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Abstract—Hemodynamic tolerance occurs upon continuous exposure of vascular tissues to nitrogelycerin
(NTG). This phenomenon is believed to be due to the depletion of the tissue sulfhydryl (SH) group,
which is essential for NTG-induced increase in tissue cyclic GMP and vasorelaxation. To determine the
effect of an NTG-free interval on recovery of tissue cyclic GMP accumulation and vasorelaxation
following development of NTG tolerance, isolated rat aortic rings were kept in Krebs physiologic buffer
at 37°, precontracted with epinephrine, and exposed to NTG. The mean concentration of NTG, which
relaxed the rings by 50% (ECsy) upon first exposure, was 1.1 x 10-7M (N = 20), and vascular cyclic
GMP levels after NTG increased from 21 to 46 fmol/mg (P < 0.02). A second exposure to NTG 15 min
later increased the ECsq to 1.3 X 107* M and cyclic GMP levels did not change (P < 0.001 vs first NTG
exposure), indicating tolerance to NTG. However, acetylcholine-mediated relaxation of aortic rings was
preserved even in NTG-tolerant rings. A second exposure of tissues to NTG separated by 30, 60, and
120 min from the first exposure progressively decreased the ECsq, such that at 120 min the EC;5o of NTG
was 0.4 x 1077M (P = NS vs first NTG exposure). Tissue cyclic GMP levels increased from 14 to
71 fmol/mg (P = NS vs first NTG exposure). These data confirm development of tolerance to the
vasorelaxant effects of NTG following initial exposure. An interval of 2 hr between multiple exposures
of tissues to NTG results in preservation of the smooth muscle relaxation and an inciease in tissue cyclic

GMP in response to NTG.

Tolerance to the hemodynamic effects of nitro-
glycerin (NTG) upon its continuous or frequent use
is a well established phenomenon [see review in Ref.
1] Needleman and Johnson [2] first hypothesized
that organic nitrates interact with a specific sulfhydryl
(SH) group in the “organic nitrate receptor” followed
by denitration and oxidation of the SH group to the
disulfide form. It is now quite evident that NTG
undergoes a series of biochemical events, involving
organic nitrate denitration, inorganic nitrite liber-
ation, nitric oxide formation, guanylate cyclase
activation, and finally cyclic GMP accumulation
[2, 3] which causes smooth muscle relaxation. This
biotransformation of NTG is a prerequisite for its
activation of guanylate cyclase. Previous studies
indicated that a decrease in the biotransformation
of NTG [4] as well as a reduction in activation of
soluble guanylate cyclase [5] are responsible for the
development of NTG tolerance. However, tissue
cyclic GMP accumulation in response to acetylcholine
or sodium nitroprusside or SIN-1, which do not
undergo denitration and do not require an SH group
for delivery of nitric oxide, is preserved or minimally
impaired in NTG-tolerant tissues [6-8]. These
observations imply that a deficiency in the metabolic
activation of NTG is the major determinant for
development of NTG tolerance.

* Correspondence: J. L. Mehta, M.D., Ph.D., Uni-
versity of Florida, Department of Medicine, Box J-277,
JHMHC, Gainesville, FL 32610.
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Itis generally believed that a relative unavailability
of the reduced intracellular thiol groupsis responsible
for the desensitization of tissues to NTG upon
repeated exposure. This became evident in clinical
and laboratory studies demonstrating reversal or
prevention of tolerance to nitroso vasolidators upon
delivery of the SH donors N-acetylcysteine and
captopril [9-11]; however, other studies have not
shown a similar benefit of SH donors, particularly
when tolerance of vascular tissues develops after
long-term use of large amounts of NTG or the
related compound isosorbide dinitrate [12, 13].

Many studies have demonstrated that infrequent
dosing of NTG or a period of NTG “holiday” may
avoid the phenomenon of NTG tolerance [see review
in Ref. 14]. The potential basis for the beneficial
effect of NTG “holiday” is recovery of a reduced
thiol group in the tissues, whereby biotransformation
of NTG can occur. The major purpose of this study
was to examine the effect of different periods of
NTG-free interval on the recovery of the relaxant
effect of NTG on vascular smooth muscle.

MATERIALS AND METHODS

Preparation of vessels. Sprague-Dawley rats
(average weight 175 g) were killed after being lightly
anesthesized with halothane. The thoracic aortae
were quickly removed and placed into aerated (95%
0,, 5% CO,) Krebs-Ringer buffer of the following
composition (mM): NaCl, 118; KCl, 4.7; CaCl,, 2.5;
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KH,PO,, 1.2; MgCl,, 1.2; NaHCO3;, 12.5; sodium-
EDTA, 0.01; and dextrose, 11.1. The vessels were
carefully cleaned of fat and loose connective tissue
and were cut into 4-mm rings. The rings were washed
and mounted onto wire stirrups and suspended in
tissue baths filled with 3 mL of aerated Krebs buffer
at 37° and were subsequently connected to myograph
transducers (Kistler-Morse, Redmond, WA) to
record changes in isometric force [15-17]. The aortic
rings were then stretched to a preload force of S g
and allowed to equilibrate for approximately 2h
until they stabilized. During this period, the buffer
in the tissue bath was replaced every 15 min.
Following equilibration, vascular rings were tested
for viability by addition of 20 mM KCIl. Endothelial
integrity was documented in all experiments by the
presence of characteristic 60-80% relaxation in
response to acetycholine (ACh, 107 M).

Study protocols. Aortic rings were stimulated with
l-epinephrine to achieve approximately 3-5¢g (80%
of maximal) of stable contraction above the baseline.
Once stable contraction was achieved, NTG in
various concentrations (10~° to 107> M) was added
to the organ bath; the interval between the addition
of the next higher concentration of NTG was 24
min depending on stabilization of relaxation in
response to the previous addition. Following
exposure of the aortic rings to 107> M, the highest
concentration of NTG used, the rings were washed
and allowed to re-equilibrate for various periods,
i.e. 15, 30, 60 and 120 min (referred to as the drug-
free period). The buffer in the organ bath was
exchanged every 15 min during this period.

Following the drug-free period, the aortic rings
were contracted with /-epinephrine to achieve the
same degree of contraction as before the first
exposure to NTG. Upon stable contraction, aortic
rings were exposed to the same concentrations of
NTG as before (1077 to 1073 M).

NTG tolerant rings (see Results) as well as some
rings in parallel with first exposure to NTG were
also exposed to different concentrations of ACh.

Measurement of cyclic GMP. In parallel experi-
ments, aortic rings were prepared as described above
and aliowed to equilibrate for approximately Zh in
aerated Krebs buffer at 37°. Following precontraction
with [-epinephrine and subsequent addition of NTG
or ACh, the aortic rings were flash-frozen at —70°.
The tissue cyclic GMP levels were assayed according
to previously described methods [18,19]. Briefly,
the frozen rings were homogenized in 10%
trichloroacetic acid, acetylated, and extracted with
water-saturated ethyl ether. The resulting samples
were then evaporated to dryness under a stream of
air and frozen for later cyclic GMP analysis by
radioimmunoassay (RIA). The extraction efficiency
for our assay was 85 *x 4%.

Materials. [-Epinephrine was purchased from
Elkin-Sinns, Cherry Hills, NJ. All other reagents
were obtained from the Sigma Chemical Co., St.
Louis, MO. Supplies for cyclic GMP RIA were
obtained from New England Nuclear, Boston, MA.
All buffers and reagents were prepared fresh daily
and kept on ice at all times.

Statistical analysis. Aortic ring tension in grams
was divided by the wet weight of the rings to obtain

the isometric tension in g/mg tissue. The ECs, values
for NTG and ACh are defined as the concentration
required for 50% relaxation of peak l-epinephrine-
induced contraction. The cyclic GMP value was
divided by the wet weight of the vascular rings to
obtain cyclic GMP levels in fmol/mg tissue. All data
are expressed as means = SEM and are based on a
minimum of six experiments. Statistical analysis was
performed using Student’s r-test for paired and
unpaired observations, as appropriate. A P value of
less than 0.05 was considered significant.

RESULTS

Effect of NTG on vascular smooth muscle tone.
As shown in Figs. 1 and 2, NTG upon first exposure
caused aprompt relaxation of epinephrine-contracted
rat aortic rings. The degree of relaxation was
dependent on NTG concentration, and the mean
ECsp of NTG was 1,1 X 1077 M.

When the same vascular rings were re-exposed to
NTG followinga 15-min washout and re-equilibration
period, the NTG-induced vasorelaxation was sig-
nificantly (P < 0.01) attenuated with a marked shift
in the concentration-response curve (Figs. 1 and 2).
The mean ECsy of NTG (1.3 % 10”4 M) was almost
300-fold greater (P <0 0.001) than upon first exposure
of the rings to NTG.

In contrast, when vascular rings were exposed to
identical NTG concentrations following a 30-, 60- or
120-min drug-free interval, the degree of NTG-
induced relaxation was similar to that observed
during first exposure. The mean ECsy values were
0.5%x1077, 0.3 x 1077 and 0.4 x 10°"M at 30, 60
and 120 min of drug-free period (P = NS vs ECsg
value after first exposure) (Figs. 1 and 2).

Effect of ACh on NTG-tolerant aortic rings. ACh
caused a prompt and concentration-dependent
relaxation of all aortic rings whether or not they had
been pre-exposed to NTG. In control rings not
exposed to NTG, the mean ECsq of ACh was
1.1 x 1077 M. In aortic rings tolerant to the relaxant
effects of NTG, the mean ECsy of ACh was slightly
higher at 1.9 X 107"M (P =NS vs ECsy value in
control rings).

Effects of NTG and ACh on cyclic GMP
accumulation. First exposure to NT'G was associated
with a marked increase in tissue cyclic GMP levels
(Table 1). However, second exposure to NTG after
15min of washout and re-equilibration failed to
cause any increase in cyclic GMP. In contrast, longer
drug-free periods resulted in a significant increase
in cyclic GMP, in conjunction with the appearance
of a vasorelaxant effect. It is noteworthy that ACh-
induced smooth muscle relaxation was associated
with a substantial increase in cyclic GMP even in
NTG-tolerant rings.

DISCUSSION

This study confirms the phenomenon of marked
resistance to the vasorelaxant effects of NTG when
the isolated rat aortic rings have been exposed
previously to 10 uM NTG. This study also shows
that if the interval between the two exposures is
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Fig. 1. A representative experiment showing minimal relaxation of vascular ring upon second exposure

of rat aortic ring to nitroglycerin (NTG exposure II) 15 min following first exposure to NTG I (top

panel). When the interval between exposures I and II was increased to 2 hr, the rat aortic ring relaxed
normally in response to NTG.
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Fig. 2. Summary of the relaxant effects of NTG on rat aortic rings. Each data point is based on 4-8

experiments. Note tolerance to the vasorelaxant effects of NTG when the second exposure was 15 min

after the first exposure. The relaxation was “normalized” when the washout and re-equilibration period
was 30, 60 or 120 min.

prolonged from 30 to 120 min, there is a marked
recovery of the vasorelaxant potential of NTG.

In association with the development of tolerance
to the relaxant effect of NTG, tissue cyclic GMP
levels did not increase. By itself, this observation
cannot dissociate between the absence of
biotransformation of NTG and failure to activate
guanylate cyclase. However, ACh which releases a
smooth muscle relaxing factor (most likely nitric

oxide) from the endothelium promptly relaxed the
NTG-resistant vessels and increased cyclic GMP
concentrations. Importantly, endogenous nitricoxide
does not require an SH group for its biotransform-
ation. Since endothelium-derived nitric oxide causes
vasorelaxation by stimulating cyclic GMP, our
observations suggest that the tissue guanylate cyclase
activity is preserved or only minimally decreased in
NTG-tolerant rings [6, 7). Several other investigators
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Table 1. Cyclic GMP accumulation in rat aortic rings exposed to NTG

Cyclic GMP

(fmol/mg)
Epinephrine alone 21+ 10
Epinephrine + NTG I 46 + 12*
Epinephrine + ACh 111 =13
Epinephrine + NTG II, 15 min 14 + 141
Epinephrine + ACh (after NTG II, 15 min) 110 = 20*
Epinephrine + NTG II, 60 min 41 £ 21*
Epinephrine + NTG I1, 120 min 71 £ 41%

Data (mean = SEM) are from 3-6 experiments. NTG I and NTG 1I
refer to first and second exposure; 15, 60 and 120 min refer to the interval

between exposures I and IIL
* P < 0.01 vs epinephrine alone.
+ P <0.02 vs NTG I exposure.

[8, 20, 21] showed persistence of response to SIN-1,
which does not require biotransformation, in blood
vessels rendered tolerant to NTG both in vitro and
in vivo. In studies by Henry et al. [22], NTG-induced
tolerance was not associated with attenuation of the
effects of the endothelium-dependent vasodilator
ionophore A23187. These and our studies support
the observation of Bennett et al. [23], who showed
that about 25% of guanylate cyclase activity is
preserved in NTG-tolerant rat aortic rings. These
observations are somewhat different from those of
Rapoport et al. [24], who showed a modest tolerance
to nitroprusside relative to its vasorelaxant effect
and cyclic GMP accumulation in NTG-tolerant rings.
SIN-1-induced guanylate cyclase activation in cell
homogenates was attenuated after pretreatment of
intact cells with NTG in studies by Mulsch ef al.
{21]. Ljusegren er al. [25] showed that response to
ACh and the ionophore A23187 was blunted in
NTG-pretreated bovine mesenteric arteries. Thus,
there appear to be at least two different mechanisms
of NTG tolerance: depletion of the SH group and
desensitization of guanylate cyclase to activation per
se. The present study suggests that desensitization
of guanylate cyclase to activation is not very
important in NTG tolerance in intact rat aortic rings
when tissues are exposed to NTG for a short time.

In other ongoing studies in our laboratory, we
observed that exposure of rat aortic rings to large
amounts of NTG transiently rendered them resistant
to the relaxant effects of ACh. Likewise, their
exposure to ACh rendered them transiently resistant
to the relaxant effects of NTG. This resistance was
not reversed by addition of an SH group in the form
of N-acetylcysteine, but could be rapidly overcome
by treatment of rings with agents which restored
sensitivity of guanylate cyclase. In light of this
observation, it appears that following maximal and
prolonged vasorelaxation by ACh or NTG, evolution
of tolerance to NT(G may reflect not only SH group
depletion but also desensitization of guanylate
cyclase to activation. As such, results of different
studies [6-8,20-25] need to be interpreted with
caution with attention to study design.

Our observations on the recovery of relaxant

effects of NTG on rat aortic rings after a drug-free
interval of 30~120 min suggest that the vascular tissue
recovers rapidly to allow biotransformation of NTG
as well as cyclic GMP accumulation. This recovery
of effects of NTG is similar to that reported recently
by Henry et al. {26] and Kowaluk et al. [27].
Interestingly, recovery of NTG-induced cyclic GMP
accumulation after initial tolerance has also been
observed to occur in cultured rat lung fibroblasts
after a prolonged washout period [28].

It appears from our studies that the recovery of
tissues from NTG tolerance occurs after a drug-free
period of =30 min when the rat aortic rings are
exposed to small amounts (10 uM) of NTG for a
brief period (approximately 10~15 min). It is likely
that as the period of NTG exposure is increased, a
longer drug-free period may be necessary to reverse
the tolerance. Indeed, when bovine coronary artery
rings were exposed to 1 or 100 uM NTG for 2~
60 min, the extent of tolerance correlated with the
NTG concentration as well as time of exposure [26].
However, NTG tolerance reversed with drug-free
intervalirrespective of the duration of NTG exposure
and the degree of NTG tolerance induced [26].
Intermittent exposure compared to continuous
exposure of rat aortic rings to the same amount of
NTG also resulted in reduced NTG tolerance in
studies by Kowaluk et al. [27], and the washout time
necessary for reversal of tolerance was independent
of the exposure time particularly when tolerance
was complete.

These observations may be the basis of clinical
observations of the requirement of a prolonged
NTG-free interval when patients with congestive
heart failure have been exposed to NTG for a long
time [9]. Parker et al. [29] clearly demonstrated that
tolerance to the clinical effects of organic nitrites as
manifested by diminished exercise tolerance occurred
when the drug was given four times a day but did
not occur when it was given two or three times a
day. As such, use of intermittent administration is
becoming a mainstay of clinical therapy with nitrates.

In summary, our studies show that a marked
tolerance to the vasorelaxant effects of NTG occurs
after exposure of rat aortic rings to 10 uM NTG for
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10-15 min. NTG tolerance is associated with inability
to increase vascular cyclic GMP; however,
endothelium-dependent vasodilator ACh can still
cause relaxation and cyclic GMP accumulation in
NTG-tolerant rings. The precise role of guanylate
cyclase activity cannot be determined from these
studies. Nonetheless, the tissue SH group and
guanylate cyclase sensitivity can recover within
120 min in anin vitro system which presumably allows
biotransformation of NTG and re-establishment of
the relaxant effects of NTG.
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