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ABSTRACT-To clarify the hypothesis that organic nitrates are converted to nitric oxide (NO) via nitrite 

ion (NO2-) by glutathione S-transferase, the metabolic conversion of four nitrates was examined in pig 

coronary arteries and compared with that in rat liver. Nitrates caused the relaxation of the artery muscles 

with the order of nitroglycerin > isosorbide dinitrate > nicorandil •† nipradilol, whereas the order of NO 

formation in the arteries was nitroglycerin > isosorbide dinitrate > nipradilol > nicorandil. The same 

order of NO formation from the nitrates was also observed in liver cytosol. Nicorandil may cause more 

relaxation than nipradilol by both NO releasing and other (unknown) actions. Although the order of the 

potency in N02- formation from the nitrates in liver cytosol was the same as that seen in NO formation, 

NO2- was not detected in pig coronary arteries. Thus NO2- formation from the nitrates correlated with NO 

formation in liver cytosol but not in pig arteries. When nonenzymatic and enzymatic NO formations from 

nitroglycerin were examined in the arteries, the enzymatic NO formation, which was not inhibited by 

glutathione S-transferase inhibitors, was 13% of the total NO. These results indicate that in pig coronary 

arteries, nitrates release NO mostly through a nonenzymatic manner, although there is a slight amount 

of enzymatically produced NO, and glutathione S-transferase may not contribute to the enzymatic NO 

formation.
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 Nitrate compounds such as nitroglycerin cause relaxa

tion of vascular smooth muscles and thereby have been 
used for the treatment of angina pectoris. It is generally 

accepted that the nitrate is converted to nitric oxide (NO) 
which can activate soluble guanylate cyclase, resulting in 

accumulation of cGMP followed by muscle relaxation 

(1). However, the metabolic conversion of nitrates to NO 
is not well-established. Although glutathione S-trans

ferase was believed to be involved in the biochemical 

process of the relaxation (2, 3), evidence shows that the 
enzyme can catalyze a denitration from nitrates (N02_ 
formation) but all N02 thus formed are not converted to 
NO (4-6) and that there are NO-forming enzymes dis

tinct from glutathione S-transferase (7, 8). In addition, a 
nonenzymatic liberation of NO from organic nitrates was 

reported (9, 10). Recently, we demonstrated that nitro

glycerin can cause a relaxation of pig coronary arteries 
despite of depletion of glutathione in the artery, indi

cating that glutathione and glutathione S-transferase are 
not important for nitroglycerin-induced relaxation of the 

artery (11).
 In the present study, we examined NO formation from 

four nitrates using pig coronary arteries and compared 
it with that in rat liver. It was demonstrated that NO 

formation from nitrates is mostly nonenzymatic and the 
enzymatic NO formation, which may be catalyzed by 

enzyme(s) other than glutathione S-transferase, is less 
than 20% of the total NO.

*To whom correspondence should be addressed(') .

MATERIALS AND METHODS

Preparation of assay samples
 Hearts removed from pigs at the slaughterhouse were 

placed in ice-cold Krebs-Henseleit solution and then the 
coronary arteries were isolated. The collected arteries 

from the hearts were homogenized in 2 volumes of 0.1 M 

potassium phosphate buffer (pH 7.6) with a polytron 
homogenizer (Kinematica, Lucerne, Switzerland) for 30



sec twice with a 30-sec intermittence time and then cen
trifuged at 9,000 x g for 30 min at 41C. The supernatant 

thus obtained was used for the measurement of 

glutathione S-transferase activity and NO or N02 for
mation. In measuring glutathione and cysteine contents, 

the arteries were homogenized in 2 volumes of 0.1 M 

phosphate buffer (pH 7.0).
 Rat liver cytosol and microsomes were prepared from 
nontreated Sprague-Dawley rats as described previously 

(12).

Measurement of NO
 Enzymatic and nonenzymatic NO formation from 

nitroglycerin in pig coronary arteries were measured as 
follows: Nitroglycerin (0.88 mM) was mixed with cysteine 

(1 mM), 9,000 x g supernatant of the arteries and oxy
hemoglobin (2.5 pmol), and the difference spectrum be
tween the reaction mixture and the reference solution 

which lacks nitroglycerin was recorded at 37C at the cy
cling time of 2 min using a spectrophotometer (UV-160A 

with temperature control unit TCC-240A; Simadzu, 
Kyoto) according to the method of Feelisch and Noack 

(9). NO content was calculated from the extinction differ

ence per minute between 401 and 411 rim using nitroprusside 

as the standard of NO. The amount of NO determined by 
this method was termed as total NO. The NO released 
from the incubation of nitroglycerin with cysteine at 37C 

without the arteries was designated as a nonenzymatic 
NO formation. Thus the enzymatic NO formation was 

determined by subtracting the nonenzymatic NO forma
tion from the total NO. As the standard of NO, sodium 

nitroprusside (25 nmol) was incubated with cysteine (1 
mM) at 371C, and the extinction difference from 401 to 

411 nm per minute was used as 25 nmol of NO.

Fig. 1. Difference spectra of oxyhemoglobin versus methemoglobin induced by sodium nitroprusside. Sodium nitroprusside 
(25 nmol) was incubated at 37C with 1 mM cysteine (A) or glutathione (B) in 0.1 M potassium phosphate buffer (pH 7.6) in the 
presence of 2.5 pmol oxyhemoglobin. The difference spectrum from 351 to 451 nm was recorded at the cycling time of 30 sec.

Measurement of enzyme activity and thiol contents
 Glutathione S-transferase activity was measured by the 
method of Habig et al. (13) with 1-chloro-2,4-dinitroben

zene (CDNB) (1 mM) and glutathione (1 mM or 5 mM in 
liver microsomes) as substrates. The transferase activity 

for nitrates was also determined by measuring nitrite ion 

(NO2-) released from the reaction by the method of 
Habig et al. (13). Briefly, the supernatant from pig coro
nary arteries, rat liver cytosol or microsomes was incu

bated with nitrates and glutathione (5 mM) at 371C for 30 
min in 0.1 M potassium phosphate buffer (pH 7.4) at the



total volume of 2.0 ml. An aliquot was removed at the 
indicated times and incubated with 0.2% sulfanilamide 

and 0.02% N-(1-naphthyl) ethylene diamine dihydro
chloride (NEDD) at 25V for 20 min followed by measur
ing the absorbance at 540 nm. Cysteine and glutathione 

contents in the homogenates of coronary arteries were 
determined using a high performance liquid chromato

graphy (CCPM; Toyo Soda, Tokyo) according to the 
method of Reed et al. (14). Protein concentration was 

measured by the method of Lowry et al. (15).

Fig. 2. Nonenzymatic NO formation from nitroglycerin. 
Nitroglycerin (0.88 mM) was incubated with various concentrations 
of cysteine (0) or glutathione (0) at 371C in 0.1 M potassium 
phosphate buffer (pH 7.6) in the presence of oxyhemoglobin (2.5 
ymol) and the extinction difference between 401 and 411 nm was 
measured. Each point shows the mean of two separate experiments.

Fig. 3. NO formation from nitroglycerin in pig coronary arteries. 
Nitroglycerin (0.88 mM) was incubated with cysteine (1 mM) at 371C 
in the presence (for total NO formation) or absence (for nonen
zymatic NO formation) of the supernatant obtained from centrifu

gation of pig coronary artery homogenates and the difference spectra 
were recorded. Enzymatic NO formation was calculated by sub
tracting nonenzymatic NO from total NO as described in Materials 
and Methods. Each column shows the mean±S.D. from three 
separate experiments.

Relaxation of pig coronary arteries
 The proximal part of the left circumflex coronary ar

tery with endothelium was cut into ring preparations that 
were then suspended in organ baths filled with Krebs
Henseleit solution maintained at 37V and gassed with 

95% 02-5% CO2. After contraction of the artery ring 
with 30 mM KCI, each nitrate was added cumulatively to 

the bath, and the relaxation of the artery muscle was 
measured as described previously (11). 

Chemicals

  1-Chloro-2,4-dinitrobenzene (CDNB), hemoglobin, 
reduced glutathione, sodium nitroprusside and gluta

thione reductase were purchased from Sigma Chemical 
Co. (St. Louis, MO, USA). NADPH was obtained from 
Oriental Yeast (Tokyo); nitroglycerin from Nihon 

Kayaku (Tokyo); isosorbide dinitrate from Eisai Co., 
Ltd. (Tokyo); nipradilol from Kowa Co., Ltd. (Tokyo); 

and nicorandil from Chugai Pharmaceutical Co., Ltd. 

(Tokyo) were used. All other chemicals used were of ana
lytical grade. 

Statistical analyses

  Data are expressed as means ±S.D. The significance of 
difference was calculated by Student's t-test, where P 

values < 0.05 were taken as significant. 

RESULTS 

NO formation and vosorelaxation by nitrates
 When sodium nitroprusside (25 nmol) was mixed with 

cysteine or glutathione, a time-dependent increase in 
the extinction differences between 401 and 411 nm was 
observed (Fig. 1). The extinction difference from 

glutathione was about one fourth that of cysteine. Thus 
the extinction difference obtained from 25 nmol 

nitroprusside and 1 mM cysteine was used for the calcu
lation of NO formed from nitrates. In mixing nitrogly

cerin with the indicated concentrations of cysteine or 

glutathione, nonenzymatic NO formation was increased 
with the increase in the thiol concentrations and NO from 
the cysteine was fivefold higher than that of glutathione

(Fig. 2). As shown in Fig. 3, the enzymatic NO formation 
from nitroglycerin in coronary arteries was only 13076 of 
the total NO, and thus it was clarified that most of the 

NO was formed nonenzymatically from nitroglycerin. 

Enzymatic and nonenzymatic NO formations from four 
nitrates were determined (Table 1). When the nitrates 
were incubated with cysteine and coronary arteries, NO 

was detected as total NO in the order of nitroglycerin > 
isosorbide dinitrate > nipradilol > nicorandil, although



the nitrate concentration was different in each case. The 
amount of nonenzymatically formed-NO from each 

nitrate was almost same as the total NO except for that 
in the case of nitroglycerin, showing that the NO is formed 

from the three nitrates nonenzymatically. 
 Figure 4 shows the nitrate-induced relaxation of the 

coronary arteries. The median effective concentration (M) 
for the relaxation was (2.44±0.30) x 10-' (nitroglycerin), 

(3.05±0.47) x 10-6 (isosorbide dinitrate), (8.56± 1.09) x 
10-6 (nicorandil) and (1.98-+0.58)x 10-5 (nipradilol). 
Thus the order of the potency of the relaxation did not 

agree with the order of NO formation in the cases of 
nipradilol and nicorandil.

Table 1. NO formation from nitrates in pig coronary arteries Table 2. Effects of glutathione S-transferase (GST) inhibitors on 

NO formation and GST activity in pig coronary arteries

Fig. 4. Concentration-response curves of pig coronary artery rings 
to nitrate-induced relaxation. After contraction of the artery ring by 
30 mM KC1, each nitrate was added cumulatively, and the relaxant 
response to the nitrate was represented as the percentage relaxation. 
Each point shows a mean percentage relaxation (n=7 14) with S.E. 
of potassium-induced tone. When S.E. is not indicated, its value 
falls within the symbol. 0, nitroglycerin; •, isosorbide dinitrate; 
0, nicorandil; /, nipradilol.

Effect of glutathione S-transferase inhibitors on NO for

mation 
 Table 2 shows the effects of glutathione S-transferase 

inhibitors on NO formation from nitroglycerin and the 
transferase activity for CDNB of coronary arteries. When 

ethacrynic acid was preincubated with the arteries, 

glutathione S-transferase activity was decreased to 2210 
of the control, but the enzymatic NO formation was not 
changed. Similarly, a marked decrease in the transferase 

activity without change of the NO formation was ob
served by the incubation of the 9,000 x g supernatant of 
coronary arteries with S-hexylglutathione.

Formation of NO2 and glutathione S-transferase activ

ity 
 Tables 3 and 4 indicate the glutathione S-transferase 

activity in pig coronary arteries, liver cytosol and micro
somes using nitrates and CDNB as substrates. 
Glutathione S-transferase activity for CDNB was highest 

in rat liver cytosol, and the activity in the pig coronary 
artery was less than 3% of that in the cytosol. The libera

tion of NO2 from nitrates was observed in the liver 
cytosol in the order of nitroglycerin > isosorbide dini

trate > nipradilol > nicorandil; However, it was not de
tected in pig coronary arteries. In liver microsomes, 

glutathione S-transferase activity for CDNB accounted 
for 510 of that in the cytosol, and NO2 formation was 

observed only from nitroglycerin and isosorbide dini
trate. The order of the potency for total NO formation 
from the four nitrates in the liver cytosol was the same as 

that seen for N02 liberation in the fraction.



Table 3. NO and N02 formation from nitrates

Table 4. Glutathione S-transferase (GST) activity in pig coronary 
arteries, liver cytosol and microsomes

Thiol contents in coronary arteries 
 As shown in Table 5, the cysteine content in pig coro

nary arteries was a fourteenth of the glutathione in the 
control and was decreased significantly after the incuba

tion of the arteries with nitroglycerin for 60 min at 37C. 
The glutathione content in the arteries was not altered 

even after the incubation with nitroglycerin. When the 
arteries were preincubated with N-acetylcysteine (0.5 
mM), a eightfold increase in cysteine content in the arter

ies, but no increase in glutathione content, was observed.

Table 5. Cysteine and glutathione contents in pig coronary arteries 

after incubation with nitroglycerin or N-acetylcysteine

DISCUSSION 

 Studies have indicated that nitrates relax vascular 
smooth muscles via generation of NO; However, the 

mechanism of the NO formation was not well established. 
In the present study, a relationship between NO forma

tion and glutathione S-transferase activity was examined 
with pig coronary arteries, rat liver cytosol and micro

somes. When enzymatic NO formation was calculated by 
subtracting the nonenzymatic NO formation from the 

total NO, in pig coronary arteries, NO formation from 
nitroglycerin was mostly nonenzymatic, and only 13% of 

the total NO was enzymatically formed. If the super
natant obtained from pig coronary arteries was heated at 
100'C for 15 min, the enzymatic NO formation was lost 

(data not shown), confirming that the NO obtained by the 
subtraction is an enzyme-derived NO. Although non

enzymatic NO formation from nitroglycerin was observed 
using glutathione instead of cysteine, the amount of NO 
formed by glutathione was very small. These data suggest 

that cysteine content in the arteries is more important for 
NO formation from the nitrate than that of glutathione. 

Judging from the observation that the enzymatic NO for
mation in the coronary arteries from nitroglycerin was 

not changed after the treatment with glutathione S-trans
ferase inhibitors, the enzyme does not contribute to the 

NO formation from the nitrate. Thus the enzymatic NO 
formation from nitroglycerin is mediated by an enzyme 

other than glutathione S-transferase, and the amount of 
NO formed in such a manner is small. Although the in
volvement of glutathione S-transferase in NO formation 

has been suggested (2, 3), Ogawa et al. (16) reported that 
a glutathione-independent enzyme is responsible for 

denitration of nitrate esters in rabbit liver. It seems that 
the latter enzyme may be related to NO formation from 

nitroglycerin. 
 In our experiments, the relaxation of pig coronary ar

tery muscles caused by the four nitrates showed a good 
correlation to total NO formation from them except for 
the case of nicorandil. Although the amount of NO 

formed from nicorandil was less than that from 
nipradilol, nicorandil caused more relaxation of the 

arteries than nipradilol. Though nicorandil acts as a K+
channel opener that causes muscle relaxation (17, 18), it 

has been reported that nicorandil did not hyperpolarize 
the membrane potential of small coronary arteries of pigs 
in the presence of over 23.6 mM [K]0 (19). Therefore, the 

result that the relaxation of arteries by nicorandil was 

greater than that expected from the NO formation level 
may be due to reasons other than K+-channel opening 
action. However, in this study, the reason was not 

clarified. On the whole, the potency of vasomuscle 
relaxation of the nitrates depends on the amount of NO



formed. 

 With regards to NO formation from the four nitrates in 

pig coronary arteries, NO was formed from 0.88 mM of 
nitroglycerin, but the same concentration of the other 
three nitrates did not release NO, and high concentrations 

(5 mM and 10 mM) of these nitrates were needed for 
NO formation. Moreover, enzymatic NO formation was 

observed only in the case of nitroglycerin. To better our 
understanding of this process, the metabolism of these 

nitrates in pig coronary arteries was compared with that 
in rat liver cytosol and microsomes. The mechanism of 

organic nitrate metabolism is proposed to be as follows 

(14, 20, 21): 

     RONO2 +GSH  ROH + GS  NO2 (a) 

    GS-N02+GSH  GSSG+HNO2 (b) 

            HNO2 -> NO (c) 

The first step (a) is mediated by glutathione S-transferase, 

and the second step of NO2 formation (b) occurs 
nonenzymatically. The conversion of N02 to NO (c) is 

caused by an unknown mechanism. We measured N02
and NO formation from the four nitrates. Although 

glutathione S-transferase activity for CDNB was detected 
in pig coronary arteries, NO2 was not formed from any 

of the nitrates in the artery. On the other hand, in the 
liver cytosol, NO2 and NO were released with the same 

order: nitroglycerine > isosorbide dinitrate > nipradilol 
> nicorandil, although the magnitude of NO formation 

was very small compared with that of NO2 It is there
fore assumed that in pig coronary arteries, glutathione S

transferase can catalyze glutathione conjugation with 
CDNB, but little or no nitrate is used as the substrate for 
the enzyme, whereas in the liver cytosol, the transferase 

catalyzes denitration followed by NO formation. Con
sidering that glutathione S-transferase contributes to 

NO2 formation from nitroglycerin but not to the NO 
formation (6, 21), it is suggested that nitrates are 

denitrated by glutathione S-transferase in the liver and a 

part of the NO2 thus formed may be converted to NO, 
whereas in pig coronary arteries, NO may be mostly 

formed via a nonenzymatic process. 
 As nonenzymatic NO formation from nitrates, there is 

increasing evidence that organic nitrates react with a thiol 
compound resulting in formation of the unstable inter

mediate thionitrate (d), which decomposes with the re
lease of N02 (e) and NO via an intramolecular rearrange
ment to a sulfenyl nitrite species (f, g) (22). 

     RONO2+R'SH -~ ROH+R'SNO2 (d) 

     R'SNO2+R"S -~ R'SSR'+NO2 (e) 

     R'SNO2 -* R'S-O-NO  R'S -NO (f) 

0

     R'S -NO  R'S +NO (g) 

     0 0 

Although all thiols decompose organic nitrates to NO2 

specific thiols such as cysteine and N-acetylcysteine can 
release NO. Formation of NO from NO2-, unless there is 

a specific catalyzing mechanism, occurs only in acidic 
conditions. It is therefore assumed that NO2 decom

posed from organic nitrates is not able to make NO under 

physiological conditions. In our experiments (pH 7.6), 
nonenzymatic NO formation from nitrates may come 

from decomposition of sulfenyl nitrite, not from NO2 
 The degree of NO2 and NO formation from nitrates 

seems to depend on the number of nitro groups present in 
the agents because three nitro groups are contained in 
nitroglycerin, two in isosorbide dinitrate and one in both 

nipradilol and nicorandil. 
 In our data, the intracellular concentration of cysteine 

in the pig coronary artery was confirmed to be only 7°70 of 
the glutathione content, and we could not measure NO 

from nitroglycerin in the artery without adding cysteine 

(data not shown). Thus the intrinsic cysteine content in 
the arteries seems too small to produce NO. However, 
considering that high concentrations of nitrates are need

ed for nonenzymatic NO formation in the arteries but low 
concentrations of nitrates can relax the artery muscles, 

only a small amount of NO may be enough to produce 
vasorelaxation. If NO that is locally produced just 
around guanylate cyclase can activate the enzyme, the 

small amount of cysteine in the coronary artery may be 

sufficient for NO formation in vivo. The decrease in the 
cysteine concentration in pig coronary arteries after treat
ment with nitroglycerin (Table 5) may reflect a consump

tion of the cysteine resulting from NO formation in vivo. 
It has been reported that NO formation from vascular 

smooth muscle cells was decreased by repeated adminis
tration of nitrates (23) and that a decrease in vasorelaxa
tion caused by the repeated treatment with nitrates was 

restored by a supplementation of thiols (24, 25), support
ing an important role of cysteine for NO formation and 

vasorelaxation by nitrates. 
  In conclusion, in pig coronary arteries, organic nitrates 

used in the present study form NO mostly by a nonen
zymatic manner and only nitroglycerin seems to form NO 
via an enzymatic process, although the amount of en

zymatic NO formation is small. Glutathione S-transferase 
in pig coronary arteries is not involved in the enzymatic 

NO formation and the cysteine level in the arteries may be 
critical for NO formation from nitrates.
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