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1 Nitrate tolerance is associated with an enhanced superoxide anion (O2
�) production and may be

attenuated by statins as they interact with the two main endothelial NO synthase (eNOS) and
NAD(P)H oxidase pathways involved in this oxidative stress.

2 Groups of wild-type (wt, C57Bl/6J) and eNOS knock-out mice (eNOS�/�) received rosuvastatin
(20mgkg�1 day�1 p.o.) for 5 weeks and a cotreatment with the statin plus nitroglycerin (NTG;
30mgkg�1 day�1, subcutaneous injections b.i.d.) for the last 4 days. Another group received only
NTG (30mgkg�1 d�1, b.i.d. for 4 days) and finally control mice from both strains received no
treatment.

3 Rings of thoracic aortas from these groups were studied in organ baths. Relaxations to NTG
(0.1 nM–0.1mM) were determined on thromboxane analogue (U44619)-precontracted rings and O2

�

production (RLU 5 s�1mg�1 of total protein content) was assessed in aorta homogenates with the
lucigenin-enhanced chemiluminescence technique. Reverse transcriptase–polymerase chain reaction
analysis was performed on aortas from both mice strains.

4 In vivo NTG treatment induced a significant rightward shift of the concentration–effect curve to
NTG compared to control group. There was, however, no cross-tolerance with non-nitrate sources of
NO (unaltered response to acetylcholine in wt group). The rosuvastatinþNTG cotreatment was able
to protect against the development of nitrate tolerance in both mice strains and L-mevalonate
abolished this protective effect of rosuvastatin.

5 In vivo treatment with apocynin, a purported NAD(P)H oxidase inhibitor, also produced a similar
protection to that observed with rosuvastatin in both strains.

6 Superoxide anion formation was increased after NTG treatment in both mice strains and the
rosuvastatinþNTG cotreatment was able to reduce that production.

7 Moreover, rosuvastatin treatment abolished the increase in gp91phox mRNA (an endothelial
membrane NAD(P)H oxidase subunit) expression induced by in vivo exposure to NTG.

8 These findings suggest that long-term rosuvastatin treatment protects against nitrate tolerance by
counteracting NTG-induced increase in O2

� production, probably via a direct interaction with the
NAD(P)H oxidase pathway.
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Introduction

Long-term treatment with HMG-CoA reductase inhibitors

(statins) appears to upregulate the expression and the activity

of the vascular endothelial NO synthase (eNOS) pathway

and increases nitric oxide availability, resulting in not only

a downregulation of oxidative enzymes but also a direct

scavenging of superoxide anion. As oxygen radical production

is increased in various clinical settings such as hypercholester-

olaemia, diabetes and hypertension (Kojda & Harrison, 1999),

this statin-induced eNOS upregulation may play a foremost

role in the vascular protective effects of these drugs. Moreover,

sustained nitroglycerin (NTG) treatment is associated with an

increased bioavailability of superoxide anion (Munzel et al.,

1996), likely playing a major role in the development of nitrate

tolerance. The triggering events leading to this redox

imbalance remain controversial as several cellular enzyme

systems have been shown to be impaired by sustained in vivo

exposure to NTG, including membrane bound oxidases

(Munzel et al., 1996), endothelial NOS (Munzel et al., 2000;

Gori et al., 2001) and arginine transporters (Ogonowski et al.,

2000).

With regard to the statin-induced protection against

oxidative stress, we recently found that rats treated with

rosuvastatin are protected against the vascular tolerance to*Address for correspondence; E-mail: gberkenb@ulb.ac.be
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NTG (Otto et al., 2005). However, this protection does not

seem to be directly related to the eNOS pathway. Indeed, the

rosuvastatin treatment decreased the expression of the

NAD(P)H oxidase essential subunit, p22phox, without altera-

tion in eNOS abundance. However, we have been unable to

formally exclude an eNOS-dependent effect as the statin-

induced protection was abolished by administration of the

eNOS inhibitor, N-nitro-L-arginine methyl ester (L-NAME).

As pointed out by Landmesser et al. (2003), important

interactions exist between eNOS and NAD(P)H oxidase

pathways whereby increased production of reactive oxygen

species by the latter impedes the NO production and stimulates

superoxide anion formation by the former enzyme.

Therefore, the role of the eNOS pathway in rosuvastatin-

induced protection against nitrate tolerance was examined by

assessing whether or not this vascular protection persists in

eNOS knockout (eNOS�/�) mice. By comparing the mechan-

isms in both mouse strains, namely wild-type (wt) (eNOSþ /þ )

and eNOS�/�, this study demonstrates a direct interaction

between rosuvastatin and the vascular NAD(P)H oxidase

pathway, and the contribution of NAD(P)H oxidase to nitrate

tolerance.

Methods

Experimental model

Male and female eNOS-deficient mice (eNOS�/�) and wt mice

(eNOSþ /þ , C57Bl/6J) were purchased from Jackson Labora-

tories (Bar Harbor, ME, U.S.A.) and were bred in the animal

house of the Institute of Pharmacy (Université Libre de

Bruxelles). Mice were maintained in a temperature (211C)- and

relative humidity (60%)-controlled room with a 12-h light and

dark cycle and were allowed food and tap water ad libitum. All

procedures were performed according to protocols approved

by the ethical committee of the Faculty of Medicine and

Pharmacy from the ‘Université Libre de Bruxelles’.

Drug treatments

Male mice from both strains, aged between 4 and 6 months

and weighing 20–30 g, were divided into four groups: group 1

received rosuvastatin (20mgkg�1 day�1) added to drinking

water for 5 weeks and for the last 4 days they received a

statinþ nitroglycerin (NTG; 30mg kg�1 day�1) cotreatment by
subcutaneous injections (b.i.d.). Group 2 received rosuvastatin

alone for 5 weeks; group 3 received NTG alone for 4 days and

group 4 served as control (no treatment). The rosuvastatin and

NTG doses were chosen according to previous studies in rats

(Wang et al., 2002; Fontaine et al., 2003; Nangle et al., 2003;

Rader et al., 2003; Otto et al., 2005) and preliminary

experiments in mice. The NTG doses were slightly smaller

than those used in our previous experiments in the rats (Otto

et al., 2005) since higher doses were not tolerated in mice.

In some experiments, mice from both strains were treated

for 6 days with apocynin (5mgkg�1 day�1) (Ben-Shaul et al.,

2001; Van den Worm et al., 2001; Sonta et al., 2004) added in

the drinking water and for the last 4 days they received a

cotreatment with apocyninþNTG (30mgkg�1 day�1 by sub-

cutaneous injection, b.i.d.).

Systolic blood pressure measurements

Blood pressure was measured noninvasively using a tail-cuff

method (Apollo 179, IITC Life Science Instruments,

Woodland Hills, CA, U.S.A.) on conscious, restrained mice when

the animals were between 4 and 6 months of age. The mice

have been accommodated to the restrainers during 1 h for 4

consecutive days without taking any blood pressure measure-

ments. On day ‘five’, the first blood pressure measurements

were performed and all blood pressures were calculated as the

average of 5–10 measurements per day for 2 consecutive days

(so day 5 and day 6).

Plasma lipid analysis

Total cholesterol and triglycerides were measured colorime-

trically in plasma collected at the time of euthanasia of mice

from both strains. Samples were stored at �201C prior to

analysis and commercially available kits (Roche) were used.

Vascular relaxation experiments

Mice (between 4 and 6 months of age) were euthanased with

CO2 and the thoracic aortas were dissected, cleaned of

adherent tissue, and cut into segments. The aortic rings were

mounted in microvessel organ chambers (EMKA, Paris), filled

with Krebs–Henseleit solution (in mM: NaCl, 118.4; KCl, 4.7;

MgSO4, 1.2; KH2PO4, 1.2; CaCl2, 2.5; NaHCO3, 25; glucose,

5), bubbled with 95% O2 and 5% CO2 and maintained at 371C.

The rings were connected to a force transducer to measure

isometric tensions, and recorded on a transducer data

acquisition system (EMKA, Paris). Resting tension was

increased stepwise to reach a final tension of 0.80 g and rings

were allowed to equilibrate for 60min. Krebs–Henseleit

solution was changed, before and twice after each concentra-

tion–response curve. Cumulative concentration–response

curves for acetylcholine (ACh) (10�9–10�4M) and NTG

(10�10–10�4M) were generated after precontraction of vessels

with 9,11-dideoxy-11a,9a-epoxymethanoprostaglandin F2a
(U-46619). The used concentration of 0.1 mmol l�1 gave similar
plateaus in both mice strains (in wt mice aortas (n¼ 8):
0.7670.02 versus 0.7770.09 g in eNOS�/� mice aortas (n¼ 8)),
thereby allowing an accurate comparison of the vasodilator

effect of a drug. In some experiments, L-mevalonate (100mM)
was incubated for 1 h in the bath after the concentration–

response curve to ACh. After having washed out this HMG-

CoA reductase metabolite, the concentration–response curves

to NTG were constructed.

All experiments were performed in the absence of a

cyclooxygenase inhibitor, according to previous studies (Levy,

1980) and in our preliminary experiments, indomethacin did

not affect endothelium-dependent relaxations in the mouse

aorta.

NAD(P)H oxidase activity measured by the lucigenin-
enhanced chemiluminescence technique

The thoracic aortas from the different mice groups of both

strains were isolated and cleaned of fat and loose connective

tissue. The aortas were then homogenized on ice in a lysis
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buffer containing Tris–HCl (50mM), EDTA (1mM), dithio-

threitol (DTT) (0.5mM) and protease inhibitor cocktail

(pepstatinA, E-64, bestatin, leupeptin, aprotinin, 4-(2ami-

noethyl)benzenesulfonyl fluoride). The samples were centri-

fuged; 20ml of the supernatant were used for protein assay and
40 ml were added to the vials containing Dulbecco’s modified
Eagle’s medium (DMEM, Cambrex, Belgium) with 5 mM of

lucigenin at 371C. The background signal with lucigenin alone

was not modified upon addition of the homogenates. The

reaction was initiated by addition of NADPH (100 mM) to the
vials containing aortic homogenates. NADPH did not modify

the basal signal in blank vials (without homogenates). The

peak count was assessed in a Lumat LB 9507 Luminometer

(EG&G Berthold) every 5 s for 45min. At the end of the

experiment, diphenylene iodonium (DPI), an NAD(P)H

oxidase inhibitor (100mM), or L-NAME, an eNOS inhibitor
(10mM), was added into the vials. A buffer blank was

subtracted from each reading and the NAD(P)H oxidase

activity was expressed as relative light units (RLU)/5 smg�1 of

total protein content.

RNA extractions and reverse transcriptase polymerase
chain reaction (RT–PCR)

Aortas from the different mice groups of both strains were

snap-frozen in liquid nitrogen and total RNA was extracted

with the ‘SV total RNA isolation system’ (Promega, Belgium).

The extracted RNA was used for reverse transcription

(Fermentas, Germany) in a total volume of 20 ml. The reverse
transcription products were amplified by PCR for the four

genes of interest (p22phox, gp91phox, rac-1 and eNOS)

and the internal standard gene, GAPDH. The PCR conditions

were as follows: initial denaturation step: 941C, 5min;

then the PCR was followed during 27, 30, 33 and 36 cycles,

respectively, for each gene, with the following steps: denatu-

ration 941C, 1min; annealing 621C, 1min; elongation 721C,

1min.

The primers employed for p22phox amplification were:

TGG CCT GAT TCT CAT CAC TGG sense and GGG ACA

ACT CCA CAG AAA CTC antisense (product size 580 bp);

for gp91phox amplification: GCT GGG ATC ACA GGA

ATT GTC sense and GCT TAT CAC AGC CAC AAG CAT

T antisense (product size: (597 bp); the primers for rac-1

amplification were: TGAAGT ATT CTG TTC CTA GTT

GTG sense and TGC ATT CTT GCC AGT GAG TTA G

antisense (product size: 740 bp) and for eNOS amplification

the primers were: TGT GTG CAT GGA TCT GGA CAC

CAG GAC AA sense and GAA TGG TTG CCT TCA CAC

GCT CG CCA T antisense (product size: 427 bp). The same

cDNA samples were used for GAPDH cDNA amplification to

confirm that equal amounts of RNA were reverse transcribed

(sense: AGG TCG GTG TGA ACG GAT TTG GCC GTA T

and antisense: CCT TCT CCA TGG TGG TGA AGA CAC

CAG TA; product size: 308 bp).

Equal amounts of RT–PCR products were loaded on 1.5%

agarose gels and absorbance of ethidium bromide-stained

DNA bands were quantified by AIDA Image Analyser. The

intensity of expression of the genes of interest was normalized

to the intensity of expression of their respective internal

standard gene GAPDH. The mRNA expression of these

normalized genes from the control mice of both strains was set

as 100%.

Materials

Acetylcholine chloride (ACh), apocynin, 9,11-dideoxy-11a,9a-
epoxymethano-prostaglandin F2a (U-46619), NTG, NADPH,
mevalonic acid lactone, bovine superoxide dismutase (SOD),

DTT, DPI and L-NAME were purchased from Sigma

Chemical Company (Bornem, Belgium). NTG was purchased

from Therabel-Pharmal, Brussels, Belgium and rosuvastatin

was generously provided by AstraZeneca (Cheshire, England).

Statistical analysis

Results were expressed as means7s.e.m., n representing the
number of different animals studied. Relaxations are expressed

as the percentage inhibition of tension developed by U-46619.

For each concentration–effect curve, the area under the curve

(AUC) was calculated and expressed in arbitrary units; the

concentration causing half-maximal relaxation expressed as

negative log molar concentration (pD2) was also assessed. An

unpaired Student’s t-test was used for assessing differences

between the two strains. Intergroup multiple comparisons

within each strain were performed by a one-way ANOVA

followed by Tukey’s post hoc test in order to accurately assess

the rosuvastatin effect (in each strain). For comparison of rings

from the same animals (in vitromevalonate incubation), a paired

Student’s t-test was used. Significance was accepted at Po0.05.

Results

Plasma lipids, weights and arterial tension

Total cholesterol and triglyceride levels and body weights were

not significantly modified by the different treatments in both

mice strains. There was no significant difference when

comparing the wt mice groups with the eNOS�/� mice groups

(Table 1).

Systolic blood pressure was significantly elevated in

eNOS�/� mice and this difference persisted after rosuvastatin

treatment (Table 1). Similar findings of blood pressure

measurements were obtained by Anning et al. (2005) and

Arruda et al. (2005).

Organ bath study: ACh-induced relaxation

In contrast to aortas from control wt mice, no relaxations to

ACh were observed in control eNOS�/� mice aortas.

Table 1 Plasma lipids, weights and arterial tension in
wt and eNOS�/� mice

Control wt
(n¼ 8)

Rosuvastatin
wt (n¼ 8)

Control
eNOS�/�

(n¼ 8)

Rosuvastatin
eNOS�/�

(n¼ 8)

Body weight (g) 28.070.9 27.570.7 27.370.7 26.570.6
Triglycerides
(mg dl�1)

130.0710.1 131.7711.3 126.7715.2 109.7713.3

Cholesterol
(mg dl�1)

71.674.2 71.773.3 67.272.7 68.173.2

Systolic blood
pressure

9075 8972 11573* 11974*

*Po0.05 versus the corresponding wt group.
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In wt mice, the in vivo exposure to NTG slightly but not

significantly altered the pD2 and AUC values (Table 2).

Rosuvastatin treatment alone did not modify the concentra-

tion–response curve to ACh (nonsignificant (NS) versus

control group) (Table 2).

Organ bath study: NTG-induced vasorelaxation

The concentration–effect curves to NTG were significantly

shifted to the right after 4 days in vivo NTG treatment in wt

and also in eNOS�/� mice aortas. In wt mice, the pD2 and the

AUC values of the NTG group were significantly different

from those of the control group: pD2: 6.2570.06 and AUC:
891717 (n¼ 7) versus 6.7170.05 and 773717.7 (n¼ 7) in the
control group (Po0.05 for both parameters). In preparations
from eNOS�/� mice, the pD2 and AUC values of the NTG

group were: 7.1770.09 and 665732 (n¼ 10) versus 7.7270.12
and 558730 (n¼ 10) for the control group (Po0.05 for both
parameters). The concentration–response curves to NTG

in preparations from control and NTG groups in eNOS�/�

mice were significantly shifted to the left compared to the

corresponding groups of the wt mice (Figure 1). However, the

development of nitrate tolerance occurred at a similar degree

in both strains as the EC50 ratio of control and NTG groups of

wt mice was not significantly different to the EC50 ratio of the

corresponding eNOS�/� mice groups (EC50 NTG wt/EC50
control wt¼ 4.0571.89 (n¼ 7) versus EC50 NTG eNOS�/�/

EC50 control eNOS
�/�: 2.8671.90 (n¼ 10), NS).

Rosuvastatin protected against the development of nitrate

tolerance in wt and also in eNOS�/� mice aortas; the pD2
values were 6.6770.05 (n¼ 8) and 7.9470.18 (n¼ 5), respec-
tively, (NS versus respective control groups).

In contrast, in vitro L-mevalonate incubation abolished this

protective effect in both mice strains (Figure 2a and b). This L-

mevalonate-induced reversal of rosuvastatin effect was similar

in both strains: the EC50 ratio was 2.4171.51 (n¼ 8) versus
3.1970.34 (n¼ 5) in eNOS�/� mice (NS).
In both strains, rosuvastatin alone did not modify the

concentration–response curve to NTG compared to the

control group and L-mevalonate incubation did not alter the

response to NTG in aortas from control and rosuvastatin

groups (data not shown).

Apocynin, an NAD(P)H oxidase inhibitor, was also able to

protect against the development of nitrate tolerance in wt and

eNOS�/� mice (Figure 3a and b). The pD2 and AUC values of

the apocynin–NTG-treated wt mice were: 6.7270.06 and

778728 (n¼ 6) versus 6.8070.10 and 767720 (n¼ 10) in the
wt mice control group, respectively (NS). In eNOS�/�mice, the

pD2 and AUC values of the apocynin–NTG group were:

7.4370.11 and 647713 (n¼ 7) versus 7.5970.15 and 627722
(n¼ 7) in the control group, respectively (NS). Apocynin

treatment alone did not modify the concentration–effect curves

to NTG in both strains (Figure 3a and b).

NAD(P)H oxidase activity

The NAD(P)H oxidase activity was significantly (Po0.05)
increased in preparations from the eNOS�/� mice control

Figure 1 Concentration–response curves to NTG in wt mice
aortas. Preparations were precontracted with U-46619 (10�7M)
and NTG was given cumulatively. *Po0.05 versus control wt and
wPo0.05 versus control eNOS�/�. Results are expressed as
mean7s.e.m.

Table 2 Concentration–effect curves to ACh after
the different in vivo treatments in wt mice

Pharmacological
parameters

Control
(n¼ 7)

Rosuvastatin
(n¼ 8)

Rosuvastatin-
NTG (n¼ 8)

NTG
(n¼ 7)

Maximal
response (%)

6873 7073 7572 6374

pD2 value 6.8370.12 6.8570.14 6.7070.06 6.4470.15
AUC 707731 679731 654720 774730

Figure 2 (a) Concentration–response curves to NTG in wt mice
aortas. Preparations were precontracted with U-46619 (10�7M) and
NTG was given cumulatively. *Po0.05 versus control and wPo0.05
versus rosuvastatin–NTG. Results are expressed as mean7s.e.m.
(b) Concentration–effect curve to NTG in eNOS�/� mice aortas.
Preparations were precontracted with U-46619 (10�7M) and NTG
was given cumulatively. *Po0.05 versus control and wPo0.05 versus
rosuvastatin–NTG. Results are expressed as mean7s.e.m.
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group compared to those from the wt mice control group:

16,48872487 (n¼ 9) versus 10,11471057 (n¼ 13).
In the NTG group of both strains, a significant increase in

the NAD(P)H oxidase activity was observed, whereas pre-

parations from the group cotreated with rosuvastatinþNTG
behaved similarly to those from the control group (Figure 4a

and b). In the rosuvastatin groups of both strains, the

NAD(P)H oxidase activity was also similar to that observed

in preparations from the control group (Figure 4a and b) . The

addition of DPI, a nonspecific NAD(P)H oxidase inhibitor,

completely abolished the NAD(P)H oxidase activity, whereas

L-NAME had no effect.

RT–PCR

In wt and eNOS�/� mice aortas, in vivo NTG treatment

induced a significant increase of gp91phox mRNA expression

compared to the respective mRNA expression in aortas from

the control mice, whereas p22phox and rac-1 mRNA expres-

sions were not altered (Figure 5, 6 and 10). In wt mice aortas,

eNOS mRNA expression was also not modified after in vivo

NTG exposure (Figure 5).

Of note, in both strains, rosuvastatinþNTG cotreatment

reduced the mRNA expression of the NAD(P)H oxidase

subunits, p22phox, gp91phox (Figures 7 and 8) and rac-1

(Figure 10) compared to respective control groups. Rosuvasta-

tin treatment alone was also able to reduce p22phox and rac-1

mRNA expressions, but not gp91phox mRNA expression in

both strains (Figure 9 and 10). In wt mice, eNOS mRNA

expression was not modified after rosuvastatin treatment alone

Figure 3 (a) Concentration–effect curve to NTG in wt mice aortas.
Preparations were precontracted with U-46619 (10�7M) and NTG
was given cumulatively. *Po0.05 versus control. Results are
expressed as mean7s.e.m. (b) Concentration–effect curve to NTG
in eNOS�/� mice aortas. Preparations were precontracted with
U-46619 (10�7M) and NTG was given cumulatively. *Po0.05 versus
control. Results are expressed as mean7s.e.m.

Figure 4 (a) NAD(P)H oxidase activity assay in aortas from wt
mice. Data are expressed as RLU and presented as mean7s.e.m.
NTG treatment for 4 days significantly increased the NAD(P)H
oxidase activity, which was abolished by rosuvastatin treatment
(rosuvastatin–NTG group). *Po0.05 versus all other groups. (b)
NAD(P)H oxidase activity in aortas from eNOS�/� mice. Data are
expressed as RLU and presented as mean7s.e.m. NTG treatment
for 4 days significantly increased the NAD(P)H oxidase activity,
which was abolished by rosuvastatin treatment (rosuvastatin–NTG
group). *Po0.05 versus all other groups.

Figure 5 RT–PCR results in aortas from wild-type (wt) mice. (a)
The bar graph corresponds to the densitometric analysis and (b) the
stained agarose gel contains the RT–PCR products. The intensity of
expression of the three genes of interest (p22phox, gp91phox and
eNOS) normalized to the intensity of expression of the internal
standard gene GAPDH from the same aorta sample. The normal-
ized mRNA of the three genes of interest from the control mice was
set as 100%. *Po0.05 versus control wt.
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(Figure 9) or after the rosuvastatinþNTG cotreatment

(Figure 7a).

Discussion

Our results show that rosuvastatin protects against the

development of nitrate tolerance via a direct interaction with

the NAD(P)H oxidase pathway. Indeed, the NAD(P)H

oxidase activity was significantly increased after in vivo NTG

exposure in both wt and eNOS�/� strains, and rosuvastatin

counteracted this oxidative stress by downregulating mem-

brane subunits, namely p22phox and g91phox and the small G

protein, rac-1, which plays a pivotal role in assembly of the

active oxidase. Interestingly, we show that NTG altered only

the g91phox but not the p22phox, which is one of the main

targets of angiotensin II. This suggests that angiotensin II is

probably not the first step towards nitrate tolerance and

superoxide anion production. The action of rosuvastatin via

these NAD(P)H oxidase subunits probably entails a down-

regulation of this oxidase pathway and therefore, counteracts

the oxidative stress induced by in vivo exposure to NTG. In

line with this hypothesis, apocynin, which impairs the

assembly of the cytosolic subunits p47phox and p67phox with

the membrane-bound subunit p22phox (Brandes, 2003), was

also able to inhibit the development of nitrate tolerance.

The effect of rosuvastatin is likely related to an inhibition

of mevalonate synthesis, leading to changes in isoprenoid

metabolism. Indeed, in the present study, addition of

mevalonate into the organ bath completely abolished the

protective effect of the statin. As previously shown (Bokoch &

Prossnitz, 1992), the oxidase activation is highly sensitive to

inhibition of protein isoprenylation. Accordingly, in cultured

endothelial cells and in rat aortas, statins seem to inhibit

endothelial superoxide anion formation by blocking rac-

mediated assembly of NAD(P)H oxidase (Wagner et al., 2000).

We might speculate that a major source of oxygen radicals,

after in vivo exposure to NTG, is the endothelium, as g91phox

(in contrast to p22phox) is selectively expressed in endothelial

cells. Nevertheless, with regard to nitrate tolerance and the

protective effect of rosuvastatin, the eNOS pathway did not

play a major role in the current study: (1) the magnitude of

nitrate tolerance was similar in wt and eNOS�/� mice, and

similar results have been observed by Wang et al. (2002); (2)

rosuvastatin protects in a similar way against nitrate tolerance

in both strains; (3) in wt mice, rosuvastatin does not modify

the eNOS mRNA expression. Although this absence of eNOS

pathway upregulation does not support data from recent

experiments performed in myocardial tissue (Di Napoli et al.,

2005) or in cultured endothelial cells (Laufs et al., 2002),

similar findings have been described in other studies, even with

much higher doses of rosuvastatin (Pelat et al., 2003).

One may argue that if rac-1 and p22phox are the potential

rosuvastatin targets, the NAD(P)H oxidase activity should be

decreased in the rosuvastatin groups. The most likely reason

for the absence of rosuvastatin-induced alteration in super-

oxide anion basal release is some disruption of the enzyme

complex during homogenization so that only partial

NAD(P)H oxidase activity can be detected.

Considering the assessment of superoxide anion production,

it is unlikely that the observed signal might be artificially

overexpressed because of a phenomenon known as redox

Figure 7 RT–PCR analysis in aortas from wt mice. (a) The bar
graph corresponds to the densitometric analysis and (b) the stained
agarose gel contains the RT–PCR products. The intensity of
expression of the three genes of interest (p22phox, gp91phox and
eNOS) was normalized to the intensity of expression of the internal
standard gene GAPDH from the same aorta sample. The normal-
ized mRNA expressions of the three genes of interest from the
control mice were set as 100%. *Po0.05 versus control wt.

Figure 8 RT–PCR analysis in aortas from eNOS�/� mice. The
intensity of expression of the two genes of interest (p22phox,
gp91phox) was normalized to the intensity of expression of the
internal standard gene GAPDH from the same aorta sample. The
normalized mRNA expressions of the two genes of interest from the
control mice were set as 100%. *Po0.05 versus control eNOS�/�.

Figure 6 RT–PCR analysis in aortas from eNOS�/� mice. The
intensity of expression of the two genes of interest (p22phox,
gp91phox) was normalized to the intensity of expression of the
internal standard gene GAPDH from the same aorta sample. The
normalized mRNA expression of the two genes of interest from the
control mice was set as 100%. *Po0.05 versus control eNOS�/�.
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cycling of lucigenin with superoxide anion. It is quite clear

from reports in the literature (Li et al., 1998; Munzel et al.,

2002) that this redox cycling does not occur with low

concentrations of lucigenin such as that used in the present

study, 5mM (Munzel et al., 2002). Furthermore, in the blank

vial, NADPH did not modify the chemiluminescent signal, and

DPI, a potent inhibitor of flavoprotein containing oxidor-

eductases (but not of the NOS inhibitor, L-NAME), was able

to inhibit the O2
� production in all the vials.

In the current study, in vivo NTG exposure did not

significantly attenuate the relaxation to acetylcholine. This

lack of crosstolerance with non-nitrate sources of NO has also

been observed in human vessels (Du et al., 1992). Sage et al.

(2000) demonstrated that internal mammary arteries isolated

from tolerant subjects exhibited unaltered responses to sodium

nitroprusside and calcium ionophore despite an enhanced

O2
� production. This may be related not only to the extent

of tolerance but also very likely to species differences

namely nitroglycerin metabolisation and/or the presence of

antioxidant enzymes such as extracellular superoxide dismu-

tase (Karlsson & Marklund, 1988).

Finally, the only difference between the reactivity of aortas

from the two strains, with regard to the response to NTG, is

the leftward shift of the concentration–response curves to

NTG in the eNOS�/� mice. According to Brandes et al. (2000),

this increased sensitivity to nitrovasodilator agents observed in

eNOS�/� mice aortas is related to an upregulation of the

soluble guanylate cyclase activity.

As mentioned above, the initial event leading to enhanced

superoxide anion production remains unknown. A recent

hypothesis proposed by Fung (2004) is that NTG is

metabolized into NO by several enzymes, but simultaneously

inactivates these enzymes via a thionitrate oxidation. The

superoxide production induced by nitrate tolerance would then

be a propagating mechanism rather than the initiating

oxidation agent. Whatever the nitrate tolerance mechanisms

are, the current study demonstrates that rosuvastatin down-

regulates the NAD(P)H oxidase pathway, which is considered

to be the major source of ROS production in endothelial cells

and in vascular smooth muscle cells (Bayraktutan et al., 1998;

2000; Griendling et al., 2000).

Like statins, ACE inhibitors can also counteract the

oxidative stress induced by in vivo exposure to NTG in a rat

model. However, using a similar model, namely a 6-week

treatment with ramipril and a cotreatment with NTG 3 days

before euthanasia, the protective effect of ramipril seems to be

mainly related to the eNOS pathway (Berkenboom et al.,

1999). Indeed, the ACE inhibition produces a marked

potentiation of the endothelial responses and an increase in

eNOS abundance via a bradykinin-dependent mechanism

(Berkenboom et al., 1997). Therefore, statins and ACE

inhibitors may have complementary actions to counteract the

oxidative stress induced by in vivo exposure to NTG. This may

hold true in other clinical settings such as diabetes mellitus,

hypercholesterolemia and hypertension. Accordingly, some

clinical investigations have demonstrated additive effects of

ACE inhibitor and statin on the endothelial function (Koh

et al., 2006).

In conclusion, long-term treatment with rosuvastatin

effectively suppresses vascular oxidative activity via a down-

regulation of the NAD(P)H oxidase pathway and protects

against the oxidative stress induced by exposure to NTG in

mice. In contrast, the eNOS pathway is neither critically

involved in this beneficial effect nor in the development of

nitrate tolerance.

Figure 10 (a) RT–PCR analysis in wt mice. The intensity of
expression of rac-1 mRNA expression was normalized to the
intensity of expression of the internal standard gene GAPDH from
the same aorta sample. The normalized mRNA expression of rac-1
from the control mice was set as 100%. *Po0.05 versus control wt.
(b) RT–PCR analysis in eNOS�/� mice. The intensity of expression
of rac-1 mRNA expression was normalized to the intensity of
expression of the internal standard gene GAPDH from the same
aorta sample. The normalized mRNA expression of rac-1 from the
control mice was set as 100%. *Po0.05 versus control eNOS�/�.

Figure 9 RT–PCR analysis in aortas from eNOS�/� and wt mice. The intensity of expression of p22phox, gp91phox and eNOS
mRNA expression was normalized to the intensity of expression of the internal standard gene GAPDH from the same aorta sample.
The normalized mRNA expressions of p22phox, gp91phox and eNOS from the control mice were set as 100%. *Po0.05 versus the
respective control.
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