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The Nitric Oxide Donor SIN-1 Is Free
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GMP Stimulatory Potency in Nitrate-
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Purpose. Using an established cell culture model, the present study
investigates whether linsidomine (SIN-1), a spontaneous donor of nitric
oxide and active metabolite of the antianginal drug molsidomine,
induces tolerance to its own cyclic GMP stimulatory action or shows
a diminished response after tolerance induction with glyceryl trinitrate.
Methods. Incubations with nitric oxide donors were carried out in
LLC-PK, kidney epithelial cells. Intracellular levels of cyclic GMP,
the vasodilatory second messenger of nitric oxide, were determined
by radioimmunoassay.

Results. A 5-h preincubation with glycery! trinitrate (0.01-100 nM)
led to complete inhibition of a subsequent cyclic GMP stimulation by
glyceryl trinitrate but left the cyclic GMP response to SIN-1 unaltered.
Similarly, cyclic GMP elevations by the spontaneous nitric oxide donors
sodium nitroprusside and spermine NONOQate were not affected after
pretreatment with glyceryl trinitrate. Moreover, pretreatment with SIN-
1 (1-1000 wM) had no significant effect on SIN-1-dependent cyclic
GMP stimulation.

Conclusions. Our results show that in LLC-PK, cells, SIN-t is free
of tolerance induction and not cross-tolerant to glyceryl trinitrate. This
may be due to the spontaneous nitric oxide release from SIN-1, which
in contrast to nitric acid esters does not require enzymatic bioactivation
and may therefore be unaffected by nitrate tolerance.
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molsidomine; glyceryl trinitrate.

INTRODUCTION

Organic nitrates have been used for the therapy of myocar-
dial ischemia and its principal symptom angina pectoris for
more than one hundred years. The cellular mechanism underly-
ing the antianginal effect of organic nitrates involves the conver-
sion of these compounds into the nitric oxide free radical. Upon
stimulation of the soluble guanylyl cyclase by nitric oxide the
vasodilatory intracellular second messenger cyclic GMP is gen-
erated (1). However, the efficacy of organic nitrates in chronic
situations is limited by the development of tolerance to the
cardiovascular effects of these drugs in humans and experimen-
tal animals (2). Different mechanisms have been proposed to
account for nitrate tolerance. On the cellular level, down-regula-
tion of enzymes that participate in the bioactivation of nitric
acid esters may lead to a diminished nitric oxide generation from
these compounds (3-5). Sustained or irreversible inhibition of
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the nitric oxide-sensitive soluble guanyly! cyclase has also been
demonstrated under conditions of nitrate tolerance (6).

The sydnonimine derivative molsidomine is frequently
used to provide prophylaxis against anginal episodes, and has
been shown to exhibit hemodynamic actions similar to nitric
acid esters (7). Molsidomine is enzymatically metabolized in
the liver to linsidomine (SIN-1), the latter releasing nitric oxide
spontaneously without requiring further bioactivating steps
(8,9). Recently, SIN-1, administered intravenously, has become
available for the treatment of unstable angina pectoris (10).

However, conflicting experimental results have been pub-
lished as to whether beneficial antianginal and hemodynamic
effects of molsidomine or SIN-1 are altered in nitrate-tolerant
blood vessels (11~15). Furthermore, previous and recent studies
leave open the question whether SIN-1 may cause tolerance to
its own vasodilatory effect (12,16).

Using a cultured kidney epithelial cell line (LLC-PK;) the
present study investigates whether SIN-1-induced intracellular
cyclic GMP accumulation is altered by prolonged preexposure
of cells to SIN-1 or tolerance-inducing glyceryl trinitrate con-
centrations. LLC-PK, cells have been established as a model
for studying molecular mechanisms and pathways involved in
organic nitrate-induced activation and desensitization of the
guanylyl cyclase/cyclic GMP system. In particular, the cyclic
GMP response in LLC-PK, cells to different nitric oxide donors
very closely reflects the structure activity relationship and
potency order of these compounds as to vascular relaxation in
vivo or in isolated blood vessels (3,17).

MATERIALS AND METHODS

Materials

LLC-PK, cells (ATCC CL 101) were obtained from the
American Type Culture Collection (Rockville, MD, USA). Fetal
calf serum, Ham’s F-12 medium, penicillin, streptomycin and L-
glutamine were purchased from Life Technologies (Eggenstein,
Germany). SIN-1 was a gift of Hoechst AG (Frankfurt/Main).
Glyceryl trinitrate was a gift from Schwarz Pharma AG (Mon-
heim, Germany). Sodium nitroprusside was obtained from
Sigma (Deisenhofen, Germany). Spermine NONOate was
bought from Alexis Deutschland GmbH (Griinberg, Germany).
Culture dishes were from Falcon/Becton Dickinson GmbH
(Heidelberg, Germany).

Cell Culture

LLC-PK, cells were maintained and subcultured in Ham’s
F-12 medium, supplemented with 15% fetal calf serum, 100
U/ml penicillin, 100 pg/ml streptomycin and 2 mM glutamine.
The cells were grown in a humidified incubator at 37°C and
5% CO,.

Incubation Procedure and Cyclic GMP Determination

Cells grown to confluence in 35 mm culture dishes were
washed twice with phosphate buffered saline. Cells were prein-
cubated for 5 h with a balanced salt solution (composition
[mM]: NaCl: 130, KCI: 5.4, CaCl,: 1.8, MgCl,: 0.8, glucose:
5.5, and N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic
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acid]-NaOH [HEPES-NaOH]: 20, buffered to pH 7.3) in the
presence or absence of SIN-1 or glyceryl trinitrate (final incuba-
tion volume: 1 ml). After the preincubation period, cells were
washed twice with 2 ml phosphate-buffered saline. Cells were
preincubated with balanced salt solution containing isobutyl-
methylxanthine (final concentration: 0.5 mM). After 10 min,
SIN-1, glyceryl trinitrate or balanced salt solution was added
and the incubation was continued for another 10 min. The final
assay volume was 1 ml. Supernatants were aspirated and cyclic
GMP levels were determined by radioimmunoassay after addi-
tion of ethanol to the cells and subsequent evaporation as
described previously (18).

RESULTS

Preincubation of cells with glycery! trinitrate left SIN-1-
induced cyclic GMP stimulation unaltered (Fig. 1, Panel A),
whereas under the same conditions a substantial desensitization
of the intracellular cyclic GMP response to a subsequent stimu-
lation with glyceryl trinitratc was found (Fig. 1, Panel B).
Likewise, glyceryl trinitrate-tolerant cells remained fully
responsive to cyclic GMP accumulation induced by sodium
nitroprusside and spermine NONOate (Fig. 2). As shown in Fig.
3, a 5-h pretreatment of the cells with SIN-1 at concentrations up
to 1 mM did not reduce cyclic GMP elevation upon a subsequent
exposure to SIN-1.

DISCUSSION

The present study demonstrates that the nitric oxide donor
and molsidomine metabolite SIN-1 is devoid of tolerance devel-
opment in a cultured cell line. Furthermore, we have shown that

A 754

3 -

£ sl

Q

g

&

A

s 25

Q

]
0

B
40

3

E 304

E ’

E 2

-9

3

o tod

© *

.

0

t=5h - 0.01 0.1 1 100 [GTN] (M)

Fig. 1. Effect of a 5-h pretreatment with glyceryl trinitrate (GTN) at
various concentrations on subsequent cyclic GMP accumulation by
SIN-1 (50 wM for 10 min; Panel A) or glyceryl trinitrate (1 uM for
10 min; panel B) in LLC-PK, cells (10® celis/well). Values are means
+ S.E.M. of n = 6 observations. *P < 0.05 (Ordinary one-way ANOVA
plus Bonferroni test).
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Fig. 2. Effect of a 5-h pretreatment with glycery! trinitrate (GTN; 1
M) on subsequent cyclic GMP accumulation by GTN (1 pM for 10
min), SIN-1 (10 uM for 10 min), sodium nitroprusside (SNP; 1 uM
for 10 min) and spermine NONOate (SPER/NO; 1 puM for 10 min) in
LLC-PK, cells. Values are means = S.E.M. of n = 6 observations.
*P < 0.05 (Student’s two-tailed t-test).
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Fig. 3. Effect of a 5-h pretreatment with SIN-1 at various concentrations
on subsequent cyclic GMP stimulation by SIN-1 (10 pM for 10 min) in
LLC-PK, celis. Values are means + S.EM. of n = 6 observations.

cells made tolerant by glyceryl trinitrate remain fully sensitive to
SIN-1-induced cyclic GMP accumulation. Likewise, tolerance
induction by glyceryl trinitrate left cyclic GMP stimulation by
the spontaneous nitric oxide donors sodium nitroprusside and
spermine NONOate unaltered suggesting that tolerance to glyc-
eryl trinitrate specifically affects nitric oxide release from nitric
acid esters whereas the sensitivity of guanylyl cyclase remains
unimpatred. Thus, our data support the view that nitrate toler-
ance is caused, at least in part, by a decrease in biotransforma-
tion of organic nitrates (3) and subsequent nitric oxide formation
(4). That tolerance is specific for nitric acid esters such as
glyceryl trinitrate can be explained by their enzymatic bioactiva-
tion via cytochrome P-450 (17-20) or as yet unidentified
organic nitrate-bioactivating enzymes. In contrast, spontancous
nitric oxide donors such as sodium nitroprusside or spermine
NONOate do not require metabolic activation prior to their
pharmacological action but release nitric oxide spontaneously
in aqueous solution (8,9). Downregulation or irreversible inacti-
vation of organic nitrate-metabolizing enzymes during tolerance
is also supported by a previous study showing that the reversal
of nitrate tolerance in intact cells requires de novo synthesis
of proteins (1). On the other hand, the spontaneous nitric oxide
donor SIN-1 does not require enzymatic transformation into
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nitric oxide (8,9). Accordingly, SIN-1 has been shown to acti-
vate the soluble guanylyl cyclase/cyclic GMP system in various
organs as well as in cell-free systems under omission of any
additional co-factors (8,21).

Conflicting results have been published as to whether SIN-
1 causes tolerance to its own response. From the data published
by Kuhn and Férstermann (13) it appears that prolonged expo-
sure of human coronary arteries to SIN-1 does not modify
relaxations to various vasodilators. Similarly, in a recent study
vascular tolerance was not observed in rabbits treated chroni-
cally with SIN-1 (11), whereas a slight tolerance was docu-
mented in SIN-1-treated rats (16). On the other hand, Henry
et al. (12) using isolated bovine coronary artery rings demon-
strated that preexposure to SIN-1 attenuated subsequent SIN-
1-induced relaxations.

The reason why some authors have observed tolerance after
prolonged treatment with SIN-1, particularly during organ bath
experiments, could be that SIN-1 in aqueous solutions and in the
presence of unphysiologically high oxygen concentrations func-
tions as a donor of superoxide and cytotoxic peroxynitrite rather
than nitric oxide (8,22) and may thus inflict oxidant damage to
proteins involved in cyclic GMP formation and vascular relaxation,
possibly via tyrosine modification (23). However, in vivo and
in the presence of electron acceptors other than oxygen, SIN-1
predominantly releases nitric oxide (24,25), an observation that
might explain why tolerance induction by SIN-1 has mainly been
reported under artificial experimental conditions.

Whereas numerous studies document a failure of glyceryl
trinitrate to attenuate vascular effects of SIN-1 (4,11,13,14),
there are, on the other hand, a few investigations reporting
cross-tolerance between glyceryl trinitrate and SIN-1 (12,15).
A marked attenuation of the responsiveness to SIN-1 in artery
rings made tolerant by pretreatment with glyceryl trinitrate was
noted by Henry et al. (12).

However, no plausible explanation has been suggested as
yet to explain the conflicting data of these studies. A possible
mechanism by which glyceryl trinitrate under some experimen-
tal conditions may induce cross-tolerance to other nitric oxide
donors such as SIN-1 is a direct desensitization of soluble
guanylyl cyclase. Thus, in previous studies inhibitory effects
on guanylyl cyclase have been detected following long-term
exposure to organic nitrates in vascular and nonvascular tissues
(1,6). From those investigations desensitization of guanylyl
cyclase appears to be a function of glyceryl trinitrate preexpo-
sure concentration and to occur only at rather high concentra-
tions in the millimolar range. Our data presented here clearly
demonstrate that at lower, therapeutically more relevant concen-
trations, nitrate tolerance is confined to glycery! trinitrate and
does not affect cyclic GMP stimulation by SIN-1 or other
spontaneous nitric oxide donors thus precluding down-regula-
tion of guanylyl cyclase as basic mechanism of nitrate tolerance.
As indicated above, our data rather suggest that tolerance induc-
tion occurs at a site upstream of nitric oxide-dependent guanylyl
cyclase activation which is the enzymatic bioconversion of
glyceryl trinitrate to nitric oxide. Therefore, spontaneous nitric
oxide donors such as SIN-1, sodium nitroprusside or spermine
NONOate, which by-pass this bioactivation step, are unaffected
by nitrate tolerance and can trigger cyclic GMP accumulation
despite blockade of glyceryl trinitrate metabolizing enzymes.
Under certain clinical conditions, neurohormonal counterregu-
lation and intravascular volume expansion, also referred to as
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pseudo-tolerance, have been observed during therapy with vaso-
dilators in general, i.e. not exclusively with glyceryl trinitrate,
and do therefore not meet the criteria of nitrate tolerance. Since
nitrate tolerance in its onset, duration and intensity is a sub-
stance-specific phenomenon, pseudo-tolerance or unspecific
neurohormonal counterregulation does not appear to be its
underlying cause in vivo. Accordingly, Unger et al. (26)
observed activation of endogenous vasoconstrictor mechanisms
during therapy with molsidomine/SIN-1, and showed that this
type of neurohormonal activation is not necessarily followed
by tolerance. Moreover and in agreement with the findings of
the present study, the majority of clinical reports clearly docu-
ment that the vascular effects of SIN-1 are not diminished by
tolerance and that nitrate-tolerant patients are still responsive
to molsidomine or SIN-1 (27-29).

Recently, it has been demonstrated that nitrate tolerance
is associated with an enhanced vascular superoxide production
which may cause tolerance by quenching the nitric oxide free
radical and forming peroxynitrite (15). The increase in vascular
superoxide generation under conditions of nitrate tolerance is
thought to result from angiotensin Il-dependent activation of
endothelial NAD(P)H oxidases (15). Also, superoxide originat-
ing during the redox process of nitrate bioactivation might
inactivate organic nitrate converting enzymes (15,30). However,
if superoxide was responsible for tolerance induction in our
cellular model, all other nitric oxide-dependent pathways should
be expected to show cross-tolerance, i.e. to be desensitized,
after glyceryl trinitrate or SIN-1 pretreatment. Since SIN-1-
dependent cyclic GMP stimulation remained unaffected by pro-
longed preexposure to both glyceryl trinitrate and SIN-1, our
findings as well as many clinical observations documenting
lack of cross tolerance between glyceryl trinitrate and SIN-1
(27-29) do not support oxidative stress as a crucial mechanism
for nitrate tolerance. Moreover in a recent study from our group
(17), various oxygen radical scavengers and a specific scavenger
of nitric oxide left cellular tolerance induction unaltered provid-
ing additional evidence that reactive oxygen species or nitric
oxide do not contribute to the development of nitrate tolerance.

In summary, our results show that the antianginal com-
pound SIN-1 does not induce tolerance to its own actions at
the cellular level and together with other spontaneous donors of
nitric oxide maintains its capacity to stimulate the vasodilatory
second messenger cyclic GMP under conditions of nitrate toler-
ance. Our results support and confirm clinical observations
showing a lack of cross-tolerance between glyceryl trinitrate
and SIN-1. Thus, nitrate tolerance appears to be a substance-
specific phenomenon that is confined to nitric acid esters such
as glyceryl trinitrate.
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