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Lack of critical involvement of endothelial nitric oxide synthase in

vascular nitrate tolerance in mice
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We examined the direct involvement of endothelial nitric oxide (eNOS) in nitrate tolerance using
eNOS knockout (eNOS (—/—)) and wild-type (eNOS (+/+)) mice. Animals were treated with
either nitroglycerin (NTG, 20 mg kg~ 's.c. 3 x daily for 3 days) or vehicle (5% dextrose, D5SW), and
nitrate tolerance was assessed ex vivo in isolated aorta by vascular relaxation studies and cyclic
GMP accumulation. Western blot was performed to determine NOS expression after NTG
treatment. In both the eNOS (—/—) and (+/+) mice, the ECsy from NTG concentration-response
curve was increased by ~3 fold, and vascular cyclic GMP accumulation was similarly decreased
after NTG pretreatment. Vascular tolerance did not lead to changes in eNOS protein expression in
eNOS (+/+) mice. These results indicate that vascular nitrate tolerance was similarly induced in
eNOS (—/—) and (+/+) mice, suggesting that eNOS may not be critically involved in nitrate
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tolerance development in mice.

British Journal of Pharmacology (2002) 135, 299302

Keywords:

Abbreviations:

Nitrate tolerance; endothelial nitric oxide synthase; eNOS gene knockout; mice aorta; cyclic GMP
CRC, concentration-response curve; D5SW, 5% dextrose; eNOS (—/—), eNOS knockout mice; eNOS (+/+),

eNOS wild-type mice; NOS, nitric oxide synthase; NTG, nitroglycerin

Introduction The rapid development of vascular tolerance
toward organic nitrates like nitroglycerin (NTG) has been
known for over a century. Various mechanisms have been
put forth to explain this phenomenon (Fung & Bauer, 1994;
Munzel et al., 1995). Recently, Munzel et al. (2000) found
that nitrate tolerance, induced by NTG infusion in rats for 3
days, is accompanied by upregulation of endothelial nitric
oxide synthase (eNOS), and uncoupling of this enzyme to
produce excess superoxide. The uncoupling of NOS to
produce superoxide has been reported for all three isoforms
(Pou et al., 1992; Xia et al., 1998; Xia & Zweier, 1997). Thus,
the possibility of NOS contribution to nitrate tolerance via
superoxide production has been raised.

Recently, Abou-Mohamed et al. (2000) also found that in
vitro exposure of rat aortic rings to NTG for 2 h induced
vascular tolerance, which was partially reversed by L-
arginine, but not by D-arginine. Although questions have
been raised about the cross-consistency of these observations
(MacAllister, 2000), the data nevertheless also suggested a
role of eNOS in vascular nitrate tolerance.

These findings raised the question about the possible
importance of the vascular endothelium in affecting the
dilatory responses of NTG, a vasodilator that has been
traditionally considered endothelium-independent. Consistent
with this latter view, past studies have found that in vivo
nitrate tolerance produced little, if any, cross-tolerance
toward endothelium-dependent vasodilators such as acetyl-
choline in animals and in humans (Du et al., 1992; Namiki et
al., 1991; Stewart et al., 1987). On the other hand, other
studies (Caramori et al., 1998; Munzel et al., 1995) found that
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vascular nitrate tolerance is accompanied by attenuation of
vascular endothelial response. Thus, the evidence for eNOS
involvement in nitrate tolerance, either as a cause or as an
effect, remains equivocal.

In an attempt to further understand the role of eNOS in
nitrate tolerance in vivo, we examined the critical necessity for
the presence of eNOS in producing this phenomenon,
through the comparison of eNOS knockout (eNOS (—/—))
mice vs wild-type (eNOS (+/+)) controls by monitoring
vascular relaxation and vascular cyclic GMP accumulation in
mouse aorta after chronic in vivo NTG treatment.

Methods Materials NTG was obtained from Schwarz
Pharma (Germany). NOS monoclonal antibodies against
human eNOS, neuronal NOS (iNOS) and inducible NOS
(iNOS) were obtained from Transduction Laboratories (San
Diego, CA, U.S.A.). All other materials were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.).

In vivo NTG tolerance induction All procedures were
performed according to protocols approved by the SUNY
Institutional Animal Care and Use Committee. Adult wild-
type C57BL/6 mice (eNOS (+/+)), weighing 20—-30 g were
obtained from Harlan (Indianapolis, IN, U.S.A.) and
homozygous mutant mice lacking eNOS (eNOS (—/—)),
were bred at the University at Buffalo from breeding pairs
kindly provided by Dr P.L. Huang of the Massachusetts
General Hospital. Animals received s.c. injections of either
NTG (20 mg kg=') or vehicle (5% dextrose, D5W) 3 x daily
for 3 days. Eight hours following the last injection, animals
were sacrificed and thoracic aorta was collected for vascular
relaxation studies (n=4-5), cyclic GMP measurements
(n=4-7), and Western blotting (n=3).
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In vitro vascular relaxation experiment Procedures for tissue
bath relaxation studies were carried according to Russell &
Watts (2000), but 4 umM phenylephrine was used and the ring
tension was adjusted to 1 g. The ECsy and the slope of the
NTG concentration-response curve (CRC) were obtained
using Graph-Pad Prism (Version 1.03).

In vitro cyclic GM P measurement Cyclic GMP accumulation
was examined as previously described (Hasegawa et al.,
1999), but in the presence of the endothelium. Following a
30 min equilibration, aortas were challenged with 1 uMm NTG
at 37°C for 30 s and cyclic GMP content in aortic sample
was determined using a radioimmunoassay kit (Biomedical
Technologies Inc., MA, U.S.A.).

Western blotting analysis Western blot analyses for all three
isoforms of NOS were carried out as previously described
(Kielbasa & Fung, 2000). The intensity of the eNOS bands
was quantified by the Scion Image software from NIH.

Statistical analysis Data are presented as mean +s.e.mean.
The differences in NTG CRC’s were analysed using two-way
ANOVA, and unpaired Student’s r-test was used to
determine the differences in the ECsy and the slope of the
NTG CRC’s. Statistical significance was declared at P<0.05.

Results Effects of in vivo NTG treatment on vascular
relaxation Figure 1 shows that in both groups of animals,
NTG pretreatment for 3 days exhibited a modest but similar
rightward shift in NTG CRC. Although two-way ANOVA
revealed that the NTG CRC’s were not statistically different
between D5SW and NTG treatment (P>0.05), the ECsy’s
from the NTG-treated groups were found to be significantly
higher than the corresponding DSW controls in both the
eNOS (+/+) and (—/—) mice. The ECsy’s of D5W- vs
NTG-treated eNOS (+/+) mice were 10.4+2.1 and
25.4+2.3 nM, respectively (P<0.05), a shift of about 2.5
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Figure 1 Ex vivo concentration vs response curves of isolated mouse
aorta toward NTG in eNOS (+/+) and eNOS (—/—) mice after in
vivo NTG (20 mg kg~' 3 xdaily for 3 days) or D5W control
treatment. The dotted lines showed a rightward shift of the NTG-
relaxation curves vs their respective controls, consistent with vascular
tolerance development. Data are expressed as mean+s.e.mean,
n=4-5 animals.

fold. In comparison, the ECsy values in the eNOS (—/—)
mice were 1.37+0.21 and 4.33+1.14 nM for D5W- and
NTG-treated animals, respectively (P<0.01), representing a
3.2 fold rightward shift in NTG CRC. The lack of significant
difference in NTG CRC by two-way ANOVA was likely due
to the modest shift in the CRC, and the inclusion of plateau
regions of these curves in the analysis. In both the NTG and
D5W pretreated animals, a leftward shift in NTG
concentration-response curves (CRC) was observed in the
eNOS (—/—) mice compared to the eNOS (+/+) controls.
In addition, the slopes of the NTG CRC’s from eNOS
(—/—) mice were significantly steeper than the corresponding
eNOS (+/+) mice for both NTG- and D5W-pretreated
animals (NTG-pretreated: 1.92+0.15 vs 0.774+0.05, P<0.01;
D5W-pretreated: 1.884+0.24 vs 0.894+0.16, P<0.01, for
eNOS (—/—) and (+/+) mice, respectively). The steeper
slopes of the CRC’s observed with eNOS (—/—) mouse
aortas are consistent with their higher sensitivity toward
NTG-induced relaxation.

Effect of in vivo NTG treatment on cyclic GM P accumulation in
mouse aorta In preliminary experiments using eNOS (+/+)
mice, exposure of isolated aorta to 1 uM NTG for 30 s induced
~ a 2 fold increase in in vitro cyclic GMP accumulation
(25.9 pmol mg~"' protein and 46.4 pmol mg~' protein for
D5W- and NTG-challenged, respectively). In addition, this
challenge dose has been shown to produce similar vascular
¢GMP accumulation in both eNOS (+/+) and (—/—) mice
(eNOS (+/+): 51.0+12.1 Vs eNOS (=/—):
59.247.1 pmol mg~'! protein, P>0.05). Thus, at this
challenge regimen, there was no apparent difference in the
total accumulation of cyclic GMP for both animal groups, in
the absence of any tolerance induction. This challenge regimen
was therefore used to determine the effects of in vivo NTG vs
DS5W treatment on vascular cyclic GMP accumulation in vitro.
Figure 2 compares the in vitro cyclic GMP responses of aorta in
the four groups of animals under examination. Cyclic GMP
accumulation from mouse aorta after DSW treatment was not
significantly difference between eNOS (+/+) vs eNOS (—/—)
animals (bars marked A). In the NTG treated mice (bars
marked B), NTG-induced vascular cyclic GMP accumulation
was significantly attenuated from their respective treatment
controls. The eNOS (—/—) mice exhibited a 59.2+16.5%
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Figure 2 Effects of in vivo NTG treatment on in vitro cGMP
accumulation in mouse aorta upon 1 uM NTG challenge in eNOS
(+/+) and eNOS (—/—) animals. A Bars: D5W-treated, B Bars:
NTG-treated. *P<0.05, **P <0.01 vs corresponding DSW treatment.
data are expressed as mean +s.e.mean, n=4—7 animals.
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decrease, compared to a 43.5+15.4% decrease exhibited by
eNOS (+/+) mice. In separate experiments, baseline vascular
cyclic GMP levels were also measured in the eNOS (—/—)
mice. Consistent with the lack of endogenous NO production in
the eNOS (—/—) mice, baseline cyclic GMP was significantly
lower in the aorta of the eNOS (—/—) (1.9+0.3 pmol mg~'
protein) vs eNOS (+/+) mice (25.9+ 1.5 pmol mg~' protein,
P <0.0001).

Effect of in vivo NTG treatment on NOS protein
expression Western blot analysis demonstrated that eNOS
protein was present in the various tissues of the eNOS (+/+)
mice, but absent in the eNOS (—/—) mice (data not shown). In
vivo NTG treatment did not induce any apparent changes in
eNOS protein expression in the eNOS (+/+) mice.
Densitometric analysis of eNOS bands observed in the eNOS
(+/+)miceindicated that the NTG-treated group did not differ
in eNOS protein expression from D5W controls (89 +15% of
control, P>0.05, =3 animals). No detectable nNOS and iNOS
bands were observed in the aortas of both groups of animals
treated with either DSW or NTG (data not shown).

Discussion Our present study reported for the first time the
development of nitrate tolerance in eNOS (—/—) mice after
chronic in vivo NTG treatment. Vascular relaxation studies
showed similar rightward shifts in NTG CRC with similar
increases in ECso after in vivo NTG treatment in both the
eNOS (—/—) and (+/+) mice. Consistent with this
observation, NTG-stimulated cyclic GMP accumulation was
attenuated to a comparable extent after in vivo NTG
treatment. Prior NTG exposure caused 59.2 and 43.5%
decreases in cyclic GMP production upon subsequent NTG
challenge in the eNOS (—/—) and (+/+) mice, respectively.
These results suggest that the extent of NTG tolerance
development was similar in the eNOS (—/—) and (+/+)
mice. In addition, our results showed that chronic NTG
treatment at a tolerance-inducing dose did not lead to any
apparent change in eNOS protein expression in the eNOS
(+/+) mouse aorta.

Our results therefore differed from the findings of two
recent reports (Abou-Mohamed et al., 2000; Munzel et al.,
2000) which indicated the possible involvement of eNOS in
the development of nitrate tolerance. There are a number of
important differences in methodology between these investi-
gations. Our studies utilized a different animal species (mice)
vs rats in both of these studies, and it is uncertain whether a
species difference may exist in the phenomenon of nitrate
tolerance. Our s.c. dose of 60 mg kg~' day~' was slightly
higher than the 0.5mgh~! (52 mgkg™' day™' for a
230 g rat) used by Munzel et al. (2000). We used both cyclic
GMP accumulation and vascular relaxation as indices of
vascular sensitivity toward NTG, while both Munzel et al.
(2000) and Abou-Mohamed et al. (2000) only employed
vascular relaxation as an index of tolerance. Induction of
vascular tolerance was carried out in vivo in our study and
that of Munzel er al. (2000), while Abou-Mohamed et al.
(2000) induced vascular nitrate tolerance in vitro.

Consistent with literature reports of increased sensitivity of
eNOS (—/—) mice to nitric oxide donors (Brandes et al.,
2000; Hussain et al., 1999; Kojda et al., 1999), the eNOS
(—/—) mice showed a ~10 fold lower ECs, in aorta
relaxation when compared to their wild-type counterparts

(Figure 1). Kodja et al. (1999) also reported a ~7 fold
decrease in the ECsy of NTG-induced vascular relaxation in
the eNOS (—/—) mice. One possible mechanism for this
enhanced sensitivity to NO donors in the eNOS (—/—) mice
may involve increased sensitivity of soluble guanylyl cyclase
(sGC). Indeed, Brandes et al. (2000) had reported a greater
sGC activity in the eNOS (—/—) mouse aorta after sodium
nitroprusside (SNP, 100 uM) stimulation, and a ~2 fold
higher cyclic GMP production after SNP (300 nM) stimula-
tion in the eNOS (—/—) mice vs (+/+) mice. However, in
our present study, the total amounts of vascular cyclic GMP
accumulation after 1 uM NTG challenge were not different in
the eNOS (—/—) vs (+/+) mice (A bars in Figure 2). The
apparent lack of difference in total cyclic GMP accumulation
after NTG challenge is in contrast to the increased sensitivity
of the eNOS (—/—) to NTG observed in the vascular
relaxation study. This may in part be due to the high
concentration of NTG used in the in vitro cyclic GMP
challenge. Indeed, it has been reported that the maximal
increase in cyclic GMP production following a high dose of
sodium nitroprusside stimulation was similar in the eNOS
(—/—) and (+/+) mice (Brandes et al., 2000).

Although our study indicates that in vivo vascular tolerance
toward NTG in mice did not appear to require the
participation of eNOS, it did not rule out that eNOS may
indeed be involved in some manner in the development of
nitrate tolerance in eNOS (+/+) animals. It is possible that
in the eNOS (—/—) mice, compensatory pathways may exist
to overcome the lack of eNOS participation in, for example,
enhanced superoxide generation. Our studies did indicate,
however, that these compensatory pathways are unlikely to
involve other NOS isoforms, such as nNOS and iNOS, since
expression of these proteins was not detected. However, we
did not measure mRNA levels for these NOS proteins, nor
did we determine nNOS and iNOS activities in the aorta.
Further studies involving these measurements will provide a
better understanding on how other isoforms of NOS may
compensate for the loss of eNOS in eNOS-deficient animals.

Although our findings indicate the lack of critical
involvement of eNOS as a cause of vascular tolerance, they
do not rule out that eNOS dysfunction could well be an effect
of tolerance. The presence of oxidative stress during the
development of vascular nitrate tolerance may indeed affect
eNOS activity and expression (Vaziri & Ding, 2001). In
addition to alteration of NOS expression, activation of
NAD(P)H-dependent oxidases has been shown to be another
source of superoxide generation during vascular nitrate
tolerance (Rajagopalan et al., 1996). The contribution of
NAD(P)H-dependent oxidases to nitrate tolerance in mice
was not examined in the present study.

It is noted that the degree of tolerance, as measured by
vascular relaxation responses, was modest. The ECs, was
right-shifted only ~3 fold, although statistical significance
indicating tolerance development was unambiguously ob-
served. The decrease in cyclic GMP accumulation as a result
of vascular tolerance was more marked, producing ~ 2 fold
difference upon challenge of mouse aorta with NTG. It is
possible that higher doses of NTG, or a different route of
administration (e.g., continuous intravenous infusion via an
osmotic pump), would produce a higher degree of vascular
nitrate tolerance in the mouse. However, because of the
internal consistency of our data (through the use of two

British Journal of Pharmacology vol 135 (2)



302 E.Q. Wang et al

Special Report

indices of vascular nitrate tolerance), we believe that our
conclusion about the lack of criticality of eNOS in causing
vascular nitrate tolerance is well supported.
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