€

ELSEVIER

European Journal of Pharmacology 276 (1995) 239-245

Bioactivation of nitroglycerin in vascular smooth muscle cells is different
from that in non-vascular tissue

*

Marina Braun !, Tilo Grosser, Karsten Schrér
Institut fiir Pharmakologie, Heinrich-Heine-Universitat Diisseldorf, Moorenstr. 5, D-40225 Diisseldorf, Germany

Received 22 November 1994; revised 3 January 1995; accepted 10 January 1995

Abstract

The mechanism of biotransformation of nitroglycerin into the pharmacologically active radical nitric oxide (NO) or a related
compound is still unclear. Different enzymes have been discussed to be involved in the bioactivation process. The effects of
inhibition of glutathione-S-transferase and cytochrome P-450 enzymes were investigated on nitroglycerin-induced relaxation of
bovine and porcine coronary arteries and on nitroglycerin-induced activation of guanylyl cyclase in cultivated porcine aortic
smooth muscle cells. The glutathione-S-transferase inhibitor sulfobromophthalein had no effect on nitroglycerin-induced
vascular relaxation, nor on nitroglycerin-induced elevation of cGMP levels in porcine coronary artery smooth muscle cells. The
modulation of cytochrome P-450 activity by selective inhibitors as well as inducers did not alter the bioactivity of nitroglycerin in
both systems. The data demonstrate that the isoenzymes of both enzyme families, which have been shown to be involved in the
metabolism of nitroglycerin in different non-vascular tissues, do not play a role in bioactivation of nitroglycerin in the vascular
system.
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1. Introduction

It is generally accepted that the biotransformation
of nitroglycerin to nitric oxide (NO) or a related com-
pound is necessary for its vasodilating effect (Ahlner et
al., 1991). Several mechanisms for the metabolic activa-
tion of nitroglycerin have been proposed. Studies on
cell-free preparations have shown that thiols such as
cysteine directly interact with organic nitrates resulting
in NO or nitrosothiol formation (Feelisch and Noack,
1987; Ignarro et al.,, 1981). In intact cells or tissues,
however, this reaction does not seem to play a crucial
role. There is rather evidence for metabolization by a
membrane-bound enzyme (Chung and Fung, 1990). In
a rabbit aortic preparation inhibition of nitroglycerin-
induced relaxation by sulfobromophthalein was ob-
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served, suggesting a role for glutathione-S-transferases
in the bioactivation process (Yeates et al., 1989). A
recent study, however, showed that there is no correla-
tion between glutathione-S-transferase activity and NO
formation (Kurz et al., 1993). Some reports focussed on
the role of cytochrome P-450 (CYP) isoenzymes in the
metabolization of nitroglycerin. Whereas in non-vascu-
lar tissue and cultivated cells the bioactivation of nitro-
glycerin by specific cytochrome P-450 inhibitors has
clearly been demonstrated (Schroder, 1992; Servent et
al., 1989), studies on vascular preparations mostly failed
to achieve similar results (Liu et al., 1993; Salvemini et
al., 1993). A recent study, however, showed an inhibi-
tion of nitroglycerin-induced rat aortic relaxation by
7-ethoxyresorufin, a specific inhibitor of CYP IA1 and
IA2, suggesting that these isoenzymes might be respon-
sible for the bioactivation of nitrates (Bennett et al.,
1993).

The aim of the present study was to investigate the
effects of different inhibitors of CYP families and
subfamilies in vascular tissue more systematically by
using a broad range of different substances. Vascular
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relaxation studies were performed on coronary prepa-
rations from various species. In addition, nitroglycerin-
induced elevation of ¢cGMP levels were studied on
cultivated vascular smooth muscle cells.

2. Materials and methods
2.1. Vessel preparation

Bovine and porcine hearts were obtained at a local
slaughterhouse and transported in cold Krebs-Henseleit
buffer to the laboratory where the coronary arteries
were prepared immediately. Rings of coronary arteries
(inner diameter: 3-4 mm) of 3-4 mm length were
prepared. The endothelial layer was removed mechani-
cally by a pipe cleaner.

2.2. Relaxation studies

Coronary artery rings from bovine or porcine hearts
were mounted in a 10 ml organ bath, containing oxy-
genated (20% O,, 5% CO,, 75% N,) Krebs-Henseleit
solution (pH 7.4; 37°C) supplemented with indo-
methacin (3 wM) in order to prevent endogenous
prostaglandin synthesis. The pO, obtained under these
conditions was approximately 160 mm Hg and no signs
of hypoxia were observed (Braun and Schrér, 1992).

Bovine and porcine coronary arteries were adjusted
to a vascular tension of 20 mN and 40 mN, respec-
tively. After equilibration, the coronary rings were pre-
contracted with prostaglandin F,_ (10 pM). Successful
removal of endothelium was assessed by the loss of the
relaxing effect of acetylcholine (1 nM-10 pwM). Nitro-
glycerin was added cumulatively in concentrations of
0.1 nM up to 10 uM either in the absence (control) or
presence of different inhibitors. The following sub-
stances were used: (1) nitric oxide scavenger: oxyhe-
moglobin (3 wM), (2) glutathione-S-transferase-inhibi-
tor: sulfobromophthalein (100 M), (3) cytochrome
P-450 inhibitors: cimetidine (100 uM), 7-ethoxyresoru-
fin (1 wM), metyrapone (100 M), miconazole (10
uM), proadifen (100 wM). All these agents were added
30 min before addition of nitroglycerin. In some exper-
iments, linsidomine (0.1 nM-100 xM), which sponta-
neously releases NO, was used for relaxation. All mea-
surements were performed in duplicate. Relaxations
are given in percentage of contractile tension.

2.3. Smooth muscle cells of porcine aorta

Cultivated smooth muscle cells from porcine aorta
were kindly provided by P. Pietsch, PhD, Diisseldorf,
Germany. The cells were isolated and cultivated using
the explant technique described by Ross (1971). Briefly,
the vessels were opened longitudinally and the en-

dothelium was removed mechanically. Explants from
the media (1 X 1 mm) were placed into culture dishes.
The cells were cultivated in Dulbecco’s modified Eagle
medium (DMEM) containing penicillin (100 U /ml),
streptomycin (100 pg/mb), r-glutamine (2 mM), fetal
calf serum (15%). The cells were characterized as
smooth muscle cells by the typical hill and valley growth
pattern and by the presence of specific a-actin using a
selective monoclonal antibody (Boehringer, Mannheim,
Germany).

2.4. Measurement of cyclic GMP

Smooth muscle cells from passages 4—6 were culti-
vated to confluence in 35 mm dishes. Cells were washed
twice with a balanced salt solution (mM) NaCl 130;
KCl 5.4; CaCl, 1.8; MgCl, 0.8; glucose 5.5, and
Hepes-NaOH 20, pH 7.3, and preincubated with
isobutylmethylxanthine (0.5 mM), a non-selective phos-
phodiesterase inhibitor, for 10 min at 37°C. If indi-
cated, an enzyme inhibitor was added at the same time.
The following substances were tested: cimetidine (100
uM), 7-ethoxyresorufin (1 pM), proadifen (100 uwM).
Nitroglycerin was added at concentrations of 0.01 uM
up to 100 uwM. In some experiments, linsidomine (0.1-
100 uwM) was used to stimulate guanylyl cyclase. After
an incubation period of 10 min, the reaction was
stopped by the addition of ice-cold ethanol (96%).
Ethanol was evaporated and Tris-buffered (50 mM)
solution was added. The dishes were stored at —70°C.
¢GMP content was measured by radioimmunoassay
using a specific rabbit antibody developed in our labo-
ratory. The protein concentration of the suspensions
were determined according to Bradford using a com-
mercially available kit (Boehringer, Mannheim, Ger-
many). All measurements were performed in duplicate.
c¢GMP concentrations are given in pmol /mg protein.

2.5. Statistical analysis

The effects of nitroglycerin in the absence and pres-
ence of the different inhibitors were evaluated in paral-
lel on » different preparations. The data are presented
as mean and standard error of the mean (x + S.E.M.)
of n observations. Comparisons between the effects of
nitroglycerin in the absence and presence of enzyme
inhibitors were performed by Student’s ¢-test for paired
observations, evaluating the right shift of concentra-
tion-response curves, i.e. the difference of the logarith-
mic IC,, values. P values of < 0.05 were considered
significant.

2.6. Drugs and solutions

Cimetidine, isobutylmethylxanthine, methylcholan-
threne, metyrapone, miconazole, phenobarbital and
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Fig. 1. Concentration-dependent relaxation of bovine (a) and porcine (b) coronary arteries by nitroglycerin (GTN) in the absence (CON) or
presence of oxyhemoglobin (HbO,; 3 uM). The nitric oxide (NO) scavenger inhibits significantly nitroglycerin-induced relaxation in both species
(ICs, value; P < 0.05 CON vs. HbO,; n = 4; for further explanation see text).

sulfobromophthalein were purchased from Sigma (Dei-
senhofen, Germany), 7-ethoxyresorufin from Molecular
Probes (Eugene, OR, USA), indomethacin (Luitpold
Pharma, Munich, Germany), nitroglycerin (Schwarz
Pharma, Monheim, Germany), linsidomine
(Cassella /Riedel, Frankfurt /M., Germany) and proad-
ifen (SmithKline and Beecham Laboratories, King of
Prussia, PA, USA) were kindly provided by the respec-
tive manufacturers. Cell culture medium and supple-
ments were obtained from Life Technologies (Eggen-
stein, Germany).

Stock solutions of 7-ethoxyresorufin, miconazole and
proadifen were prepared in dimethyl sulfoxide. Stock
solutions of cimetidine and metyrapone were made in
methanol. Dilutions were prepared in Krebs-Henseleit
buffer. The solvents had no direct effects in the con-
centrations used in this study (not shown).
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3. Results
3.1. Vasorelaxation studies

Effect of nitric oxide scavenger oxyhemoglobin
Nitroglycerin induced a concentration-dependent
relaxation of bovine and porcine coronary arteries. The
IC5, values were 18 +5 nM and 70 + 24 nM, respec-
tively. Preincubation of vascular rings with oxyhe-
moglobin (3 M) caused a significant rightward shift of
the concentration-response curves by a factor of 4 in
both cases (bovine coronary arteries: ICsy=69 + 11
nM; porcine coronary arteries: ICg, =292 + 57 nM;
n=4; P<0.05) (Fig. 1a and b). Similar effects were
obtained with linsidomine (1 nM-100 uM) as relaxing
agent (data not shown). In contrast, oxyhemoglobin
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Fig. 2. (a) Concentration-dependent relaxation of bovine coronary arteries by nitroglycerin (GTN) in the absence (CON) or presence of one of
the cytochrome P-450 inhibitors cimetidine (CIM) or miconazole (MIC) (100 uM). (b) Concentration-dependent relaxation of porcine coronary
arteries by nitroglycerin (GTN) in the absence (CON) or presence of one of the cytochrome P-450 inhibitors metyrapone (MET) or proadifen
(PRO) (100 uM). In both coronary preparations the cytochrome P-450 inhibitors did not change the concentration-response curve for
nitroglycerin (ICy, value; P> 0.05; n = 4; for further explanation see text).
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had no effect on isoprenaline-induced vasorelaxation
(1 nM-10 uM; n = 3; data not shown).

Inhibition of glutathione-S-transferases

Nitroglycerin-induced relaxation of bovine coronary
arteries was not altered after the incubation of the
vascular rings with sulfobromophthalein (100 wM), the
glutathione-S-transferase inhibitor, for 30 min (P >
0.05; n =4).

Inhibition of cytochrome P-450 isoenzymes

The different cytochrome P-450 inhibitors cimeti-
dine, metyrapone, proadifen and miconazole showed
no inhibitory effect on nitroglycerin-induced relaxation
of bovine or porcine coronary arteries (P > 0.05; n = 4;
Fig. 2a and b). 7-Ethoxyresorufin (1 xM), a specific
inhibitor of cytochrome P-450 enzymes of the 1A sub-
family, also had no significant inhibitory effect on
bovine and porcine coronary arteries (P > 0.05; n = 4;
Fig. 3a and b). Higher concentrations of 7-ethoxyre-
sorufin (10 wM) were tested on porcine coronary arter-
ies and had also no significant inhibitory effect. In
addition, linsidomine-induced relaxation was not modi-
fied by 7-ethoxyresorufin (1 wM) in bovine and porcine
coronary arteries, respectively (data not shown).

3.2. Guanylyl cyclase stimulation

Inhibition of glutathione-S-transferases

Basal ¢cGMP levels of cultivated porcine aortic
smooth muscle cells were 7.3 + 0.9 pmol/mg protein
(n = 10). Nitroglycerin induced a concentration-depen-
dent stimulation of the guanylyl cyclase resulting in a
16-fold increase of cGMP levels at 10 uM. The con-
centration-response relationship was not altered by
preincubation of the cells with the glutathione-S-trans-
ferase inhibitor sulfobromophthalein (100 wM) (Table
1.
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Table 1

Effect of sulfobromophthalein (SBP; 100 wM) on nitroglycerin-in-
duced activation of soluble guanylyl cyclase in cultivated porcine
aortic smooth muscle cells

Treatment Basal Nitroglycerin

0.0l uM 01uxM 1uM 10xM 100 uM
Control 9+3 13+3  16+4 33+4 117410 147+ 8
SBP 1+2 1243 1542 3545 133412 123412

Inhibition of cytochrome P-450 isoenzymes

None of the cytochrome P-450 inhibitors used,
namely cimetidine, proadifen and 7-ethoxyresorufin,
had any significant effect on the nitroglycerin-induced
stimulation of guanylyl cyclase in cultivated porcine
aortic smooth muscle cells (Fig. 4 and Fig. 5a and b).
Neither methylcholanthrene nor phenobarbital, both
known as inducers of cytochrome P-450, enhanced the
effect of nitroglycerin on guanylyl cyclase (Table 2).

4, Discussion

Previous studies have shown that cultivated vascular
smooth muscle cells and isolated vascular tissue release
NO from the organic nitrate nitroglycerin (Feelisch
and Kelm, 1991; Schror et al., 1991; Kurz et al., 1993).
The precise mechanism of biotransformation of nitro-
glycerin, however, remains unclear. Protein denatura-
tion virtually eliminates NO formation, suggesting the
involvement of one or more enzymes (Feelisch and
Kelm, 1991; Kurz et al., 1993).

In the present study we have chosen two models for
the vascular effects of nitroglycerin, namely the func-
tional level (vasorelaxation) and the signal transduction
pathway (cGMP). Nitroglycerin-induced relaxations of
bovine and porcine coronary arteries were significantly
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Fig. 3. Concentration-dependent relaxation of bovine (a) and porcine (b) coronary arteries by nitroglycerin (GTN) in the absence (CON) or
presence of 7-ethoxyresorufin (7-ER; 1 wM). In both species the cytochrome P-450 inhibitor did not change the concentration-response curve for

nitroglycerin (ICy, value; P > 0.05; n = 4; for further explanation see text).
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Fig. 4. Nitroglycerin-induced elevation of cGMP levels in cultivated
porcine aortic smooth muscle cells in the absence (CON) or presence
of one of the cytochrome P-450 inhibitors cimetidine (CIM) or
proadifen (PRO) (100 uM). The activation of guanylyl cyclase was
not changed by any of the substances (ICy, value; P > 0.05; n=4;
for further explanation see text).

inhibited by oxyhemoglobin (3 uM), a well-known scav-
enger of NO, but were unaffected by all cytochrome
P-450 inhibitors tested.

One enzyme system that has been extensively stud-
ied is the glutathione-S-transferase. Data in the litera-
ture on the effects of the enzyme inhibitor sulfobro-
mophthalein on vascular relaxation are controversial.
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Table 2
Effect of cytochrome P-450 inducers phenobarbital (PB) and methyl-
cholanthrene (MC) (100 uM) on nitroglycerin-induced activation of

soluble guanylyl cyclase in cultivated porcine aortic smooth muscle
cells

Treatment Basal Nitroglycerin

001 uM 01pyM 1M 10pM 100 uM

Control 441 441 7+1 1942 83+7 127415
PB 4+1 4+1 7+1 19+2 81+9 120+11
MC 341 441 6+1 1442 60+5 87+13

Whereas Yeates and co-workers reported a significant
inhibition of nitroglycerin-induced relaxation of KCI-
precontracted rabbit aortic rings by sulfobromophtha-
lein (Yeates et al., 1989), other investigators did not
observe an effect of this compound after precontrac-
tion with phenylephrine (Lau and Benet, 1992). Similar
negative results were obtained in bovine coronary ar-
teries (Chung and Fung, 1993). In the present study,
sulfobromophthalein (100 xM) had no effect on nitro-
glycerin-induced relaxation in bovine as well as porcine
coronary arteries and did not inhibit the resulting
elevation of ¢cGMP levels in cultivated porcine aortic
smooth muscle cells. It has been suggested, that spe-
cific isoforms of glutathione-S-transferase, not sensitive
to sulfobromophthalein, may be responsible for the
bioactivation of nitroglycerin (Lau and Benet, 1992;
Chung and Fung, 1993). 1-Chloro-2,4-dinitrobenzene,
suggested to be more specific, however, could not be
tested in our study because of direct effects on vascular
tone (not shown). Glutathione-S-transferases were pu-
rified from vascular tissue and have been shown to
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Fig. 5. Elevation of cGMP levels in cultivated porcine aortic smooth muscle cells induced by nitroglycerin (GTN) (a) or linsidomine (b) in the
absence (CON) or presence of 7-ethoxyresorufin (7-ER; 100 uM). The cytochrome P-450 inhibitor had no effect on the concentration-response
curve for nitroglycerin or linsidomine (ICs, value; P> 0.05; n = 4; for further explanation see text).
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metabolize nitroglycerin to dinitrate and NO;, similar
to the hepatic enzyme (Tsuchida et al., 1990), but only
minor amounts of NO were formed. There is a positive
correlation between glutathione activity and NO; but
not glutathione activity and NO formation, suggesting
that glutathione-S-transferases are not involved in the
bioactivation of nitroglycerin but rather may play a role
in the degradation of the substance (Kurz et al., 1993).

A series of recent publications has focussed on the
role of the cytochrome P-450 enzyme family in the
bioactivation of nitroglycerin. In rat liver microsomes, a
NADPH-dependent denitration of nitroglycerin was
found and was inhibited by different cytochrome P-450
inhibitors, namely cimetidine, metyrapone, miconazole
and proadifen, active against different isoforms of the
enzyme family (Servent et al., 1989; McDonald and
Bennett, 1993). Similar results were obtained in rat
lung fibroblasts (RFL-6) and porcine kidney epithelial
cells (LLC-PK1) (Schroder and Schror, 1990; Schréder,
1992). In these cell lines nitroglycerin-induced eleva-
tion of cGMP levels could be modulated by inhibitors
and inducers of cytochrome P-450 enzymes. These
data suggest that at least in these non-vascular cell
lines the denitration of nitroglycerin is paralleled by
the formation of NO. This seems also to be the case in
hepatic microsomes, where the transformation resulted
in a product which stimulated purified guanylyl cyclase
from rat aorta (Bennett et al., 1992).

Cytochrome P-450 activity was also detected in the
vessel wall (Jurchau et al., 1976), both in endothelial
and smooth muscle cells (Abraham et al., 1985; Serab-
jit-Singh et al., 1988). The present study systematically
investigates the role of various isoenzymes of cy-
tochrome P-450 on nitroglycerin bioactivation in the
vascular system using different classes of enzyme in-
hibitors: (1) members of the imidazole family, namely
miconazole, which is a rather non-specific inhibitor and
cimetidine, which has been reported to be an inhibitor
of the 2C11 isoform and partly 1A1/2, but not 2Al,
2B1/2 and 3A1/2 (Bennett et al., 1992; Chang et al.,
1991); (2) proadifen which interacts with the reduced
form of IIB1, IIC1 and IIAl/2 isoforms; (3)
metyrapone which interacts with the oxidized form of
cytochromes that are not identified in detail; (4) 7-
ethoxyresorufin, a substrate inhibitor of the 1Al/2
isoforms (Gonzalez, 1992; Murray and Reidy, 1990).
We could not observe any effect of all these com-
pounds, neither on the relaxing activity of nitroglycerin
on coronary segments nor on the elevation of cGMP
levels in cultivated smooth muscle cells. In addition,
the cytochrome P-450-inducing agents phenobarbital
and methylcholanthrene did not augment nitroglycerin
activity.

These data demonstrate that all the isoforms of the
cytochrome P-450 family affected by these inhibitors
are not involved in the vascular biotransformation, at

least in the preparations tested here. This is in line
with two recent reports demonstrating no effect of
metyrapone and proadifen on nitroglycerin-induced re-
laxation in rabbit aorta and on ¢cGMP levels in bovine
aortic smooth muscle cells (Liu et al., 1993; Salvemini
et al.,, 1993). In contrast, Bennett and co-workers re-
ported a significant effect of 7-ethoxyresorufin on ni-
troglycerin-induced relaxation of rat aorta (Bennett et
al., 1993). Interestingly, the cytochrome P-450 inhibitor
also had a small but significant effect on the relaxation
induced by sodium nitroprusside, that is also activated
at the membrane site but by a distinct mechanism
(Kowaluk et al., 1992; Seth and Fung, 1993). A recent
paper demonstrated that some characteristics of the
nitrate-metabolizing enzyme from bovine coronary ar-
teries do not correspond with the cytochrome P-450
family, including the molecular size, its stability to-
wards detergents like sodium dodecylsulfate, its appar-
ent need for thiol and the lack of dependency on
NAD(P)H (Seth and Fung, 1993).

In summary, this study demonstrates that modula-
tion of cytochrome P-450 by several enzyme inhibitors
and inducers, reported to be effective in liver and
non-vascular cell lines, did not affect the activation of
guanylyl cyclase in cultivated porcine aortic smooth
muscle cells and the relaxation of bovine or porcine
coronary arteries induced by nitroglycerin. These data
suggest that cytochrome P-450 does not play a major
role in the vascular bioactivation of nitroglycerin. Ni-
troglycerin metabolism obviously differs between vari-
ous tissues. However, the involvement of one or more
specific isoforms which were not affected by the sub-
stances used in this study, cannot be ruled out.
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