closed circles
(ethanol-treated wild type), closed triangles (GTN-infused wild type), open circles (ethanol-infused Mn-SOD+/–) and open triangles (GTN-
infused Mn-SOD+/–). Adopted from Mollnau et al. [57]. (D) Vasodilator responses of isolated aortic vessel segments in response to chronic
treatment of wild-type and GPx-1–/– mice with low-dose nitroglycerin (12.5 µg/min/kg for 4 d). Isometric tension studies were performed as de-
scribed above. The symbols are closed circles (ethanol-treated wild type), closed triangles (GTN-infused wild type), open circles (ethanol-
infused GPx-1–/–) and open triangles (GTN-infused GPx-1–/–). Data are the mean ± SEM of 6–11 independent experiments



nitroglycerin toxicity [12, 16, 80]. The important role

of mitochondria for nitroglycerin bioactivation is also

consistent with the observation that this compound

mimics ischemic preconditioning (IP) [24, 36], a pro-

cess known to involve mitochondrial pathways and

ROS formation [39, 51]. Interestingly, nitroglycerin-

mediated ischemic preconditioning was lost in the

presence of vitamin C, suggesting that ROS have an

important role in this process. It should be also noted

that ALDH-2 not only converts nitroglycerin to a vaso-

dilator but also PETN and its trinitrate PETriN, but

not classical di- or mononitrates (e.g. ISMN, ISDN)

[16, 89].

In recent years, mitochondrial ROS have become

established as central players in the nitrate tolerance

that develops in response to nitroglycerin treatment

in vivo. Therefore we hypothesized that a deficiency

in mitochondrial superoxide dismutase (Mn-SOD)

would render vascular tissue more susceptible to the

development of tolerance. To test this hypothesis we

used heterozygous deletion of manganese superoxide

dismutase (Mn-SOD+/–) in mice; this is the mitochon-

drial isoform of superoxide dismutases. The expres-

sion of Mn-SOD in Mn-SOD+/– mice is approxi-

mately 50% lower than in wild-type animals, leading

to distinct ultrastructural damage of the myocardium,

with swelling and disruption of the mitochondria and

accumulation of lipid droplets, increased nitrotyrosine

formation and lipid peroxidation as well as activation

of apoptosis signaling pathways in the heart in vivo

[79]. Basal ROS formation in vessels from Mn-SOD+/–

mice was significantly higher than in wild-type ani-

mals (Fig. 5B) [18]. In addition, nitroglycerin-driven

vascular and mitochondrial ROS formation was

higher in Mn-SOD+/– mice, and also the ALDH activ-

ity in these samples was decreased by nitroglycerin in

a more pronounced manner as compared to wild-type

mice. Moreover, nitroglycerin potency was signifi-

cantly impaired in response to low-dose nitroglycerin

treatment in vivo, indicating that this low dose devel-

ops nitrate tolerance in Mn-SOD+/– mice but not in

wild-type controls (Fig. 5C) [57]. We have recently

shown that Mn-SOD+/– mice are also a good model for

studying aging-induced mitochondrial ROS formation,

mitochondrial DNA strand breaks and endothelial dys-

function [93]. A role of mitochondrial ROS for nitro-

glycerin-induced tolerance was shown by Esplugues et

al. using mitochondria-targeted antioxidants (Mito-Q

and a GSH-ester) and cells depleted of mitochondrial

proteins (so-called rho0 cells) [27]. These authors ob-

served nitroglycerin-triggered mitochondrial complex

I dysfunction and impaired respiration.

In glutathione peroxidase-1 knockout mice

(GPx-1–/–), treatment with low-dose nitroglycerin re-

sulted in greater cross-tolerance to acetylcholine

which is a measure for endothelial dysfunction as

compared to wild-type mice, but the GPx-1 deletion

had no significant effect on nitrate tolerance (nitro-

glycerin potency) (Fig. 5D). This came as a surprise,

since several studies had previously shown that

GPx-1 provides mitochondrial [33, 95] and vascular

protection [83]. Therefore, it is not generally true that

proteins with mitochondrial antioxidative properties

prevent nitroglycerin-induced tolerance. This raises

the question of which species are scavenged by these

proteins: MnSOD removes superoxide and thereby

prevents peroxynitrite formation; HO-1 produces bili-

rubin, which is a highly effective peroxynitrite scav-

enger; and GPx-1 catalyzes the breakdown of hydro-

gen peroxide. Perhaps the breakdown of mitochon-

drial hydrogen peroxide does not affect nitrate

tolerance, but removal of cytosolic hydrogen peroxide

prevents PKC activation and thereby NADPH oxi-

dase-triggered oxidative stress and endothelial dys-

function.

This central role of mitochondrial ROS in nitrate

tolerance may be explained by the structure of ALDH-2,

the nitroglycerin-bioactivating enzyme. This enzyme

has three adjacent cysteine thiol-groups in the active

site (Fig. 6) [16]. One of these thiol groups partici-

pates directly in the enzymatic catalysis (aldehyde

breakdown) of the protein. Therefore, oxidation of

these thiol groups leads to inactivation of the enzyme

and formation of a disulfide or at least a sulfenic acid

group. This oxidative inhibition of ALDH-2 provides

the missing link between the oxidative stress concept

in nitrate tolerance [66] and diminished organic ni-

trate bioactivation [32, 69]. During the catalytic cycle

of nitroglycerin bioactivation, the drug is denitrated,

leading to the release of 1,2-glyceryldinitrate and

the formation of a thionitrate (-SNO2) intermediate

(Fig. 7) [20]. Upon nucleophilic attack of a second ad-

jacent thiol-group, nitrite is released and a disulfide is

formed. This disulfide is either restored by dihy-

drolipoic acid, a natural, mitochondria-located reduc-

ing compound that has its own recycling systems (li-

poamide reductase, thioredoxin reductase or gluta-

thione reductase), or the disulfide state is “frozen” by

glutathionylation, which seems to be a long-lasting

inhibiting mechanism. Since an appreciable amount
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Fig. 7. Based on data from our and other laboratories, we postulate the following sequence of events for the metabolism of organic nitrates by
ALDH-2. Two adjacent, reduced cysteine thiols are essential for organic nitrate bioactivation. In a first step, one of these thiols acts as a nucleo-
phile to attack the nitrogen of the most sterically accessible nitric acid ester, yielding a thionitrate intermediate and the denitrated metabolite
(1,2-GDN). Upon nucleophilic attack of the second thiol at this thionitrate, the disulfide forms and nitrite acts as the leaving group. The disulfide
can also be formed when reactive oxygen and nitrogen species such as superoxide and peroxynitrite directly oxidize the thiols. In fact, more
complete oxidation to sulfonic acid (-SO3H) can occur, causing irreversible inhibition of the enzyme. Restoration of enzyme activity involves the
dithiol compound dihydrolipoic acid, which is present in mitochondria and initially forms a mixed disulfide. Upon intramolecular nucleophilic at-
tack this dissociates to oxidized lipoic acid and the reactivated ALDH-2. Oxidized lipoic acid is reduced by special lipoamide reductases in mi-
tochondria or by glutathione reductases in the cytosol. In addition, this reduction of oxidized lipoic acid can be inhibited by oxidation in the set-
ting of tolerance. The inorganic nitrite that was formed during the catalytic cycle requires further bioactivation to exert vasodilation. Adopted
from Daiber et al. [20]. (Reproduced with the permission of Springer Verlag.)

Fig. 6. Crystal structure of bovine mitochondrial ALDH. The structure
was rendered from the protein database file 1A4Z.pdb using the free-
ware program PyMol Molecular Graphics System (version 0.93) from
DeLano Scientific L.L.C. (San Carlos, CA). The structure shows one
monomer of the active tetramer complex. The active site contains
three cysteine thiol groups (Cys301–303). The Cys301 thiol group is
near the nicotinamide ring of the cofactor NAD+ and probably partici-
pates in the catalytic hydride transfer from an aldehyde to the cofac-
tor. These three cysteines provide optimal conditions for oxidation-
based inactivation of the enzyme through formation of a disulfide.
Adopted from Daiber et al. [16]. (Reproduced with the permission of
the American Society for Pharmacology and Experimental Therapeu-
tics.)



of the enzyme cannot be reactivated by DTT or dihy-

drolipoic acid upon challenge with nitroglycerin

in vivo or in vitro, we suggest that nitroglycerin-

triggered ROS production causes irreversible inhibi-

tion of the enzyme via formation of the sulfonic acid

(-SO3H) group. We have demonstrated that dihy-

drolipoic acid and DTT at least partially restore the

enzymatic activity of ALDH-2 in response to nitro-

glycerin treatment and that co-therapy with lipoic acid

significantly improves nitrate tolerance in response to

chronic nitroglycerin treatment [88]. Lipoic acid is al-

ready in use for the treatment of diabetic complica-

tions [7] and may gain further attention in the context

of nitrate tolerance. In this previous report peroxyni-

trite was also shown to be the most efficient of all the

reactive species tested at inactivating the enzyme. Su-

peroxide was less efficient, and NO as well as hydro-

gen peroxide were quite ineffective. In a recent study,

Dudek et al. supported our concept of ALDH-2 reacti-

vation by lipoic acid and showed that lipoic acid co-

therapy improves nitroglycerin-induced vasodilation

(a decrease in blood pressure) in rabbits treated

chronically with nitroglycerin [25]. According to pre-

liminary data by Stamler and coworkers, DTT was

most efficient at restoring the activity of inactivated

ALDH-2, followed by dihydrolipoic acid, 2-mercapto-

ethanol, cysteine and glutathione [11].

Cross-talk between mitochondrial and

NADPH oxidase-generated ROS

We have recently reported on the cross-talk between

mtROS and cytosolic ROS/RNS in a model of in-

creased mitochondrial oxidative stress (nitroglyce-

rin-induced tolerance). In this system, endothelial

dysfunction (sensitive to NADPH oxidases) and vas-

cular dysfunction (sensitive to mitochondria) de-

pended on the activation of different sources of ROS

[90]. This cross-talk was blocked by in vivo and ex

vivo administration of the mitochondrial permeability

pore inhibitor cyclosporine A, which improved endo-

thelial dysfunction without affecting nitrite tolerance.

In contrast, the respiratory complex I inhibitor rote-

none improved endothelial dysfunction and tolerance.

Conversely, in vivo or ex vivo treatment with the KATP

opener diazoxide caused a nitrate tolerance-like phe-

nomenon in control animals, whereas the KATP inhibi-

tor glibenclamide improved tolerance in nitroglyce-

rin-treated animals. Very similar effects of rotenone

(Rot), cyclosporine A (CsA), diazoxide (Diaz) and

glibenclamide (Glib) were recently demonstrated by

another group in an experimental model of angio-

tensin-II induced hypertension [23]. A role for KATP

channels in NADPH oxidase-driven activation of mi-

tochondrial ROS formation via changes in the mem-

brane potential has been proposed [8]. Mice homozy-

gous for deletions of the gp91phox and p47phox genes

developed tolerance but no endothelial dysfunction in

response to nitroglycerin treatment. The findings of

this study are summarized in Figure 8. The mecha-

nism underlying this concept is based on mtROS-

driven PKC activation, which in turn activates

NADPH oxidases. The NADPH oxidase-dependent

cytosolic ROS and RNS formation then uncouples

eNOS, nitrates prostacyclin synthase and desensitizes

sGC. Previous experimental studies have shown that

increased oxidative stress in cellular tissue activates

the oxidase through a positive feedback mechanism
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Fig. 8. Proposed hypothetical scheme of the cross-talk between mi-
tochondrial and cytosolic (NADPH oxidase-derived) reactive oxygen
and nitrogen species. CsA, cyclosporin A; Rot, rotenone; mPTP, mito-
chondrial permeability transition pore; Glib, glibenclamide; Diaz,
diazoxide; DHLA, dihydrolipoic acid; M/G, malate/glutamate; �KG,
�-ketoglutarate; M/O, malate/oxaloacetate, which decays to pyru-
vate; Succ, succinate; AA, antimycin A; PGIS, prostacyclin synthase;
sGC, soluble guanylyl cyclase; eNOS, endothelial NO synthase; Vit
C, vitamin C; PKC, protein kinase C; MitoQ, mitochondria-targeted
quinone; KATP, ATP-dependent potassium channel. Adopted from
Wenzel et al. [90]. (Reproduced with permission of Rightslink®,
Copyright Clearance Center.)



[31]. Thus, nitroglycerin-induced mitochondrial su-

peroxide production may cause a secondary activation

of Nox. It has also been suggested that the hypoten-

sive action of nitroglycerin activates the renin–angio-

tensin–aldosterone system [64], leading to increased

circulating levels of angiotensin-II and aldosterone,

and therefore to activation of NADPH oxidase. This

concept is corroborated by the demonstration that in

vivo treatment with an AT1 receptor blocker prevented

the development of nitroglycerin-induced endothelial

dysfunction in an animal model of nitrate tolerance

[47]. In addition, our findings may explain why treat-

ment with an AT1 receptor blocker did not prevent the

development of nitroglycerin-induced nitrate toler-

ance in human subjects [52, 55].

We propose that a similar cross-talk exists in the

aging vasculature, and that aging-induced mtROS can

activate cytosolic sources of ROS and RNS, leading

to age-related vascular dysfunction [93]. This pro-

posal is based on the finding that mtROS formation

increases with age and is higher in MnSOD+/– mice as

compared to wild-type controls, and that endothelial

function is impaired with age and to a greater extent

in MnSOD+/– mice than in wild-type mice.

Antioxidative properties of pentaerithrityl

tetranitrate (PETN) and heme

oxygenase-1

Previous studies have shown that long-term treatment

with nitroglycerin results in clinical tolerance and en-

dothelial dysfunction [77] and recent observations

suggest that ISDN [78] and ISMN [81] induce severe

endothelial dysfunction in patients. In the latter studies,

endothelial dysfunction was measured by forearm

blood flow in patients chronically treated with ISDN

or ISMN. In contrast to other long-acting nitrates,

PETN induces persistent vasodilation in humans [35,

45] and has been reported not to induce endothelial

dysfunction. PETN also improved function of endo-

thelial progenitor cells (EPC) in an experimental

model of myocardial infarction [82]. In a study in hu-

mans, Jurt et al. demonstrated that PETN-treatment,

in contrast to treatment with nitroglycerin, does not

cause oxidative stress, based on measurements of

MDA or isoprostane levels, which are indicative for

increased levels of circulating lipid peroxides [45].

Recently, PETN was also shown to mimic ischemic

preconditioning (IP), but in contrast to nitroglycerin,

PETN-mediated IP was not inhibited by vitamin C.

This observation favors an ROS-independent mecha-

nism [24]. Previous in vitro studies suggest that PETN

and its metabolite pentaerithrityl trinitrate (PETriN) in-

duce the antioxidant defense protein heme oxygen-

ase-1 (HO-1), which by breaking down porphyrins

produces the antioxidant molecule precursor biliv-

erdin which is converted to bilirubin and the vasodila-

tor carbon monoxide (CO) [70, 92]. Bilirubin is

formed from biliverdin by biliverdin reductase [29].

HO-1 in turn stimulates the expression of a second an-

tioxidant protein, ferritin, by triggering the release of

free iron from endogenous heme sources [71]. HO-1

is a highly protective enzymatic system [26]. The

combined effect of these defense mechanisms is to

protect endothelial cells from hydrogen peroxide-

induced toxicity, and they may explain the previously

observed antiatherogenic actions of PETN in vivo. In

addition, we showed recently that PETN and PETriN,

in contrast to nitroglycerin, do not affect the nitrate

esterase activity of ALDH-2, nor do they elicit ROS

formation in isolated arteries or mitochondria. These

findings provide evidence for yet another mechanism

to explain the fact that PETN does not stimulate the

development of tolerance [16]. Nevertheless, even

more important is the observation that treatment with

PETN in vivo induces heme oxygenase-1 and ferritin

since this was never shown before [92]. Further key

observations are the normalization of nitroglycerin-

induced nitrate tolerance by cotreatment with hemin,

which is a potent HO-1 inducer, and the induction of

a tolerance-like phenomenon in PETN-treated rats by

cotreatment with apigenin, an HO-1 suppressor.

These results point to a crucial role for this enzyme in

modulating the degree of tolerance in response to the

use of organic nitrates. According to preliminary data

from our group, PETN treatment induces nitrate toler-

ance in HO-1+/– mice, and low-dose nitroglycerin

treatment induces severe loss of nitroglycerin potency

in these mice.

Outlook

We would like to close this overview with a personal

perspective on recent developments in the fields of or-

ganic nitrates and nitrate tolerance. We presented
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some preliminary data that may help to add some

other pieces to the puzzle of nitrate tolerance. Re-

cently, Chen et al. reported that activation of aldehyde

dehydrogenase-2 reduces ischemic damage to the

heart and, conversely, that inhibition of ALDH-2 by ni-

troglycerin or cyanamide treatment increased infarct

area in experimental MI [10]. The cardioprotective

role of ALDH-2 is well known from studies in knock-

out mice [74], and the antioxidative effects of

ALDH-2 have been described for nitroglycerin-in-

duced tolerance, doxorubicin-triggered vascular toxi-

city and aging-dependent endothelial dysfunction [91,

93]. Therefore, in addition to the oxidative damage

that nitroglycerin causes directly, nitrate tolerance

combined with ALDH-2 inactivation may contribute

to cardiovascular risk. Based on a retrospective analy-

sis using databases from two large-scale postinfarc-

tion studies, Nakamura et al. presented evidence that

long-term nitrate therapy increases cardiovascular

mortality [67]. In light of the data presented in the

present review, this increased mortality may be secon-

dary to nitrate-mediated inactivation of ALDH-2.

Therefore, it may be that organic nitrates that do not

inhibit ALDH-2 activity, such as PETN, may have

better effects on prognosis in patients. However, fu-

ture clinical studies must verify these experimental

findings in the clinic.
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