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The nitric oxide donor pentaerythritol tetranitrate can preserve

endothelial function in established atherosclerosis
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1 Recent results suggested that long-term treatment with a low dose of the organic nitrate
pentaerythritol tetranitrate (PETN, 6 mg kg~' per day) for 16 weeks slightly decreases aortic
superoxide production in normal rabbits. We sought to determine if PETN can preserve
endothelium dependent relaxation (EDR) in atherosclerotic rabbits.

2 Three groups of 9-10 New Zealand White rabbits received a cholesterol chow (0.75%) for 16
weeks. One group (CHOLI16) served as control and two groups were fed for another 16 weeks a
cholesterol-chow without (CHOL32) or with 6 mg PETN kg~' per day (PETN32).

3 Isolated aortic rings of CHOL16 showed a typical impairment of EDR with a maximal
relaxation at 1 uM acetylcholine of 28 +16%. In CHOL32-rings EDR was completely impaired. In
striking contrast, EDR in PETN32 (24+15%) was similar to that of CHOLI16 indicating a
protective effect of PETN on endothelial function. Vascular superoxide production measured with
the lucigenin method was not different between the groups.

4 Aortic lesion formation in PETN32 was smaller than in CHOL32 (P<0.008). The onset of
copper-induced LDL-oxidation (lag-time) after 16 weeks of cholesterol feeding (214 +9 min) was
reduced in CHOL32 (168 +24 min, P=0.035) but not in PETN32 (220421 min). This indicates
prevention of increased LDL oxidation by PETN.

5 The halfmaximal effective vasodilator concentrations of PETN (in —logM) were identical in
CHOLI16 (7.940.1), CHOL32 (7.6 +0.2) and PETN32 (7.7 +0.2). Similar results were obtained with
S-nitroso-N-acetyl-D,L-penicillamine.

6 These data suggest that PETN can reduce the progression of lesion formation, endothelial

dysfunction and of LDL-oxidation in established atherosclerosis.
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Introduction

In hypercholesterolemic rabbits and monkeys vasorelaxation
to acetylcholine is almost absent or changed into vasocon-
striction (Jayakody et al., 1985; Freiman et al., 1986). Similar
observations were made in patients having coronary artery
disease (Ludmer et al., 1986; Golino et al., 1991) or typical
risk factors predisposing to this condition (Zeiher et al., 1993).
Most likely, many other important endothelial functions to
which the generation of *NO substantially contributes are also
impaired. These include inhibition of platelet aggregation,
adhesion molecule expression and smooth muscle prolifera-
tion and antioxidative effects (Busse & Fleming, 1996;
Harrison, 1997). Therefore, *NO is probably an important
antiatherogenic mediator in the vascular wall.

Organic nitrates such as glyceryl trinitrate are used for
decades to treat coronary artery disease (Ahlner et al., 1991).
These drugs act by the release of *NO in many different cell
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types including endothelial and vascular smooth muscle cells
(Feelisch & Kelm, 1991; Salvemini et al., 1992). The organic
nitrate pentaerythritol tetranitrate (PETN) was the most
commonly used nitrovasodilator in former Eastern Germany.
In vivo, PETN is metabolized to four denitrated products:
pentaerythritol trinitrate, pentaerythritol dinitrate, pentaery-
thritol mononitrate and pentaerythritol as indicated by
detection of these metabolites in plasma of man after oral
application (Davidson et al., 1970; Weber et al., 1995). The
nitrated metabolites are most likely pharmacologically active
intermediates (Parker et al., 1975; Kojda et al., 1998a).
Interestingly, several investigations showed that PETN has
only a low tendency to produce typical nitrate tolerance
(Kojda et al., 1998a; Diick & Richard, 1990; Kojda et al.,
1995; Fink & Bassenge, 1997).

In a previous study we found that continuous treatment
with a low dose of PETN (6 mg kg~' per day) prevents the
development of endothelial dysfunction in hypercholest-
erolemic rabbits (Kojda et al., 1995). These findings are in
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contrast to another study investigating the effect of
molsidomine, a structurally different NO-donor (Bult ef al.,
1995), while another more experimentally used NO-
Donor ((N-nitratopivaloyl-S-(N'-acetylalanyl)-cysteineethyles-
ter, SPM5185) showed beneficial effects in rat carotid artery
intimal injury (Guo et al., 1994). Thus, it seems questionable
that prolonged in vivo treatment with NO-donors can initiate
a protective effect in atherosclerosis. We sought to determine
if a long-term treatment with PETN can preserve endothe-
lium dependent relaxation (EDR) and stop the progression of
atherosclerosis after initiation of lesion development. As a
model of atherosclerosis we used rabbits fed for 32 weeks
with cholesterol and added PETN from week 17 onward.

Methods

Animal preparation

In this study, 30 New Zealand White rabbits were fed a
cholesterol chow with or without PETN. The mean body
weight was 2109+21 g, the age was 10—12 weeks. All
animals were housed individually in stainless steel cages at a
temperature of 18—20°C, a humidity of 50—60% and a day-
night-rhythm of 12 h and received water ad libitum. Rabbits
were randomly divided in three groups of 10 rabbits and were
fed 40 g kg~ ' per day a cholesterol-enriched (0.75%) rabbit
chow for 16 weeks. One group served as control (CHOL16)
and two groups were fed for another 16 weeks a cholesterol-
chow without (CHOL32) or with 6 mg PETN kg~' per day
(PETN). During the experiment the body weight was
determined weekly and the animals were supervised by a
veterinarian. In CHOL32 and in PETN32 one rabbit died at
week 20 of the feeding period. The autopsy showed massive
cholesterol overloading of several organs and pulmonary
oedema. These animals were not included in the experimental
procedure and the statistic evaluation of the study. The
concentration of plasma cholesterol was monitored using
standard methods (Négele et al., 1984). On the last day of the
feeding period the acute experiments were performed after a
24-h fast.

Permission for this study was provided by the regional
government (AZ 23.05-230-3-54/95) and the experiments were
performed according to the guidelines for the use of
experimental animals as given by ‘Deutsches Tierschutzge-
setz’ and to the ‘Guide for the care and use of laboratory
animals’ of the US National Institutes of Health.

Vasorelaxation studies

Rabbits were anaesthetized by injection of a mixture of
xylazine (5 mg kg~!) and ketamine (25 mg kg~') into the
tibialis muscle. Blood samples for determination of
plasma cholesterol and isolation of low density lipopro-
tein (LDL) were obtained from the central ear artery.
The animals were killed by exsanguination in deep
anaesthesia and the entire thoracic and abdominal aorta
was dissected free and rapidly immersed in cold
oxygenated (95% 0O,+5% CO,) Krebs-Henseleit solution
(pH 7.4) of the following composition (mM): Na* 143.07,
K* 587, Ca*>* 1.6, Mg>" 1.18, Cl- 125.96, HCO;~
25.00, H,PO4~ 1.18, SO4*~ 1.18 and glucose 5.05. Four ring

segments (5 mm width) of thoracic aorta of each animal were
mounted between stainless steel triangles in a water jacketed
organ bath (37°C) for measurement of tension-development
as described previously (Kojda et al., 1991). Two of these
rings were gently rubbed on their intimal surface with a small
wooden stick in order to remove the endothelium. Experi-
ments with KCI (10—80 mM) in normal rabbit aorta revealed
an optimal resting tension of 2 g for development of
contractile function in the vessels (Kojda et al., 1995). After
equilibration (1 h), contractile function of aortic segments
was tested by application of KCI (80 mM). This was followed
by a cumulative application of phenylephrine (0.01—10 um),
which resulted in a maximal tension (see Results). Function
of endothelium was then examined by cumulative addition of
acetylcholine (0.01-10 um) following submaximal precon-
traction with 0.1 uM phenylephrine. Thereafter the aortic
rings were divided in subgroups and the vasorelaxations to
different type of *NO-donors such as S-nitroso-N-acetyl-D,L-
penicillamine (SNAP, 1 nM—-10 uMm) and PETN (0.1 nmM—
10 um) were studied by cumulative application following
precontraction with phenylephrine (0.2 uM). KCl, acetylcho-
line, phenylephrine and each *NO-donor was studied in two
endothelium intact and in two endothelium denuded thoracic
rings from each animal.

Preliminary experiments revealed that the maximal
achieved concentration of dimethylsulphoxide (0.05%), which
was necessary to dissolve SNAP and PETN, exhibited no
influence on aortic contractile function. In another set of
preliminary experiments using rabbit aorta we confirmed that
SNAP released °*NO largely extracellularly (Kojda et al.,
1998b). Preliminary measurements of aortic pressure, cardiac
output, vascular resistance and left ventricular enddiastolic
pressure in anaesthetized rabbits showed no effect of 0.63 mg
PETN kg~ ' and 2.8 mg PETN kg~' when applicated as an
aqueous suspension directly into the stomach, while 0.3 ug
glyceryl trinitrate kg=' per min effectively reduced these
parameters.

Determination of aortic superoxide production

Aortic superoxide production was determined as described
previously (Kojda er al, 1998c). Briefly, equilibrated
segments of thoracic aorta were incubated at 37°C in
albumin-buffer (pH 7.4) of the following composition (in
mM): Na® 14493, K* 7.23, Cl- 138.77, H,PO,~ 4.55,
HPO,*~ 8.03, glucose 5.55 and bovine serum albumine
(0.1%, weight volume~'). This buffer was enriched with
lucigenin (0.5 mM) and superoxide production was calculated
from chemiluminescence measurements (Packard Lumin-
ometer Analyzer, Picolite A6112, Packard, Downers Grove,
IL, U.S.A)).

Copper-induced LD L-oxidation

LDL-oxidation was performed according to Esterbauer et al.
(1989). Briefly, fresh blood samples obtained from the central
ear artery were mixed with sodium EDTA to a final
concentration of 0.1%. The supernatant of a 1000 x g spin
(10°C, 10 min) was centrifuged again, supplemented with
saccharose to 600 mg/ml and frozen (—80°C). LDL was
prepared by KBr dense gradient centrifugation of thawed and
precentrifuged (10,000 x g, 10 min, 10°C) plasma samples
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supplemented with KBr to 1.22 g/l (20 h, 10°C, 120,000 x g,
Beckmann SW41 Ti, 40,000 r.p.m.). The easily visible yellow
LDL-fraction was isolated and desalted (Econo-Pac, Biorad,
Miinchen, Germany). Total protein was determined (Brad-
ford, 1976) and the aqueous oxidation mix (3 ml) containing
1.7 um CuSO4 and 150 ug LDL protein was continuously
monitored at 234 nm for 11 h. In order to limit spontaneous
oxidation of LDL, the desalting procedure was done at 4°C
within 45 min after LDL isolation.

Determination of atherosclerotic lesions

The aortic arch, the aortic segments used for the tension
studies and the abdominal aorta were fixed in formol solution
(10 ml formaldehyde solution 37%, 90 ml double distilled
water, 2.5 g calcium acetate, pH 6.8) and stored after
repeated changing of the fixative at 4°C. The tissues were
stained for 2—3 min by placing in different solutions as
follows: distilled water, ethanol 70%, staining solution
(composition: Sudan IV 0.1 g, acetone 50 ml, ethanol 70%
50 ml), ethanol 70%, distilled water. The percentage of the
intimal lesion area as related to the total intimal surface was
determined in each segment separately by a computer-
scanning apparatus (HP ScanJet 6100 C) and calculated with
a computer program (Paint Shop Pro, version 3.11).

Substances and solutions

SNAP was synthesized in our laboratory according to Field et
al. (1978) as described previously (Kojda et al., 1996). PETN
was provided by ISIS-Pharma, Zwickau, Germany. All other
chemicals were obtained from Merck, Darmstadt, Germany
or from Sigma, Deisenhofen, Germany, in analytical grade.

The stock solutions of acetylcholine (10 mM) and phenyl-
ephrine (10 mM) were prepared in distilled water. Solutions of
SNAP (200 mMm) and PETN 10 mM were prepared in
dimethylsulphoxide. All stock solutions were prepared daily,
diluted with Krebs-buffer as required, kept on ice and protected
from daylight until use. All concentrations indicated in the text
and figures are expressed as final bath concentrations.

Statistics

The concentrations of the half-maximal vasorelaxant effect of
the nitrates (pD,-values) were calculated from the individual

Table 1 Correlation coefficients for linear relationships

concentration-effect-curves as proposed previously (Hafner et
al., 1977). Vasocontractile responses are expressed as
percentage of the maximal vasoconstriction to phenylephrine
and vasorelaxant responses are expressed as percentage of the
contractile response achieved with 0.2 uM phenylephrine at
the beginning of the experiments.

All data were analysed by a standard computer program
(GraphPad Prism PC Software, Version 2.0, Analysis of
Variance, ANOVA) and are expressed as mean values and
standard error of the mean (s.e.m.) or as median values.
Significant differences were evaluated using either unpaired
two-tailed Students #-test or Newman-Keuls Multiple Com-
parison Test (ANOVA). A P-value below 0.05 was
considered as significant.

Results
Plasma cholesterol

The cholesterol chow induced a marked increase of plasma
cholesterol concentration reaching a maximum of 2184+ 132
mg dl='" (CHOLI16), 22874127 mgdl~' (CHOL32) and
21684162 mg dI-' (PETN32) after 4 weeks. These values
gradually declined to 1663+112mgdl~' (CHOLI16),
2070+169 mg dI-' (CHOL32) and 17404147 mg dl™'
(PETN32) after 16 weeks. A further reduction to
1703+ 183 mg dI=' (CHOL32) and 1467+170 mgdl™!
(PETN32) was observed at the last measurement. There
was no significant difference between the groups at 16 weeks
(one-way ANOVA, P=0.1258). Furthermore, analysis by
two-way ANOVA showed no significant differences for time
and plasma-cholesterol at weeks 16 and 32 between CHOL32
and PETN32. Variations of the plasma cholesterol concen-
trations within the groups had no significant influence on the
severity of aortic intimal lesions or the sensitivity of LDL to
copper induced oxidation (Table 1).

Atherosclerotic lesions

The readily visible atherosclerotic lesions were more
pronounced in the aortic arch than in the thoracic and the
abdominal aortic segments (Figure 1A). In CHOL32 the
percentage of the total intimal area covered with sudan IV
visualized lesions was somewhat greater than in CHOL16 but

2

Group X-axis y-axis r P

CHOLI16 intimal lesion area acetylcholine 0.7132 0.0042
CHOL32 0.4227 0.0580
PETN32 0.6182 0.0120
CHOLI16 plasmacholesterol intimal lesion area 0.000054 0.9851
CHOL32 0.000623 0.9492
PETN32 0.4195 0.0593
CHOL32 plasmacholesterol lag time 0.2930 0.1323
PETN32 0.1933 0.2363

Linear correlation of parameters given in the x-axis and y-axis columns. Acetylcholine denotes for the maximal relaxation to
acetylcholine in [%], plasmacholesterol denotes for the plasma concentration of total cholesterol in [mg dl~'], intimal lesion area
denotes for the area of intimal staining with sudan IV in [%] and lag time denotes for the time to onset of copper induced oxidation of
LDL in [min]. All values were obtained at the end of the feeding period (°=squared Pearson correlation coefficient, P=1level of

significance).
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the difference did not reach statistical significance (Figure
1B). In contrast, the intimal lesion area detected in PETN32
was significantly smaller compared to CHOL32 suggesting
that treatment with PETN slightly inhibited the progression
of intimal aortic lesions.

Endothelium-dependent vasorelaxation

In CHOLI6 relaxation of aortic rings induced by acetylcho-
line was concentration dependent but showed a maximum of
only 28+16% (Figure 2) indicating severe impairment of
endothelial function. Extension of the cholesterol feeding for
another 16 weeks (CHOL32) further aggravated endothelial
function as evidenced by the complete absence of vasorelaxa-
tion induced by acetylcholine. In striking contrast, endothe-
lium-dependent vasorelaxation in PETN32 and CHOL16 was
identical (Figure 2) suggesting that treatment with PETN
protected against the progression of the impairment of
endothelial function in hypercholesterolemia. In accordance,
there was a significant linear relationship between the

CHOL16 CHOL32 PETN32

B 100-

=T *7

90

intimal lesion area [ % |

CHOL16 CHOL32 PETN32

Figure 1 Area of intimal lesions in the aortic arch, four ring
segments of the thoracic aorta and the abdominal aorta of CHOL16,
CHOL32 and PETN32 stained with sudan IV (black areas). Given
are (A) representative examples of stained aortas and (B) mean+
s.e.mean of the stained intimal areas (n.s.=not significant; *,
P=0.008).

maximal relaxation to acetylcholine and the severity of aortic
intimal lesion area in CHOLI16 and PETN32 but not in
CHOLS32 (Table 1). Comparative analysis of the correlations
by ANOVA showed no significant difference (P=0.0879)
between the groups suggesting that the relationship between
endothelium-dependent vasorelaxation and the severity of
lesion formation was independent of the PETN-treatment. In
endothelium denuded aortic rings acetylcholine evoked
vasoconstrictions only.

Vasorelaxation to *NO-donors

Increasing the time of the cholesterol feeding from 16 to 32
weeks had no effect on vasorelaxation induced by the *NO-
donors PETN (Figure 3A) and SNAP (Figure 3B). In
particular, there was no difference in the relaxant response
to PETN of aortic rings of CHOL32 and PETN32 (Figure
3A) indicating that continuous oral treatment with 6 mg kg~'
per day PETN for 16 weeks did not change the vasorelaxant
response to this organic nitrate.

Aortic superoxide production

Production of superoxide by aortic rings as measured by the
lucigenin chemiluminescence method was identical in the
three groups of rabbits. The median values (25 and 75%
Percentile) were 1050 (851-1225) counts mg ' min~' for
CHOLI16, 909 (739—-1173) counts mg~' min~' for CHOL32
and 985 (713-1316) counts mg~' per min for PETN32.

Oxidation of LDL

The sensitivity of LDL to copper induced oxidation was
determined after 16 weeks of cholesterol feeding and at the end
of the experiment in CHOL32 and PETN32. The measured
lag-times correspond to the onset of oxidation of LDL and a
short lag-time indicates a greater susceptibility of LDL to
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Figure 2 Endothelium-dependent vasorelaxation in the ring seg-

ments of the thoracic aorta of CHOL16, CHOL32 and PETN32 in
the presence of endothelium (*, P<0.05 vs CHOL16 and PETN32).
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Figure 3 Identical vasorelaxation in ring segments of the thoracic
aorta of CHOL16, CHOL32 and PETN32 induced by the °*NO-
donors PETN (A) and SNAP (B) indicating absence of nitrate
tolerance or changes in *NO-sensitivity of the aortic smooth muscle.

oxidation. After 32 weeks of cholesterol feeding the lag-time of
CHOL32 significantly (P=0.035) decreased while that of
PETN32 remained (Figure 4). The difference between
CHOL32 and PETN32 was not significant (P=0.058). These
data suggest that treatment with PETN appears to prevent the
increase in LDL-susceptibility to copper induced oxidation.

Discussion

Impairment of endothelium-dependent vasorelaxation by
hypercholesterolemia is a well known phenomenon occurring

*NO-donor protects endothelium in atherosclerosis 1711
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Figure 4 Sensitivity of LDL to copper induced oxidation. Given are
the observed lag-times which correspond to the onset of oxidation of
LDL as measured by continuous monitoring of absorption changes
at 234 nm (diene absorption maximum). Treatment with PETN
prevented the decrease in lag-time observed from weeks 16 to 32 of
cholesterol feeding.

Table 2 Vasodilator potency of PETN in the presence and
absence of endothelium

Group n Endothelium present Endothelium denuded P

CHOL16 9 7.87+0.12 7.8940.2 >0.05
CHOL32 9 7.64+0.15 7.574+0.14 >0.05
PETN32 9 7.67+0.15 7.864+0.12 >0.05

Given are the concentrations for half maximal inhibition of
phenylephrine-induced preconstriction by PETN in 7logM.
All value were calculated from cumulative concentration-
response curves of PETN (P=level of significance).

not only in rabbits (Jayakody et al., 1985) but also in
primates and man (Freiman et al., 1986; Ludmer et al., 1986).
Most likely, other important biological functions of endo-
genous °*NO-production such as inhibition of platelet
aggregation, adhesion molecule expression and smooth
muscle proliferation are impaired as well (Busse & Fleming,
1996; Harrison, 1997; Kojda & Harrison, 1999). In our study,
the impairment of endothelium-dependent vasorelaxation was
a function of time. Earlier investigations have shown that
aging from 16 weeks to 32 weeks has no effect on the
complete vasorelaxation induced by acetylcholine (Kojda et
al., 1998a). After 16 weeks of cholesterol chow (CHOL16) we
still observed a significant degree of endothelium dependent
vasorelaxation to acetylcholine, while after 32 weeks
(CHOLS32) this relaxation was completely lost. This observa-
tion is consistent with other reports showing that endothelial
dysfunction progresses as the duration of cholesterol feeding
is prolonged (Busse & Fleming, 1996). Here we show for the
first time that the long acting *NO-donor PETN is able to
prevent this progression.

In rabbits, pentaerythritol dinitrate and pentaerythritol
mononitrate have been detected in plasma samples taken

British Journal of Pharmacology vol 132 (8)
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after a 18—24 h washout period from animals treated with
6 mg PETN kg~! per day (Kojda et al., 1995). It is likely that
these metabolites are involved in the therapeutic efficacy of
PETN since both of them have been shown to be active in
vitro and in vivo (Parker et al., 1975; Kojda et al., 1998a;
Miillenheim et al., 2000). These data are consistent with our
finding that PETN is a typical organic nitrate that is
metabolized to the denitrated derivatives and *NO (Kojda
et al., 1998a). Taken together, these data demonstrate that
the pharmacological effects of PETN in vivo are most likely
mediated by *NO. *NO has several potentially anti-athero-
sclerotic vascular activities. Of these, anti-aggregative, anti-
adhesive and antioxidative effects are believed to be
particularly important (Busse & Fleming, 1996; Kojda &
Harrison, 1999). Recent data on the development of vascular
damage (intimal hyperplasia) following angioplasty in mice
lacking the endothelial *NO-synthase gene have shown that
endogenous °*NO is vasoprotective in the setting of non-
atherosclerotic vascular damage (Moroi et al., 1998). Since
PETN has been shown to be an *NO-donor, the results of
our study are consistent with vasoprotective effects of *NO in
atherosclerosis.

Other investigations have failed to demonstrate a protec-
tive effect of *NO-donors on atherosclerosis. Our previous
finding that isosorbide mononitrate had no anti-atherosclero-
tic effect does not necessarily speak against anti-athero-
sclerotic activity of organic nitrates or other *NO-donors,
since the difference between PETN and isosorbide mono-
nitrate might be related to experimental conditions such as an
unsufficient dosage or pharmacokinetic differences between
these drugs (Kojda et al., 1995). In contrast, a study with
molsidomine showed that area, thickness, weight and
cholesterylester content of the lesions were augmented by
the *NO donor molsidomine (Bult ez al., 1995). It seems
possible that these effects might have been induced by
peroxynitrite rather than *NO. In vitro, SIN-1, the bioactive
metabolite of molsidomine, releases both NO and superoxide
(Feelisch er al., 1989) and generation of peroxynitrite can be
easily proved by measuring oxidation of dihydrorhodamine
(Crow, 1997). In vivo, superoxide generated by SIN-1 is most
likely converted to hydrogen peroxide by either conventional
Cu/Zn- or the extracellular superoxide dismutase. Never-
theless, generation of peroxynitrite may also occur in vivo,
since the reaction between superoxide and *NO is three times
faster than that between superoxide and superoxide dis-
mutase (Kojda & Harrison, 1999). Thus, the negative
outcome of the study by Bult er al. (1995) might reflect a
proatherosclerotic effect of peroxynitrite rather than *NO.

In an attempt to assess the extent of oxidant stress in
atherosclerosis we measured the sensitivity of LDL to copper
induced oxidation. We found that extension of the cholesterol
feeding from 16 to 32 weeks induced a significant reduction
of the LDL oxidation resistance. This reduction was absent
in the group treated with cholesterol and PETN suggesting
that PETN increased LDL resistance to oxidation. These
data may warrant the conclusion that treatment with the
*NO-donor PETN is associated with antiatherosclerotic
effects mediated by the release of nitric oxide from this drug.
According to previously reported actions of °*NO in the
vasculature, the effects of PETN might be related to the
antioxiative, anti-adhesive, antiproliferative, anti-aggregative
or anti-apoptotic effects of *NO (Kojda & Harrison, 1999;

Bult et al., 1999). Oxidized LDL is believed to play a
causative role in mediating vascular dysfunction in vivo and
has been shown to be correlated with the severity of
cardiovascular disease (Steinberg, 1995; Cox & Cohen,
1996; Esterbauer et al., 1997). In accordance, prevention of
LDL oxidation would be most likely associated with vascular
protection against atherosclerotic damage. It is therefore
tempting to speculate that antioxidative effects of °*NO
derived from PETN contributed to the prevention of
endothelial dysfunction.

In general, prevention of LDL-oxidation in vivo might
reflect either reduced vascular superoxide production and/or
increased protection of LDL from oxidation. In a previous
study we reported that long-term treatment of rabbits with
PETN in the absence of atherosclerosis slightly reduced
aortic superoxide generation (Kojda ez al., 1998a). In this
study we found that PETN treatment in the setting of
hypercholesterolemia has no significant effect on aortic
superoxide generation (see Results). These data do not
provide a direct link between aortic superoxide production
and the reduction of LDL-oxidation (Figure 4). However,
oxidation of LDL in vivo is not necessarily dependent on
aortic superoxide production but may be taken as a more
general reflection of vascular oxidant stress (Cox & Cohen,
1996; Kojda & Harrison, 1999). Furthermore, the prevention
by PETN of the cholesterol-induced impairment of endothe-
lium-dependent vasodilation (Figure 2) is also not matched
by a reduction of aortic superoxide production, although
both parameters were measured in directly adjacent aortic
ring segments. One possible explanation might be that the
lucigenin method does not detect small increases in aortic
superoxide production which may account for the aggrava-
tion of endothelium-dependent vasodilation by prolongation
of hypercholesterolemia from 16 to 32 weeks. On the other
hand, treatment with the *NO-donor PETN may reduce the
deleterious actions of superoxide in vivo by favourably
shifting the vascular superoxide-*NO-balance without having
a direct effect on vascular superoxide generation. It has been
shown that *NO can react with peroxynitrite, a highly toxic
reaction product of *NO and superoxide, to form the untoxic
products N,O and NO,~ (Miles et al., 1996).

Continuous treatment with organic nitrates is known to
produce nitrate tolerance. According to a recently developed
hypothesis, nitrate tolerance induced by a glyceryl trinitrate
patch is associated with an increase of vascular superoxide
production that reduces the bioavailability of *NO and may
have proatherosclerotic effects (Miinzel & Harrison, 1997). In
contrast, continuous treatment with PETN did not induce
typical nitrate tolerance in this study since there was no
change of the vasodilator activity of PETN between the
different groups. To further confirm this unexpected finding,
another set of rabbits were treated for 3 weeks with either
6 mg PETN kg~' per day or 100 mg PETN kg~! per day and
compared to control rabbits receiving normal chow. Neither
acetylcholine-induced nor PETN-induced aortic relaxations
or aortic superoxide production were different between the
groups (data not shown). This is in accord with previous
studies in animals (Kojda et al., 1995; 1998a; Fink &
Bassenge, 1997) and man (Diick & Richard, 1990) suggesting
that PETN induces only a minor degree of nitrate tolerance
in rabbits and dogs. In addition, the oral dose of 6 mg PETN
kg=' per day applied in our study does not change
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haemodynamics in rabbits (see Methods) (Miillenheim et al.,
2000). Thus, the lack of nitrate tolerance may be an
important prerequisite for the protective action of long
acting nitrates.

We have used the cholesterol fed rabbit as a model of
atherosclerosis. Earlier reports suggested that rabbit athero-
sclerotic lesions consists primarily of macrophage derived
foam cells and poorly match human lesions which consists
primarily of smooth muscle cells (Wissler, 1992). This
estimation is based mainly on results from studies using a
short term (2—3 months) high cholesterol (1-2%) feeding
protocol. In contrast, recent studies have shown that feeding
rabbits for a longer time (=6 months) with a lower
cholesterol content in the diet (0.2—0.5%) results in the
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formation of advanced lesions which closely resemble those in
humans (Daley et al., 1994a,b). In keeping with these
findings, our results obtained in this animal model might be
of considerable relevance for clinical settings.

In summary, our current findings are compatible with an
anti-atherosclerotic and vasoprotective effect of NO. It is
likely that the continuous release of NO from the PETN
metabolites PEDN and PEMN, which had no effect on
haemodynamics and did not induce typical nitrate tolerance,
can inhibit several aspects of the atherosclerotic process.
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