British Journal of Pharmacology (2003) 139, 989-997

© 2003 Nature Publishing Group Al rights reserved 0007-1188/03 $25.00 @

www.nature.com/bjp

Various intracellular compartments cooperate in the release of

nitric oxide from glycerol trinitrate in liver
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1 Glycerol trinitrate (GTN) has been used in therapy for more than 100 years. Biological effects of
GTN are due to the release of the biomediator nitric oxide (NO). However, the mechanism by which
GTN provides NO, in particular in liver, is still unknown. In this study, we provide experimental
evidence showing that cytoplasm, endoplasmic reticulum, and mitochondria are required for the
release of NO from GTN in the liver.

2 NO and nitrite (NO3) were determined using low-temperature electron paramagnetic resonance
and the Griess reaction, respectively.

3 The first step of GTN biotransformation is the release of NO3. This step is performed in cytoplasm
and catalyzed by glutathione-S-transferase. The second step is the rate-limiting step where NO; is
slowly reduced to NO. This is mainly catalyzed by cytochrome P-450. The second phase can be
significantly enhanced by decreasing the pH value, a situation which occurs during ischemia. At high
NADPH concentrations exceeding physiological values, cytochrome P-450 catalyzes GTN
biotransformation without the involvement of cytoplasmic glutathione-S-transferase.

4 In conclusion, our data show that NO; derived from the first step of biotransformation of GTN in
the liver is the precursor of NO but not a product of NO degradation; consequently, NO; levels are

not likely to be a marker of NO release from GTN as earlier suggested.
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Introduction

It was found empirically that glycerol trinitrate (GTN) is
beneficial in the treatment of angina pectoris, congestive heart
failure, and myocardial infarction. It is now clear that GTN
affects these cardiac diseases via vasodilatation by means of
nitric oxide (NO). The latter was found to stimulate guanylyl
cyclase, thereby upregulating the vasodilatory second messen-
ger, cGMP. This signaling pathway leads to the relaxation of
vascular smooth muscles. The exact mechanism whereby NO is
generated from GTN is, however, still unknown (Ahlner et al.,
1991; Fung et al., 1992; Harrison & Bates, 1993; Parker &
Parker, 1998; Doel et al., 2001).

A variety of hypotheses on the mechanism of NO generation
from GTN have been forwarded. The oldest hypothesis
suggests that the enzyme responsible for GTN transformation
is the ‘glutathione-dependent organic nitrate reductase’ (Nee-
dleman & Hunter Jr, 1976). Later on, this enzyme was
recognized as glutathione-S-transferase, existing in the form of
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various isoenzymes and localized in the cytoplasm (Keen et al.,
1976; Taylor et al., 1989). Ten years ago, this mechanism of
GTN bioactivation was rejected (Kurz et al., 1993; Salvemini
et al., 1993) and, instead, cytochrome P-450 was suggested to
catalyze the transformation of GTN to NO (Servent et al.,
1989; Schroder, 1992; Delaforge et al., 1993; Yuan et al., 1997).
Moreover, it has been shown that CYP3A, an enzyme that is
responsible for more than 50% of the cytochrome P-450-
dependent xenobiotic metabolism, has particularly high
activity in GTN metabolism in rat liver (Delaforge er al.,
1993) and in other tissues (Yuan et al., 1997, Minamiyama
et al., 1999). Recently, a new hypothesis appeared suggesting
xanthine oxidoreductase as the enzyme responsible for GTN
bioactivation. Xanthine oxidoreductase has been reported to
catalyze the transformation of GTN to nitrite (NO;) and
further NO; to NO (Millar et al., 1998; Doel et al., 2001).
Although the latter studies were performed with purified
enzymes without testing cells or subcellular fractions, the
authors suggest that biotransformation of GTN should
proceed via two steps, where NO; is an intermediate (Doel
et al., 2001). Previously NO; was considered as an oxidative
product of NO metabolism and used to quantitate NO coming
from GTN (Salvemini et al., 1992; Hasegawa et al., 1999;
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Minamiyama et al., 1999). It has been recently shown that the
transformation of NO; to NO is catalyzed by the bcl complex
of mitochondria (Kozlov ef al., 1999). Thus, four enzymatic
systems, namely glutathione-S-transferase, cytochrome P-450,
xanthine oxidoreductase, and the bcl complex of mitochon-
dria have to be taken into account when searching for the
mechanism of NO release from GTN.

The exact mechanism of GTN activation leading to NO
release was reported to vary from tissue to tissue. It has been
shown that ‘organic-nitrate-reductase’ activity in liver is
mainly present in the cytoplasm, in contrast to heart where
nitrate reductase is assumed to be associated with mitochon-
dria (Taylor et al., 1989). Xanthine oxidoreductase activity
resulting from proteolytic transformation of xanthine dehy-
drogenase is more pronounced in postischemic tissues
(MCCord, 1985). Cytochrome P-450 enzymes are located
preferentially in liver. Thus, it is not likely that an identical
mechanism of NO release from GTN occurs in all tissues.

Long-term therapy with GTN develops the tolerance to this
organic nitrate. It has been shown that the insufficient
response is not at the level of guanylyl cyclase. Therefore, it
is of major interest to analyze the metabolic steps by which
GTN finally provides NO.

Methods
Chemicals

Glutathione (GSH), myxothiazol, reduced nicotinamide ade-
nine dinucleotide (NADH), reduced nicotinamide adenine
dinucleotide phosphate (NADPH), troleandomycin (oleando-
mycin triacetate) were obtained from Sigma Chemical Co St
Louis, MO, U.S.A. Gluthatione trinitrate (GTN), acetonitril,
potassium nitrite (KNO,) were received from Merck Co
Darmstadt, Germany. NO gas was obtained from AGA Co.
(Austria). Other chemicals were of analytical grade purity.
Hemoglobin (Hb) was prepared from bovine red blood cells, as
described before (Kozlov et al., 1996).

Preparation of rat liver homogenate and subcellular
fractions

Adult male Sprague—Dawley rats weighing 250-300 g (Ani-
mal Research Laboratories, Himberg, Austria) were used in
this study. The animals were starved overnight. Immediately
after decapitation, the portal vein was cannulated and liver
was perfused with an ice-cold saline solution. Then, the liver
was removed to a beaker with ice-cold sucrose buffer (0.25m
sucrose, 10mMm Tris-HCI, Imm EDTA, 0.1% ethanol,
pH=7.4), cut into small pieces and washed with the same
buffer to remove the remaining blood. After drying with
paper, the weight of the liver pieces was determined and the
same buffer was added in a ratio of 1: 6 liver/buffer (w/v). The
liver was homogenized using Potter—Elvehjem homogenizer.
The obtained homogenate was filtrated through three layers of
surgical gauze, divided into portions of 1ml, and frozen in
liquid nitrogen. Another portion of liver homogenate was used
for preparation of subcellular fractions.

Subcellular fractions were prepared as previously described
(de Duve, 1983; Briggs & Pritsos, 1999). Briefly, the liver
homogenate was centrifuged for 10 min at 600 x g to pellet the

nuclear fraction. The resulting supernatant was centrifuged for
10 min at 3000 x g to pellet the heavy mitochondrial fraction.
The resulting supernatant was centrifuged at 25,000 x g for
10 min to obtain a light mitochondrial pellet. The supernatant
was removed from the light mitochondrial pellet and
centrifuged at 100,000 x g for 35min to obtain the microsomal
pellet. The supernatant constituted the cytoplasmic fraction.
Light mitochondrial fraction obtained using this way of
preparation contains also lysosomes and peroxisomes.

Each pellet was carefully removed with a known amount of
buffer and the volume of the fraction was determined for
further calculation of homogenate volume corresponding to
the volume of fraction obtained. Considering that
Vo=Vs+ Vg and Veg =n x V,, where V,, Vs, and Vieg are
the volumes before centrifugation, supernatant volume, and
pellet volume, respectively; n — a coefficient indicating a
volume portion of a fraction in original homogenate, we have
arrived at the following equations:

Vo2

Vo =
01 (1*1’[1)

Vo3

Vor = = m)

Voa
(1 —}’ll)(l —ng)(l —n3)

where V1, Voo, Vo3, and Vi, are the volumes used to spin down
the nuclear pellet, heavy mitochondria, light mitochondria,
and microsomes, respectively. n;, n,, and n; are the volume
portion of nuclear, heavy mitochondrial, light mitochondrial
fractions, respectively, obtained after corresponding centrifu-
gation. Using these formula, we recalculated the homogenate
volume corresponding to each fraction volume.

Protein concentrations in liver homogenate and subcellular
fractions were measured by the Biuret method, using albumin
as a reference protein. Then the amount of protein was
adjusted as it would be obtained from 1ml of original
homogenate (Table 1). The results presented in Table 1 show
the distribution of protein concentrations in the fractions
studied. These concentrations were used to reconstruct the
liver homogenate using subcellular fractions.

Vor =

Experimental design

Liver homogenate or subcellular fractions were incubated in a
buffer mixture containing 50% of sucrose buffer and 50%
phosphate buffer (154mm KCI, 20mm Tris, 4 mMm KH,PO,,
ImMm EDTA , 2mMm MgCl,, pH =7.35). After the addition of
all reagents except GTN or NO;, this sample was kept under a
flow of nitrogen for 20 min on a shaking table to provide gentle
mixing of samples with nitrogen. Afterwards, 10 ul of GTN or
NO; were injected into the samples under anaerobic condi-
tions. The samples were aspirated in a syringe without
exposure to oxygen and kept at 20 +2°C inside a home-made
anaerobic chamber. After incubation, the samples were either
frozen in liquid nitrogen for following electron paramagnetic
resonance (EPR) measurements or they were taken for NO3
assay. The final concentrations of reagents used were GSH,
2.5mMm; NADPH, 0.5mM; NADH, 0.5mm; allopurinol,
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Table 1 Protein content in different subcellular frac-
tions adjusted to 1 ml of original homogenate

Concentrations
(mg proteinml~")
used in experiments

Protein
amount ml~!
of homogenate
Fraction

Liver homogenate 254425 10
(1:6wv)

Nuclear* 8.12+1.8 Not studied
Heavy mitochondria 1.864+0.76 0.73
Light mitochondria** 1.304+0.19 0.51
Microsomal 2.2940.34 0.90
Cytoplasm 10.52+0.77 4.14
Sum 24.09%** 9.48

The data are based on five independent preparations.
*Contains up to 10% of nondestroyed cells. **Contains also
lysosomes and peroxisomes. ***Approx. 5% of protein was
lost during preparation.

0.3mM; myxothiazol, 0.1 mM; metyrapone, 0.2mm; GTN,
0.2mM, NO5, 0.2mwm; Hb, 0.6 mm.

NO3 assay

NO; was determined using the Griess reaction. The samples
were placed in cutoff microfiltration tubes (30,000 kDa) under
argon centrifuged for 15min at 10,000 x g, 200 ul of filtrate
was mixed with 200 ul of water and 500 ul of Griess reagent
containing 4% sulfanilamide, 0.2% naphtylethylenediamine
dihydrochloride in 10% phosphoric acid. The absorbance was
measured with a Milton Roy, MR 3000 spectrophotometer at
543nm using 493 and 593nm to correct baseline. The
calibration was made using standard NO5 solutions.

EPR detection of NO

EPR allows to detect NO in nontransparent samples such as
tissues and tissue homogenates. Here we used a method based
on a reaction between NO and Hb approaching the diffusion
limit (Gow & Stamler, 1998; Gow et al., 1999). This reaction
yields the nitrosyl complex of hemoglobin (NO-Hb) that is
rather stable and exhibits a particular EPR signal, sufficient
for quantification of NO at nanomolar concentrations (Henry
et al., 1993; Kozlov et al., 1996). Formation of NO-Hb
complexes has already been demonstrated in vivo upon
treatment of animals with GTN (Kohno et al., 1995) and in
vitro system for detection of NO derived from mitochondria
(Kozlov et al., 1999). The samples for EPR spectroscopy were
placed in 1 ml syringes (B. Braun Melsungen AG) and frozen
in liquid nitrogen. Then the samples were pressed out of the
syringes and moved to a finger-tip liquid nitrogen dewar for
EPR measurements. The EPR spectra were recorded at liquid
nitrogen temperature with a Bruker EMX EPR spectrometer
(the general settings were: microwave frequency 9.431 GHz,
modulation frequency 100kHz, microwave power 20mW,
modulation amplitude 4 G; gain 10°). The calibration of NO-
Hb signals was performed as described previously (Kozlov
et al., 1996) using aqueous solutions of NO, and using NO5
solutions reduced by dithionite as described by Tsuchiya et al.
(1996). Both calibrations gave identical results.

GSH assay

Quantitation of reduced GSH was carried out by high-
performance liquid chromatography (HPLC) with ortho-
phthalaldehyde (OPA) precolumn derivatization as described
previously (Cereser et al., 2001). The HPLC separation of
GSH-OPA adducts was achieved on a C-18 reversed-phase
RT 125-4 column (5um particle size) using LC Module I
Waters HPLC system (Milford, U.S.A.) equipped with a
fluorescence detector. Derivatives were eluted using an
acetonitrile gradient (0—50% of acetonitrile) in a 50mm
sodium acetate buffer, pH 6.2. The flow rate during elution
was | mlmin~'. Integration of chromatograms was performed
using Waters Millenium software (Milford, U.S.A.). Standard
GSH solution was used to build up a calibration curve.

Statistic

Statistical parameters were calculated using ANOVA (Exel 5.0
software, Microsoft Inc.). The data are presented as mean+
SEM; if not specified in the figure legend, the number of
experiments (n) was 3.

Results

Kinetics of NO and NOj release from GTN in liver
homogenate

NO release was followed by the NO-Hb complex formation
and identified by EPR spectroscopy. Addition of GTN to liver
homogenates resulted in the appearance of an EPR signal with
the triplet splitting characteristic of the NO-Hb complex
(Figure 1). The intensity of this signal increased as a function

(GTN+Hb+NAD(P)H+GSH)

b (NO,+Hb+NAD(P)H+GSH)

(GTN+Hb+NAD(P)H+GSH
+liver homogenate)

(NO, +dithionite+Hb)

| 10 mT |

Figure 1 EPR spectra observed in the following samples after they
were incubated for 40min with GTN or NO;: (a) 200um
GTN +650 um Hb+ 500 um NADPH + 500 uv NADH + 2.5 mm
GSH + 5mw succinate; (b) the same as (a), but 100 um NO; was
added instead of 200 um GTN; (c) the same as (a), but liver
homogenate (4mg proteinml™') was added additionally; (d)
standard NO-Hb signal obtained in the presence of 1M dithionite,
3mMm Hb, and 10 um NO;.
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Figure 2 Time courses of NO; and NO release from GTN in rat
liver homogenate. Experimental conditions: NO generation was
followed in a mixture containing 10mg proteinml™" of liver
homogenate, 200 um GTN, 600 um Hb, and 2.5mm GSH. NO;
generation was followed in the same mixture, but Hb was omitted.
Typical EPR spectra of NO-Hb complex observed in this experiment
are presented in Figure 1. EPR settings: microwave frequency
9.431 GHz; modulation frequency 100kHz; microwave power
20 mW; modulation amplitude 4 G; gain 10°,

of time (Figure 2). In order to evaluate the metabolic link of
NO formation to NO;, we followed the kinetics of both
metabolites. GTN-derived NO; appeared in the homogenate
much earlier than NO and accumulated to higher values
(Figure 2). NO; concentration was found to linearly increase
within the first 10 min and reached a steady state after 25—
30min. In contrast, NO concentration grows linearly at a
much lower level up to 60 min without reaching a steady state.

Consequently, NO; levels after 10min of incubation were
taken as a measure for the rate of NO5 release from GTN,
while the rate of NO formation was estimated after 40 min of
incubation with GTN. Figure 1 shows that the EPR spectra of
the NO-Hb complexes observed during incubation of GTN
with liver homogenate do not originate from a direct
interaction between Hb and GTN or NO;. A weak signal of
the NO-Hb complexes was also obtained when Hb alone was
incubated with NO; (Figure 1b), but not with GTN
(Figure 1a). This signal, however, was of marginal significance
because the rate of NO generation was much higher when
GTN was added to liver homogenates (Figure 1c).

Effect of pH and reducing agents on the formation of NO
and NO5

Reducing agents and pH values were found to affect NO and
NO; levels differentially. Acid pH values (pH=06.3) char-

acteristic for ischemic tissues were found to increase the rate of
NO release by a factor of three (Figure 3a), while NO3 levels
were significantly decreased as compared to the corresponding
values at pH=7.4 (Figure 3b). The presence of NADH or
NADPH decreased NO; levels (Figure 4a), while NO release
was elevated (Figure 4b). GSH increased significantly NO3
levels (Figure 4a), but did not influence NO levels (Figure 4b).
None of those reducing agents was capable of releasing either
NO or NO; from GTN in the absence of liver homogenate
(Figure 4a,b).

NOj release in different subcellular fractions

Addition of GTN to the various subcellular fractions did not
result in NO; release comparable to that observed in
homogenate (Figure 5a). However, a distinct release of NO5
was observed in the cytoplasm. As shown in Figure 5b, the
release of NO;3 in subcellular fractions was limited by the
availability of GSH which definitely dropped down during
preparation procedures. Determination of GSH levels was
performed in all fractions. Cytoplasm contained the highest
level of GSH, but the stoichiometry to GTN was in favor of
the latter (Figure 5b). Addition of GSH to GTN-supplemented
cytoplasm resulted in a drastic increase of NO; release,
approaching rates observed in the homogenate. None of the
other fractions transformed GTN to NO; with a rate
comparable to that of homogenate and cytoplasm to which
GSH was added.
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Figure 3 Effect of acid pH values on the rate of NO and NO;
release from GTN in rat liver homogenate. (a) NO levels were
detected after 40 min incubation of samples containing 200 um GTN,
600um  Hb, 2.5mMm GSH, and Iliver homogenate (10mg
proteinml™"); (b) NO3 levels were detected after 10 min incubation
of samples prepared as described in (a), but without Hb. The release
rates for NO5; and NO were calculated considering that the
concentrations of NO3 and NO were linearly increasing in first 10
and 40 min of the incubation, respectively. *P<0.02; n=6.
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Figure 4 Effect of enzyme substrates on the release of NO; (a) and
NO (b) from GTN in rat liver homogenates. Experimental
conditions for NO5 and NO detection were as indicated in
Figure 3. The enzyme substrates were added at the following
concentrations: 2.5mM GSH, 0.5mm NADPH, 0.5mMm NADH.
*P<0.04; **P<0.0005.

Relative rate of NO3 and NO release in cytoplasm

Although NO; was readily released at relatively high rates
from GTN in GSH-containing cytoplasm (Figure 5), the rate
of NO release in cytoplasm was rather low as compared to
homogenates (Figure 6). This indicates that NO; and NO are
formed in different subcellular compartments.

Release of NO from GTN and NO53 in subcellular
fractions

Incubation of subcellular fractions with inorganic NO5
revealed that both mitochondria and microsomes are able to
reduce NO5 to NO, but the capacity of microsomes was higher
(Figure 7, closed bars). In another set of experiments, we
added successively light and heavy mitochondria, and also
microsomes to the cytoplasm, in order to functionally assign
the cooperative activity of these fractions to the metabolic
pathway by which NO is ultimately formed from GTN
(Figure 7 open bars). It can be seen (compare Figure 7 closed
and opened bars) that both mitochondrial and microsomal
fractions facilitate NO generation from NO5 and also from
GTN in the presence of cytoplasm (Figure 7).
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Figure 5 (a) Effect of GSH on the NO; release from GTN in the
presence of rat liver homogenate or subcellular fractions: opened
bars — without GSH; closed bars—with 2.5mm GSH. (b) GSH
concentrations in liver homogenate and subcellular fractions.
Abbreviations: LH—-liver homogenate; HMT—heavy mitochondria;
LMT-light mitochondrial fraction (includes lysosomes and peroxi-
somes); MS—microsomal fraction (endoplasmic reticulum); CYT—
cytoplasm. Experimental conditions for NO; detection were as
indicated in Figure 3. The subcellular fractions were taken in
accordance with protein concentrations as shown in Table 1. "Not
significant; *significant to the corresponding LH values (P < 0.007),
n=>.

Effect of NADPH as a substrate for microsomal NO

formation from GTN-derived NO3 in cytoplasm

To get insight into the mechanism by which cytochrome P-450
generates NO from GTN, we incubated microsomes with
different amounts of NADPH, a cytochrome P-450 substrate,
in the presence and in the absence of cytoplasm. Figure 8
shows that at low NADPH concentrations NO is only formed
when both cytoplasm and microsomes are present. However,
at higher concentrations of NADPH exceeding physiological
levels, the presence of cytoplasm was not critical.

Effect of inhibitors of xanthine oxidoreductase
(allopurinol ), mitochondrial respiration (myxothiazol),
and cytochrome P-450 (metyrapone, troleandomycin) on
NO release from GTN in liver homogenate

The results presented in Figure 9 show that increasing
concentrations of metyrapone, myxothiazol, and troleando-
mycin inhibit the release of NO from GTN. In contrast,
allopurinol did not influence NO production at various
concentrations. Metyrapone had the strongest effect.

British Journal of Pharmacology vol 139 (5)
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Figure 6 The comparison of release rates of NO and NO; from
GTN in liver homogenate and cytoplasm. Experimental conditions
were as indicated in Figure 4. Liver homogenate (LH) and
cytoplasm (CYT) were taken in accordance with protein concentra-
tions as shown in Table 1. *P<0.0001, n=35 for CYT; n=10 for
LH.
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Figure 7 The release rates of NO from GTN and from NO5 in the
presence and absence of cytoplasm, respectively. Experimental
conditions for NO detection were as indicated in Figure 2. The
samples contained the following substances: 2.5mm GSH, 0.5 mm
NADPH, 0.5mMm NADH, 0.2mM GTN, 0.6mMm Hb, and either
0.2mM NO; (closed bars) or 0.2mM GTN (open bars). Abbrevia-
tions are indicated in Figure 5. *P<0.002; **P<0.003, n=>5.

Discussion

Our data suggest that biotransformation of GTN in the
liver involves the release of NO7 as the first metabolic step
followed by the transformation to NO

The assumption that NO; is an intermediate in GTN
biotransformation in liver has been recently suggested by our
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Figure 8 Effect of NADPH and cytoplasm on the release of NO
from GTN by endoplasmic reticulum. Open and closed bars are
used for samples without and with cytoplasm, respectively.
Experimental conditions for NO detection were as indicated in
Figure 2, except that GTN concentration was 40 um, and NADPH
was added at the concentrations as indicated. *P<0.01.
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Figure 9 Effects of metyrapone (a), myxothiazol (b), troleando-
mycin (c), and allopurinol (d) on NO release from GTN in rat liver
homogenate. Experimental conditions were as indicated in Figure 2.
All samples contained enzyme substrates at the following concen-
trations: 2.5mM GSH, 0.5mm NADPH, and 0.5mm NADH. The
inhibitors were solved in DMSO, control samples contained the
same amount of DMSO but without inhibitors. *P<0.004;
**P<0.02; ¥**P<0.002; n=>35.
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group (Kozlov et al., 2002). Some months later, our suggestion
was supported by an article of Chen et al. (2002) who found
that NO; is an obligate intermediate in the generation of NO
from GTN in aorta rings. Chen et al. observed that
mitochondrial aldehyde dehydrogenase catalyzes the transfor-
mation of GTN to NO5. The transformation of NO; to NO
was, however, not studied by Chen et al. The assumption that
mitochondria catalyze the second step of GTN transformation
is based on the recent publication of our group, where we
demonstrated that the bcl complex of mitochondria is able to
reduce NO; to NO (Kozlov et al., 1999). In the present study,
we have found that cytochrome P-450 catalyzes the transfor-
mation of NO5 to NO as well. The latter mechanism was not
considered by Chen et al.

Consequently, it is not clear whether mitochondria or other
subcellular structures are responsible for biotransformation of
NO; to NO in aorta rings. In the present study, we have
shown that NO; generation from GTN occur prior to NO
generation, indicating that NO5 is a precursor of NO and not
its oxidation product (see Figure 2) as earlier suggested
(Salvemini et al., 1993). It was earlier reported that the
generation of NO from NO; proceeds faster at low pH values
(Zweier et al., 1995; 1999). Under our experimental conditions
(pH =6.3), we observed a higher rate for NO formation but
lower rates for NO; generation as compared to physiological
pH values (Figure 3). This suggests that at pH 6.3 an
additional portion of NO; has been transformed to NO.
Another fact earlier reported in the literature is the stimulating
effect of reducing biomolecules in the transformation of NO3
to NO (Vanin et al., 1977; Kozlov et al., 1999). This may
explain our finding that both NADPH and NADH promote
NO formation at the expense of NO; (Figure 4). Our data
elicit that NO53 is derived both from the metabolic transforma-
tion of GTN to NO and as the oxidation product of the latter.

The relatively fast formation of NO5 from GTN and a much
slower generation of NO occurring simultaneously (see
Figure 2) may be explained on the following basis. The NO
release from GTN includes quick transformation of GTN to
NO; as the first step and a slow transformation of NO; to NO
as the second step. Consequently, the formation of NO from
NOs is not a function of NO5 concentration when an excess of
NO; is present. This explains, in particular, increasing NO
production at times in which NO5 levels are stable (Figure 2).
This is also supported by our observation that stimulation of
NO; release from GTN in the presence of GSH remains
without effect on NO generation kinetics (Figure 4). Since
both NOj release from GTN and NO; transformation to NO
are enzymatically catalyzed, the respective enzymes are
expected to significantly differ in their K, and V., values.

NO7 release from GTN in liver requires the presence
of cytoplasmic enzymes (tentatively glutathione-S-
transferase)

The reaction of organic nitrate esters with constituents of the
tissue was earlier described to yield inorganic NO; (Hunter Jr
& Ford, 1955; Needleman & Hunter Jr, 1976) and attributed to
the activity of glutathione-S-transferase, an enzyme compris-
ing a number of isoenzymes and localized in the cytoplasmic
fraction of liver cells (Keen et al., 1976; Taylor et al., 1989). It
has been earlier suggested that GSH alone is able to initiate
GTN biotransformation (Feelish ez al., 1988), while 4 years

later the same group reported that GSH alone does not initiate
GTN biotransformation (Schroder, 1992). The data concern-
ing the involvement of glutathione-S-transferases in GTN
transformation are equivocal. The main contradiction is that
inhibitors of glutathione-S-transferases clearly reduce the
release of both NO; (Hill et al., 1992) and glyceryldinitrate
(Delaforge et al., 1993; Simon et al., 1993; 1996; Nigam et al.,
1996) release from GTN, but do not always affect the activity
of guanylyl cyclase as expected. There are some reports that
glutathione-S-transferase inhibitors attenuate cGMP levels
and vasodilatation (Simon et al., 1996; Matsuzaki et al., 2002),
but more data in the literature claim that inhibitors of
glutathione-S-transferases do not influence cGMP levels and
vasodilatation (Schroder, 1992; Salvemini et al., 1993; Yuan
et al., 1997). Tt is becoming clear from our studies that
glutathione-S-transferase alone is not able to activate guanylyl
cyclase because it transforms GTN only to NO;. Further
reduction of NO; to NO requires cytochrome P-450 or
mitochondria. Moreover, the transformation of NO5 to NO
but not the transformation of GTN to NO; is the rate-limiting
step in GTN activation in liver. This fact explains also why
glutathione-S-transferase inhibitors are not efficient inhi-
bitors which also prevent GTN-dependent guanylyl cyclase
activation.

Both endoplasmic reticulum and mitochondria are
involved in the transformation of NO7 to NO in liver

Our experiments with subcellular fractions demonstrated that
both microsomal and mitochondrial fractions are able to
catalyze the transformation of NO5 to NO (Figure 7). The
involvement of mitochondrial fraction has already been
demonstrated; moreover, it has been shown that the bcl
complex is responsible for the NO; transformation to NO
(Kozlov et al., 1999; Nohl et al., 2000). Similar results were
obtained by testing respective enzyme inhibitors in liver
homogenate (Figure 9). We used myxothiazol, an inhibitor
of NO; transformation in mitochondria, two cytochrome P-
450 inhibitors, metyrapone and troleandomycin selective
towards CYP2B and CYP3A, respectively, and an inhibitor
of xanthine oxidoreductase, allopurinol. These experiments
show that metyrapone, myxothiazol, and troleandomycin
partially inhibit NO release. Troleandomycin, however, had
an effect only at very high concentrations, which may be
explained on the basis of a nonspecific effect. These data
suggest that CYP2B of cytochrome P-450 and bcl complex of
mitochondria are responsible for the second step of GTN
transformation, in terms of reduction of NO; to NO.

Two pathways of GTN transformation at cytochrome
P-450

Figure 8 shows that there are two mechanisms of GTN
bioactivation operating at cytochrome P-450. Under physio-
logical conditions (low NADPH concentration), NO release
from GTN requires both cytoplasm and microsomes. First
NOs5 is released in the cytoplasm, then NO5 diffuses to the
endoplasmic reticulum and is reduced to NO by cytochrome P-
450. At higher NADPH levels, both pathways may be equally
active. At high nonphysiological concentrations of NADPH,
GTN can be reduced to NO without the involvement of
cytoplasm. Alternatively, NADPH effects can be explained by
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approaching a V., in terms of cytochrome P-450-mediated
NO;3 reduction. However, both mechanisms are not relevant
for in vivo conditions due to low physiological NADPH levels
in the living cells.

Xanthine oxidoreductase is not involved in GTN
metabolism in liver

Xanthine oxidoreductase has recently been reported to
catalyze the anaerobic reduction of GTN to inorganic NO;
using xanthine or NADH as reducing substrates (Millar ez al.,
1998; Doel et al., 2001). Our data demonstrate that NADH
facilitates the transformation of NO5; to NO. Xanthine
oxidoreductase can be excluded to be involved in the
transformation of NO5 to NO. One argument supporting this
assumption is the fact that xanthine oxidoreductase is located
in the cytoplasm, whereas the transformation of NO; to NO
proceeds in mitochondrial and microsomal fractions. The
second reason is that allopurinol, an inhibitor of xanthine
oxidoreductase, has no effect on NO release from GTN
(Figure 9). It is more likely that NADH stimulates GTN
bioactivation via mitochondria, because NADH is also a
mitochondrial substrate.

Biological relevance of the pathway of GTN
transformation in liver

Our data presented in this study are in unison with a recent
report of Chen et al. Both, Chen’s paper and our data suggest
that NO5 is an intermediate in the biotransformation of GTN
both in aorta and liver. It is likely that bioactivation of GTN
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