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1 The goal of this work was to test the role of nitric oxide synthase (NOS) and its substrate L-
arginine in development of tolerance to nitroglycerin's (GTN) vasodilator actions.

2 GTN's e�ects on NOS activity and NO formation were tested in cultured bovine aortic
endothelial cells (BAECs). The arginine to citrulline conversion assay showed that GTN stimulated
NOS basal activity in BAECs by *40%, comparable with acetylcholine (ACh)-treated controls.
Both e�ects were blocked by L-NMMA. Photometric assays showed that both GTN and ACh-
stimulated NO formation. Both e�ects were potentiated by L-arginine and inhibited by L-NAME. L-
NAME inhibited ACh responses *80% compared with *40% for GTN responses.

3 The aortic ring assay showed that 2 h pretreatment with GTN caused substantial tolerance to
GTN's vasodilating e�ects as evidenced by a 38 fold rightward shift of the concentration-relaxation
curve. In contrast to D-arginine, addition of L-arginine substantially inhibited this e�ect, reducing
the rightward shift to 4.4 fold of control values. GTN tolerance was associated with a 40%
reduction in L-arginine tissue levels. GTN had a biphasic e�ect on BAEC uptake of L-arginine,
stimulating uptake at 5 and 15 min, and suppressing uptake after 1 and 4 h

4 In summary, acute GTN treatment stimulates endothelial NOS activity in producing NO and
increases cellular uptake of L-arginine. Prolonged GTN exposure reduces GTN's vasodilator actions,
decreases L-arginine tissue levels and depresses BAECs uptake of L-arginine. Supplementation of L-
arginine reduces development of GTN tolerance. These data indicate that GTN tolerance depends in
part on activation of the NOS pathway.
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Introduction

The mechanism of GTN's vasodilator action is generally
agreed to involve denitration and release of NO from GTN
which in turn activates smooth muscle guanylyl cyclase,

causing vasorelaxation (Ignarro et al., 1981; Murad, 1986;
Salvemini et al., 1992). However, evidence has accumulated to
support an additional, endothelium-dependent mechanism of

GTN-induced vasodilation (Ahlner et al., 1987; 1988; Malta,
1989a,b; Abou-Mohamed et al., 1995).

Mechanisms of tolerance to GTN have been intensely
investigated and are thought to involve both vascular and

humoral mechanisms (Parker & Parker, 1998). Well
established vascular mechanisms include desensitization of
smooth muscle guanylyl cyclase (Molina et al., 1987),

enhanced cyclic GMP breakdown due to increased
phosphodiesterase activity (Pagani et al., 1993), and
impaired GTN biotransformation in the blood (Chung &

Fung, 1990). Humoral mechanisms include increases in
plasma levels of catecholamines, vasopressin, angiogensin II
and aldosterone which elevate vascular resistance and
volume (Stewart et al., 1986; Parker, 1989).

Another mechanism of GTN tolerance may involve
enhancement of superoxide production. Chronic treatment
with known NOS agonists such as acetylcholine or Ca2+

ionophore has been found to induce vascular tolerance
(Gold et al., 1989; 1990). This e�ect was associated with
depletion of the NOS substrate, L-arginine, and was

reversed upon L-arginine repletion. When L-arginine is
limited, superoxide anion is produced from O2 by nitric
oxide synthase (NOS) (Pritchard et al., 1995; Kurz et al.,
1996; Presta et al., 1997). In this context, blood vessels

made tolerant to GTN showed a 2 fold increase in
superoxide formation in response to GTN (MuÈ nzel et al.,
1995). Endothelium denudation from these vessels reduced

superoxide formation, an observation implicating a role of
endothelium in GTN tolerance. Our preliminary clinical
data have shown that the combination of nitrates with

supplemental L-arginine can be useful in reversing nitrate
tolerance (Kaesemeyer et al., 1997). Thus, it is possible
that GTN tolerance involves e�ects on the endothelium
leading to NOS activation and L-arginine depletion. Based

on these collective observations, we have hypothesized that
tolerance to GTN results in part from diminished L-
arginine availability due to activation of NOS pathway by

GTN and reduction of L-arginine uptake by endothelial
cells.*Author for correspondence.
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Methods

NOS activation and NO production by bovine aortic
endothelial cells

E�ect of GTN on nitric oxide synthase activity BAECs
(passages 2 ± 5) were grown to con¯uency in M-199 medium

in 6-well plates. After 12 h incubation in serum free medium,
the cell layer was incubated for additional 2 h in L-arginine-
free medium. Cells were washed with HEPES bu�er and

incubated with 1 ml of the same bu�er at 378C. The bu�er had
the following composition (mM): NaCl, 125; KCl, 5; NaHCO3,
25; MgSO4, 1.2; KH2PO4×H2O, 1.19; CaCl2×2H2O, 2.54;

glucose, 11 and HEPES, 10 (pH 7.4). [3H]-L-arginine (2 mCi)
and 10 mM cold L-arginine were added to each well. Two
minutes later, cells received 1076

M of either ACh or GTN. In

some experiments, 1076
M of Ca+2 ionophore A23187 was also

used as a positive control. In parallel experiments, 1073
M of L-

NMMA, a NOS inhibitor, was added and allowed to act for
15 min prior to test agents application. Twenty minutes later,

the reaction was stopped by a wash of 2 ml of cold phosphate
bu�er containing 561076

M L-arginine and 461073
M

EDTA. Cell-lysate was applied to 2-ml columns of Dowex

AG50WX-8 (Na+ form), and eluted with 2 ml of washing
bu�er. The radioactivity corresponding to [3H]-citrulline
content in the eluent was measured by liquid scintillation

spectroscopy (Beckman Instruments). Basal formation of [3H]-
citrulline was reduced by 71.7+5.4% in the presence of 1073

M

of L-NMMA.

Estimation of nitric oxide production by GTN The direct
e�ects of ACh and GTN on NO production in BAECs were
determined using a highly sensitive photometric assay for

conversion of oxyhaemoglobin to methaemoglobin. NO
oxidizes oxyhaemoglobin (HbO2) to methaemoglobin (metHb)
in the following reaction: HbO2+NO?metHb+NO3

7.

Therefore, the amount of NO produced by endothelial cells
can be quanti®ed by measuring the change in absorbance as
HbO2 oxidizes to metHb. Oxyhaemoglobin has an absorbance

peak at 415 nm, while metHb has a 406 nm absorbance peak.
By subtracting the absorbance of metHb from that of HbO2,
the concentration of NO can be assessed. Our general method
is patterned after Feelisch et al. (1995).

For this assay, early passages (2 ± 5) of BAECs (107) were
suspended in culture medium with 0.5 g of microcarrier beads
(Cytodex #3). Cells, beads and medium were transferred to a

spinner ¯ask (Wheaton) where the culture was left undisturbed
at 378C with 95%O2 and 5% CO2 for 29 min and then spun
(20 r.p.m.) in this same environment for 1 min. This sitting

cycle allows for cell adherence to the beads while the spinning
creates an even distribution of cells and beads. After 4 h of
alternate sitting and spinning cycles in the attachment phase,

the spinner ¯ask was left on the stirrer for 2 ± 3 days for
uniform cellular coating of beads.

For experiments, beads/cells were rinsed twice and then
suspended in a HEPES-bu�ered Krebs-Ringer solution

containing all necessary co-factors. To prevent a reaction
between NO and superoxide (O2

.7), superoxide dismutase
(200 u ml71) was added to the bu�er. Catalase (100 u ml71)

was added to decompose hydrogen peroxide, keeping the
hemoglobin active. This basic bu�er also contained 561075

M

of L-arginine. Two-ml of BAEC/beads were placed into a

water-jacketed chromatography column (Pharmacia) and
superfused at a rate of 2 ml min71 with HEPES-bu�ered
Krebs-Ringers solution containing 361076

M oxyhaemoglo-
bin. The perfusate was then directed into a ¯ow-through

cuvette in a dual wavelength spectrophotometer and absor-
bance was measured to determine the basal and stimulated NO
release. A parallel column circuit was ®lled with only beads (no

cells) to determine basal and spontaneous release of NO in this
system without cells. Vehicle (bu�er w/o agent) did not cause a
change in absorbance when infused into the cell/bead column.

Experimental stimulation was carried out by 3 min infusion

periods of ACh or GTN added to bu�er perfusion system via a
3-way stopcock using a microsyringe pump at a rate of
45 ml min71 to yield a ®nal concentration of 1076 and 1075

M

for each agent in the bu�er. The e�ects of bu�er containing L-
NAME (1073

M) in blocking the actions of these drug agents
and then a bu�er without L-NAME but with excess L-arginine

(1073
M) in reversing any L-NAME e�ect were also examined.

Each drug agent concentration was given twice for each of the
three bu�er systems; a period of 10 min was allowed between

infusions of agents. Our data demonstrate that this cell
perfusion and monitoring system remains stable for at least
4 ± 6 h. At the end of each experiment, cell viability was then
checked using trypan blue exclusion.

For analysis, we determined the area under the curve for the
change in absorbance per min caused by each agent above
baseline levels and calculated metHb production using an

extinction coe�cient of 39 mM
71 cm71. During the 3 min

infusion of agents absorbance rose rapidly. Changes in
absorbance to these agents persisted from 2 ± 8 min depending

on the size of the response before returning to baseline levels.
We assumed a one to one correspondence for NO and metHb
production, the known stoichiometric balance for this

reaction.
We also determined the change in basal NO production

during perfusion with each of the bu�er systems. Basal levels
of NO in our cell/bead chamber perfusion system varied

between 32 and 167 nmol min71 mg protein71. Perfusion of
BAECs with bu�er containing L-NAME (1073

M) reduced
basal NO formation by 38+5%. Subsequent perfusion with L-

arginine containing bu�er (1073
M) raised the basal levels back

to those observed before L-NAME treatment. Basal NO values
were subtracted from drug-induced responses to determine NO

production caused solely by each drug.

Measurement of vascular tone

Male Sprague-Dawley rats (200 ± 250 g) were killed by
decapitation. The descending thoracic aorta was removed,
cleaned from the adjacent tissues and cut into ring segments of

approximately 4 mm in length. Two metal hooks were passed
carefully through the lumen of each ring and the tissues were
then mounted under 261073 Newtons of tension in 25-ml

organ baths containing Krebs solution. Tissues were left to
equilibrate for 90 min with intermittent changing of the
solution every 15 min. Krebs solution had the following

composition (mM): NaCl, 118; KCl, 4.75; NaHCO3, 25;
MgSO4, 1.2; KH2PO4×H2O, 1.19; CaCl2×2H2O, 2.54; glucose
11. The bathing solution was kept at 378C and was
continuously aerated with 5% CO2 and 95% O2 gas mixture.

After equilibrium, a predetermined submaximal dose of
phenylephrine, PE (361077

M, producing *86% of max-
imum contraction), was added to the tissue bath and the full

response allowed to develop. A cumulative concentration e�ect
curve for GTN was then constructed. The bathing solution was
drained and replaced with fresh solution. The tissues were

allowed to return to the baseline. Tolerance to GTN was
developed by incubating the tissues with 561074

M of GTN
for 1 h followed by a replenishment of the same dose for a
second hour. In one series of experiments, L-arginine
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(561074
M) was present in half of the tissue baths throughout

the incubation time, while the other half had no L-arginine
present. In a similar series of experiments, D-arginine

(561074
M) was used instead of L-arginine. Tissues were

washed extensively every 15 min for 1 h post-incubation.
Rings were reconstricted with 361077

M PE and a second
cumulative concentration e�ect curve for GTN was estab-

lished. The pD2 values for GTN (negative log of the dose
producing 50% of the maximal response) were determined for
each treatment. In another set of experiments, rings were

contracted as above with PE in the presence of 561074
M of L-

arginine or D-arginine to determine the e�ect of L-arginine or
D-arginine alone on GTN responses.

A separate series of experiments was conducted to
investigate the response of GTN-tolerant vessels to ACh (NOS
activator) and SNAP (NO donor). In these experiments, aortas

were contracted with 361077
M of PE. After maximal

responses to PE were fully developed, vessels were relaxed
with by stepwise addition of ACh or SNAP. Subsequently,
vessels were made tolerant to GTN as above and concentra-

tion-relaxation curves (CRC) for ACh or SNAP were
reconstructed.

In some aortic rings, the e�ect of 30 min pretreatment of L-

NMMA (1074
M) on the vascular responses to ACh was

investigated. In these experiments, CRCs for ACh were
constructed in the absence and the presence of the NOS

inhibitor, L-NMMA.
For each experiment, four ring segments were obtained

from the rat and randomly assigned to one of our experimental

treatments. All responses were expressed as a percentage of the
response produced by a time control to PE alone.

L-arginine content determination

Thoracic aortas isolated from rats were cut into two equal
halves (*20 mg). Each half was incubated in 25-ml organ bath

containing Krebs solution at 378C and was continuously
aerated with 5% CO2 and 95% O2 gas mixture. The aorta from
one group of rats was kept in the bath for only 45 min, the

period for the ®rst concentration response curve (initial
control). Another group was made tolerant to GTN using the
long exposure protocol described above. For the third group,
aortas were incubated only in Krebs solution for this same

total 2 h-period. After the given periods, tissues in each group
were washed extensively and frozen in liquid nitrogen. L-
arginine was separated according to Gold et al. (1989). Brie¯y,

aortic segments (30 ± 50 mg) were pooled per sample. Tissues
were homogenized in 6% trichloroacetic acid and centrifuged.
The supernatant was extracted with ether. Samples were

lyophilized and reconstituted in 4 ml of 0.1 M citrate bu�er,
pH 5.5. Samples were chromatographed on columns of resin
(AG50WX8, sodium salt) and washed with citrate bu�er to

remove citrulline and ornithine. The columns were eluted with
4 ml of 0.2 N NaOH. Samples were assayed for L-arginine
spectrophotometrically by a modi®ed Sakaguchi reaction
using L-arginine as a standard.

L-arginine transport system in bovine aortic endothelial
cells

Con¯uent cultures of BAECs (passages 2 ± 5) were prepared in
24-well plates. The predominant transporter system for L-

arginine is the Na+-independent y+ system (Cynober et al.,
1995; Ogonowski et al., 2000). In order to determine the
contribution of the y+ transporter for L-arginine supplied to
the cells, BAECs were incubated in an uptake bu�er

containing 20 nM [3H]-L-arginine for periods of 5, 15 and
60 min. The incubation bu�er contained (mM): HEPES, 25;
CaCl2, 1.8; KC, 5.4; choline (rather than sodium) chloride,

140; MgSO4, 0.8 and glucose, 5. Uptake of L-arginine was
terminated by addition of ice-cold bu�er and cells were washed
three times with 1 ml of bu�er. After ®nal washing, cells were
lysed by adding 1 ml 0.5% sodium dodecyl sulphate in 0.1 N

NaOH. Cellular lysates (850 ml) were added to 15 ml Ecoscint-
A scintillation ¯uid, the amount of [3H]-L-arginine was
determined by scintillation spectroscopy and represented

cellular transport of L-arginine. Our earlier studies of cellular
uptake of L-arginine in BAECs indicate that the Na+-
dependent B0,+ system contributes only 5 ± 10% of total

uptake (Ogonowski et al., 2000). In addition, experiments
were performed in which the y+ transporter was characterized
for cellular uptake of [3H]-L-arginine for 5, 15, and 60 min in

the presence of excess (1073
M) unlabelled L-arginine. The

results of these experiments allowed us to determine the extent
of non-speci®c binding and non-saturable uptake of L-arginine
to the BAECs contributed to total L-arginine uptake; this was

subtracted from experimental values. The BAECs were
incubated with or without GTN at a concentration of
1076

M for 5, 15, 60 and 240 min for determination of the

e�ect of GTN on L-arginine-uptake. For the 240 min exposure
with GTN, the media containing 1076

M GTN was replaced
every 1 h and the uptake of [3H]-L-arginine for this experiment

was measured during the fourth hour. Uptake of [3H]-L-
arginine for individual wells was normalized by calculating
uptake per mg of cell protein.

Drugs and chemicals

The following materials were used: preservative free glyceryl

trinitrate (Perlinganit1, Schwartz Pharma, Germany), L-
[2,3-3H]-arginine (Du Pont, NEN, Boston, MA, U.S.A.), and
Micro BCA protein assay kit (Pierce, IL, U.S.A.). Nitro L-

arginine methyl ester (L-NAME), NG-monomethyl-L-arginine
(L-NMMA), Dowex AG50WX-8, S-nitroso-N-acetyl penicil-
lamine (SNAP), Acetylcholine (ACh), Ca2+ ionophore

A23187, D-arginine, and L-arginine were purchased from
Sigma Chemical Co., St. Louis, MO, U.S.A. Other chemicals
were of analytical grade.

Statistical analysis

Data are presented as mean+s.e.mean of the indicated

number of observations (n) and the di�erence between groups
was assessed using the paired t-test or analysis of variance,
when appropriate. A probability value (P) less than 0.05 was

considered to be statistically signi®cant.

Results

NOS activation and NO production by bovine aortic
endothelial cells

E�ect of GTN on nitric oxide synthase activity The potential
stimulatory action of GTN on NOS activity was investigated

by assaying the conversion of [3H]-L-arginine into [3H]-
citrulline and NO. In these experiments, the e�ects of GTN
were compared with the known NOS agonist ACh. The data

showed that the basal activity of NOS in non-stimulated
BAECs was 4.11+0.6 pmol mg protein71 min71. ACh
(1076

M) increased the activity of the enzyme by 49+12%
above the baseline. Incubation of cells with GTN (1076

M) for
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20 min increased eNOS activity to the same extent, 46+18%
above the baseline (Figure 1). L-NMMA treatment reduced the
responses of ACh and GTN to 3.5 and 4.2% above baseline,

respectively. The observed increases in activity of eNOS were
almost totally blocked by prior incubation of cells for 15 min
with 1073

M of L-NMMA.

Estimation of nitric oxide production by GTN This series of
experiments was designed to determine the e�ects of GTN on
activity of endothelial cells in producing NO and to assess the

relative contribution of NOS activity to the total NO
production by GTN. The results demonstrated that ACh
produced a transient, concentration-related increase in NO

formation above baseline levels (Figure 2). In control bu�er
containing 561075

M L-arginine, there was approximately a 2
fold increase in NO production between 1075 and 1076

M

ACh. Subsequent treatment of these cells with bu�er contain-
ing 1073

M of L-NAME, markedly reduced ACh-induced
production of NO by 80%. When this L-NAME bu�er was
replaced with another containing L-arginine (1073

M), ACh-

elicited production of NO returned to control levels.
GTN also caused a concentration-related increase in NO

production above baseline levels. There was a larger increment

in response to the 1075 vs 1076
M concentrations of GTN (*3

fold) compared with that of ACh. Superfusion of the cell
suspension with L-NAME (1073

M), also blunted NO

production in response to GTN, but to a lesser extent than
was seen with ACh. The reduction was only about 40% as
compared with the 80% reduction seen with ACh. These

observations suggest that in addition to the well-known e�ect
of GTN as NO donor, its stimulation of NO production is also
due in part to NOS activity. Additionally, subsequent
perfusion of the cells with a bu�er supplemented with L-

arginine (1073
M) resulted in a return in NO production to a

level above the amount induced by the GTN in control bu�er.
This restoration of responses to GTN after L-arginine addition

was about three times greater than that observed for ACh.
Administration of GTN or ACh into a perfusion system
containing only beads without cells did not induce metHb/NO

production.

Vascular tone

The isolated aortic rings contracted with 361077
M of PE

produced 1.75+0.15 gm of tension. Experiments using these
rings demonstrated that GTN induces a concentration-
dependent (10710 to 1075

M) vasorelaxation with a pD2 value
of 7.75+0.08 (Figure 3). Exposure of the ring segments to a

high concentration of GTN (561074
M) for 2 h reduced their

sensitivity to subsequent relaxation by GTN. Another
concentration-response curve constructed on the GTN-

Figure 1 E�ect of ACh and GTN (1 mM each) on eNOS activity in
BAECs as measured by the conversion of [3H]-L-arginine into [3H]-
citrulline. The basal activity of eNOS was 4.11+0.6 pmol mg pro-
tein71 min71. Treatment with L-NMMA (1073

M) reduced basal 3H-
citrulline formation by 71.7+5.4%. This treatment reduced the
e�ects of ACh and GTN by over 90%. Data are presented as a
mean+s.e.mean of six experiments run in duplicates. *Indicates a
signi®cant di�erence from the baseline value.

Figure 2 E�ects of acetylcholine and nitroglycerin (1076 and
1075

M) on NO production. Responses to drugs are transient
elevations in NO production above basal levels of NO production
in control bu�er with 1075

M L-arginine. Subsequent perfusion of the
cell/bead system with 1073

M L-NAME in bu�er, and then with
1073

M of L-arginine in the bu�er system. Production of NO is
displayed in nmol min71 (mean+s.e.mean). #Denotes di�erence
between responses in L-NAME bu�er vs both basic and L-arginine
added bu�ers (P50.05). *Indicates di�erence vs control basic bu�er
responses (P50.05).

Figure 3 Induction of tolerance to GTN in isolated rat aortic
segments and the e�ects of L-arginine and D-arginine thereon. Tissues
were incubated for 2 h with GTN (561074

M) without or with
561074

M of L-arginine or D-arginine (n=8±20). The Initial pD2

value for GTN before tolerance is 7.75+0.08. After incubation for
2 h with GTN, the pD2 values were 7.13+0.12 and 6.17+0.22,
respectively in the presence and absence of L-arginine (P50.05). The
presence of 561074

M of D-arginine did not signi®cantly a�ect the
development of tolerance of GTN (pD2 value is 5.71+0.3).
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exposed vessels, without L-arginine in the bath, was shifted to
the right by *38 fold (pD2 value of 6.17+0.22, P50.001).
These vessels were tolerant to GTN. However, in the other

vessels exposed to the high concentration of GTN, but with L-
arginine (561074

M) in the bath, there was a signi®cant
inhibition of the rightward shift of the concentration-response
curve. The pD2 value for this curve after GTN exposure with

L-arginine in the bath was 7.13+0.12 (P50.05 vs tolerant);
this is only a 4.4 fold di�erence from the control concentra-
tion-response curve (P50.05). Thus, the presence of supple-

mental L-arginine in the bath substantially reduced the
rightward shift of the concentration-response curve in the
GTN treated vessels (by *8 fold, P50.05). In experiments in

which tolerance was induced in the presence of D-arginine
(561074

M), there was no prevention of GTN-induced
tolerance. D-arginine appears to shift the concentration-

response curve to the right, but the di�erence was not
statistically signi®cant from GTN tolerant group.

In control experiments, we determined that a 2 h-period of
incubation without GTN exposure did not a�ect the pD2 value

for GTN. In a similar way, incubation of aortic rings with
either L- or D-arginine for 2 h had no e�ect on the pD2 values
for GTN.

In experiments to investigate the possible development of
cross-tolerance between GTN and the NOS agonist ACh,
aortic rings were made tolerant to GTN as described above

and vasorelaxation responses to ACh were determined (Figure
4). The data showed that relaxation responses to low
concentrations of ACh were reduced. The EC20 values were

signi®cantly less in GTN tolerant vessels than in the controls.
The negative log. of the EC20 values were 9.48+0.21 and
8.70+0.18 (P50.05) for non-tolerant and tolerant vessels,
respectively. Responses were di�erent at concentrations up to

1078
M. Experiments testing e�ects of the NO donor, SNAP,

were done to check for possible cross-tolerance to other NO
donors in GTN tolerant vessels. In these experiments, GTN-

tolerant vessels showed the same sensitivity to SNAP as the
non-tolerant vessels. The pD2 values for SNAP on non-
tolerant and tolerant vessels were 7.24+0.30 and 7.45+0.32,

respectively.
As an additional control experiment, we also determined

the ability of L-NMMA, a NOS inhibitor, to a�ect

vasorelaxant responses to ACh. The purpose of this
experiment was to assess the possible contribution of NOS-
independent processes to ACh-induced responses. Treatment

of aortic rings for 30 min with L-NMMA (1074
M) substan-

tially shifted the CRC to the right and blunted ACh-induced
maximal relaxation by about 55% (data not shown). The
residual 45% relaxation response to ACh supports the

existence of a NOS-independent component.

GTN e�ects on L-arginine levels and uptake

The results of the vascular tone assays are consistent with the
hypothesis that a lack of L-arginine may contribute to GTN

tolerance. In order to test this idea more directly, we measured
tissue levels of L-arginine in vessels that had been previously
rendered tolerant by GTN treatment as compared with non-

tolerant controls. One group was exposed to GTN brie¯y
(45 min in tissue bath) for construction of concentration-
response curves; another group was made tolerant by exposure
to GTN (561074

M) for 2 h; and a third group was exposed to

Krebs solution for 2 h. As shown in Figure 5, L-arginine levels
in the non-tolerant control vessels were similar for the initial
and 2 h-vehicle control group (698+18 and

689+34 nmol gm71 wet wt., respectively). In contrast, the
tissue arginine level in GTN-tolerant vessels was reduced to
435+35 nmol gm71 wet wt. Thus, prolonged exposure to

GTN reduced tissue L-arginine by about 40%. This e�ect on
tissue L-arginine levels was correlated with biphasic time-
dependent changes in cellular uptake of L-arginine. GTN

(1076
M) treatment initially stimulated transport of [3H]-L-

arginine into endothelial cells at 5 and 15 min of exposure by
24 and 40%, respectively. However, longer exposure to GTN,
1 and 4 h, resulted in a reduction of L-arginine-uptake by 22

and 35%, respectively (Figure 6).

Figure 4 ACh-induced vasorelaxant responses of GTN-tolerant and
non-tolerant aortic segments. The pD2 value for ACh in non-tolerant
vessels is similar to the tolerant vessels (7.72+0.31 vs 7.63+0.33,
respectively). However, the curves are signi®cantly di�erent at
concentrations up to 1078

M of ACh (P50.05). Data are represented
as the mean of eight experiments+s.e.mean.

Figure 5 L-arginine content in rat aortic segments pre-constricted
with phenylephrine. The ®gure shows L-arginine levels in control
bu�er initial (n=11), presence of GTN for 2 h (561074

M, n=7),
and control bu�er for 2 h (n=8). *Indicates a di�erence from values
for both initial control bu�er and control bu�er after 2 h (P50.05).
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Discussion

The mechanism of tolerance development to GTN is still
controversial. While some vascular and humoral mechan-
isms are well established (Stewart et al., 1986; Molina et

al., 1987, Parker, 1989; Chung & Fung, 1990; Pagani et
al., 1993), other mechanisms involving the endothelium
have also been suggested. Among these latter mechanisms

is the augmented production of superoxide free radical
(MuÈ nzel et al., 1995). It has been shown that vascular
tolerance can occur with chronic treatment with NOS

agonists (Gold et al., 1989; 1990). This e�ect appears to
be due to a limited L-arginine supply. Under conditions
where L-arginine is limiting, the production of superoxide
by NOS is elevated (Mayer et al., 1991; Pritchard et al.,

1995; Kurz et al., 1996).
Our initial studies on mechanism(s) of GTN's action

showed that cyclic GMP production in aortic tissues in

response to GTN was augmented by L-arginine and
inhibited by L-NAME (Abou-Mohamed et al., 1995). As a
result of these data and studies by others suggesting an

endothelial-dependent mechanism of GTN's vasodilator
actions (Ahlner et al., 1987; 1988; Malta 1989a,b), we
decided to determine the role of NOS activation and L-
arginine availability in tolerance to GTN using in vitro

vascular models. Our present experiments show that GTN
stimulates endothelial cell NOS, in addition to its action as
NO donor. Furthermore, we found that GTN-induced

tolerance is associated with a reduction in tissue levels of
L-arginine and reduced cellular L-arginine uptake. The
developed tolerance can be partially prevented by L-arginine

supplementation suggesting that NOS activation and L-
arginine depletion have a contributing role in GTN
tolerance.

In this study, tolerance was produced in rat aortic rings by
incubating them for 2 h in 561074

M GTN, replenished once
after the ®rst hour of incubation. The development of
tolerance was demonstrated by a large rightward shift of the

concentration response curve (*38 fold). Incubation of vessels
with L-arginine (561074

M) during the GTN exposure
signi®cantly reduced the concentration-response shift (to only

*4.4 fold). Treatment with L-arginine alone did not alter
vascular tone. Moreover, the use of D-arginine rather than L-
arginine had no e�ect on GTN tolerance. Thus, the reduction

of the rightward shift of the concentration response curves to

GTN by L-arginine represents a speci®c e�ect in reversing
tolerance to GTN. The persistent 4.4 fold reduction in GTN
sensitivity of the L-arginine-treated tolerant vessels is probably

due to other previously described mechanisms of GTN-
induced tolerance.

Our ®nding that tissue levels of L-arginine were signi®cantly
lower in the GTN-tolerant vessels than in control vessels

further supports the role of L-arginine in contributing to the
development and reversal of GTN tolerance. Moreover, since
L-arginine levels in the 2 h vehicle control vessels were not

di�erent to initial levels, experimental manipulation of tissues
is excluded as a cause of L-arginine depletion.

Two mechanisms may have contributed to the observed

reduction in L-arginine tissue levels: enhanced L-arginine
utilization or reduced cellular uptake of L-arginine. Our results
suggest that both mechanisms are probably involved.

Regarding utilization, L-arginine serves as substrate for a
variety of enzymes, including NOS. Using both direct and
indirect methods for assessing NOS activity, our results
showed that GTN acts as a NOS agonist. Analysis of the

formation of 3H-citrulline from 3H-arginine showed that GTN
increased NOS activity by 46% ± an amount equivalent to
that induced by the known NOS agonist, ACh. Actions of

both GTN and ACh were almost completely blocked by L-
NMMA, demonstrating speci®city of their e�ects. Our
experiments using an indirect photometric assay to measure

NO formation also showed that GTN activates NOS.
Superfusion of BAECs with GTN or ACh resulted in transient,
dose related increases in NO production above the baseline

levels. Pretreatment with the NOS antagonist L-NAME
signi®cantly inhibited the NO production induced by both
agents, providing further evidence of their actions as NOS
agonists. NO production by GTN or ACh was reduced by

approximately 40 and 80%, respectively. This lesser inhibitory
e�ect of L-NAME on NO produced by GTN re¯ects GTN's
well-known action as NO donor due to its denitration by

endothelial cells. When cells were subsequently perfused with
bu�er containing 1073

M of L-arginine, NO production
induced by both ACh and GTN was augmented as compared

with the basal responses. These data indicate that our cell assay
system remained viable for the period of study.

In addition to GTN's e�ect in stimulating NOS activity, the
present study also showed a signi®cant e�ect of GTN in

altering cellular uptake of L-arginine. While acute exposure to
GTN (5 or 15 min) stimulated the uptake, uptake was
suppressed after longer treatment (1 and 4 h). These results

are consistent with previous work showing that L-arginine
uptake is stimulated by acute treatment with NOS agonists and
inhibited by prolonged treatment with NO donors (Bogle et

al., 1991; Patel et al., 1996; Ogonowski et al., 2000). The
suppressive e�ect of long-term GTN treatment on L-arginine
uptake can limit L-arginine availability to NOS, which would

increase superoxide production (Prichard et al., 1995; Kurz et
al., 1996). Increased superoxide formation may further
suppress the L-arginine transporter (Patel et al., 1996). Studies
are in progress to directly test these possibilities.

Additional studies are also necessary to determine the
speci®c mechanisms by which GTN interacts with NOS. GTN
may directly activate the enzyme. Alternatively, GTN may

activate NOS indirectly through the release of endogenous
agonists as suggested by the work of Booth et al. (1997).

One may argue that if GTN-induced tolerance is due in part

to a reduction of NOS function, then responses of GTN-
tolerant vessels to ACh should be reduced compared to the
non-tolerant vessels, i.e. that cross tolerance should occur. We
tested this by experiments using our aortic ring in vitro model

Figure 6 The time course of e�ects of GTN (1076
M) on [3H]-L-

arginine uptake in isolated bovine aortic endothelial cells. Basel rates
of L-arginine uptake are 44.8+10.3, 113.8+34, and 344+68 pmol L-
arginine mg protein71 min71, respectively after 5, 15 and 60 min,
respectively. For the 240 min exposure to GTN, uptake of [3H]-L-
arginine was measured during the fourth hour. *Indicates di�erence
from basal uptake of L-arginine at speci®c time points (P50.05).
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of GTN tolerance. The data showed a reduction in the ACh-
induced vasorelaxation responses for the GTN tolerant vessels
at the lower end of the concentration range, resulting in a

signi®cant increase in EC20. Signi®cant cross-tolerance was not
apparent when ACh was tested at concentrations higher than
1078

M. Cross-tolerance to ACh has been described previously
by De la Lande et al. (1999). In their studies of aortic rings

from rats made tolerant to GTN in vivo, these workers found
small, but statistically signi®cant, increases in the pD2 value for
ACh. It should be noted that some investigators have been

unable to detect cross-tolerance between GTN and either ACh
or bradykinin (Van de Voorde et al., 1987; De Garavilla et al.,
1993).

It is possible that the persistent vasorelaxant action of the
higher ACh concentrations on the GTN-tolerant vessels is
mediated by NO-independent mechanisms. Data supporting

this concept have been presented previously by Vanheel et al.
(1994). They demonstrated that ACh induces endothelium-
dependent hyperpolarization in rat aorta and that this e�ect
was partially resistant to L-NMMA. The notion of a NOS-

independent vasorelaxation action of ACh is reinforced by our
control experiment showing that L-NMMA was only about
55% e�ective in blocking the vasorelaxant responses to ACh.

This result is in concert with that reported by Chen et al.
(1988). These investigators found that haemoglobin and
methylene blue only partially blocked ACh-induced relaxation

in rat aorta.
The fact that GTN tolerance did not a�ect responses to

SNAP is consistent with existence of an additional mechanism

of action of GTN beyond its action as an NO donor. This
action may also be involved in the development of tolerance to
GTN.

An auxiliary mechanism of GTN as an eNOS agonist apart

from its principal therapeutic mechanism is not unique to
GTN. Amrinone, a phosphodiesterase inhibitor and cardio-
tonic agent used in heart failure, has recently been shown to be

an agonist of eNOS (Mori et al., 1996). Nebivolol, a b-
adrenergic blocker, may also produce vasodilation by an L-
arginine-NO dependent mechanism (Cockcroft et al., 1995).

Pravastatin, a lipid-lowering agent, is also a vasodilator and a
NOS agonist (Kaesemeyer et al., 1999).

De®ciencies in L-arginine supply are strongly implicated in
cardiovascular disease and even in alteration of vasoactive

responses during normal states. Supplemental arginine restores
endothelium-dependent relaxation in humans with heart
failure (Drexler et al., 1992) and atherosclerosis (Creager et

al., 1990) and in cardiomyopathic hamsters (Mayhan &
Rubinstein, 1992), and enhances ACh-induced vasodilation in
normal guinea-pigs (Aisaka et al., 1989).

Although the bene®cial e�ects of L-arginine in reversing
endothelial dysfunction are well established, the phenomenon
is not yet understood. Measurement of L-arginine levels in
endothelial cells has shown that the intracellular concentration

(0.1 ± 1 mM) greatly exceeds endothelial NOS's Km (*3 mM)
(Pollock et al., 1991). This means that NOS should be
saturated with substrate under all but the most extreme

conditions of L-arginine de®ciency. This contradiction between
NOS's low Km for L-arginine and the strong positive e�ects of
supplemental L-arginine in reversing vascular dysfunction and

augmenting the actions of eNOS agonists even in normal
conditions has been termed the `L-arginine paradox'. This
seeming con¯ict may be explained by experimental evidence

indicating that the distribution of L-arginine varies greatly
within the endothelium due to intracellular compartmentaliza-
tion and sequestration (Cynober et al., 1995). The work of
McDonald et al. (1997) provides further evidence of L-arginine

compartmentalization. They demonstrated that a complex
exists between eNOS and a major L-arginine transport protein
(system y+) in endothelial cells and that both molecules are

located within plasma membrane caveolae. These data
suggested that eNOS is sequestered from the intracellular L-
arginine supply by being located within caveolae and is,

therefore, dependent upon the direct transfer of L-arginine into
this subcellular compartment by the system y+ transporter. If
the transporter function is decreased as may occur with

oxidative injury, the L-arginine supply could immediately
become limiting and be the basis of vascular dysfunction.

In summary, our data showing that GTN stimulates NOS
activity and NO production by cultured endothelial cells

indicate a mechanism for the actions of GTN which involves
activation of the NOS pathway. The actions of GTN are
partially dependent on L-arginine, tissue levels of which

decrease at the point of development of tolerance. Further-
more, L-arginine signi®cantly inhibits the development of
tolerance to GTN in isolated aortic segments.
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