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Vascular relaxation to GTN (nitroglycerin) and other antianginal
nitrovasodilators requires bioactivation of the drugs to NO or a re-
lated activator of sGC (soluble guanylate cyclase). Conversion of
GTN into 1,2-GDN (1,2-glycerol dinitrate) and nitrite by mito-
chondrial ALDH2 (aldehyde dehydrogenase 2) may be an essen-
tial pathway of GTN bioactivation in blood vessels. In the present
study, we characterized the profile of GTN biotransformation by
purified human liver ALDH2 and rat liver mitochondria, and we
used purified sGC as a sensitive detector of GTN bioactivity to
examine whether ALDH2-catalysed nitrite formation is linked
to sGC activation. In the presence of mitochondria, GTN activ-
ated sGC with an EC50 (half-maximally effective concentration)
of 3.77 +− 0.83 µM. The selective ALDH2 inhibitor, daidzin
(0.1 mM), increased the EC50 of GTN to 7.47 +− 0.93 µM. Lack
of effect of the mitochondrial poisons, rotenone and myxothiazol,
suggested that nitrite reduction by components of the respiratory
chain is not essential to sGC activation. However, since co-incu-
bation of sGC with purified ALDH2 led to significant stimulation

of cGMP formation by GTN that was completely inhibited by
0.1 mM daidzin and NO scavengers, ALDH2 may convert GTN
directly into NO or a related species. Studies with rat aortic rings
suggested that ALDH2 contributes to GTN bioactivation and
showed that maximal relaxation to GTN occurred at cGMP levels
that were only 3.4% of the maximal levels obtained with NO.
Comparison of sGC activation in the presence of mitochondria
with cGMP accumulation in rat aorta revealed a slightly higher
potency of GTN to activate sGC in vitro compared with blood
vessels. Our results suggest that ALDH2 catalyses the mito-
chondrial bioactivation of GTN by the formation of a reactive NO-
related intermediate that activates sGC. In addition, the previous
conflicting notion of the existence of a high-affinity GTN-meta-
bolizing pathway operating in intact blood vessels but not in tissue
homogenates is explained.
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INTRODUCTION

GTN (nitroglycerin) and other antianginal organic nitrates cause
cGMP-dependent vasodilation on bioactivation to NO (nitric
oxide) or a related activator of sGC (soluble guanylate cyclase)
in vascular smooth muscles [1]. The precise pathway of GTN
bioactivation is unknown, but the reaction appears to be asso-
ciated with specific biotransformation to 1,2-GDN (1,2-glycerol
dinitrate) and nitrite [2]. Because of the thiol dependence of GTN
action [3], it has been suggested that nitrite reacts with cellular
thiols to form S-nitrosothiols, which activate sGC through the
release of NO [4]. However, nitrite is a poor vasodilator, and at
least one study provided compelling evidence against the nitrite/
S-nitrosothiol hypothesis [5]. Several enzymes, in particular
cytochrome P450 [6–8] and glutathione S-transferase [9–11],
were shown to catalyse the bioactivation of GTN, but later studies
have questioned the essential role of these enzymes [12,13].

Recently, Chen et al. [14] have reported on the bioactivation of
GTN by ALDH2 (aldehyde dehydrogenase). They showed that
this enzyme catalyses the formation of 1,2-GDN and nitrite from
low concentrations of GTN. The reaction required DTT (dithio-
threitol) or 2-mercaptoethanol as reductants and was stimulated
by the ALDH cofactor NAD+. To demonstrate the involvement of
ALDH2-catalysed GTN metabolism in bioactivation of the ni-

trate, the authors [14] studied the effects of established (albeit non-
specific) inhibitors (chloral hydrate and cyanamide) as well as
those of the natural substrate, acetaldehyde, in experiments with
isolated blood vessels and GTN-infused rats. They found that all
three inhibitors attenuated the relaxation of isolated rat aorta to
GTN, as evident from rightward shifts of the concentration–res-
ponse curves and the completely inhibited tissue cGMP accumu-
lation. In addition, the decrease in blood pressure was less pro-
nounced when rats were pretreated with ALDH inhibitors before
GTN infusion. The compounds had no effect on direct vasorelax-
ation by sodium nitroprusside, indicating that they did not inter-
fere with signalling downstream of NO formation. These results
were confirmed by recent studies of Zhang et al. [15] as well as
Bennett and co-workers [16]. The latter showed that non-selective
ALDH inhibitors partially inhibit vascular relaxation to GTN, but
since these inhibitors were equally effective in nitrate-tolerant ani-
mals, the authors concluded that inactivation of ALDH2 does not
explain nitrate tolerance and attributed inhibition of GTN relax-
ation by these compounds to non-specific effects. On the other
hand, Sydow et al. [17] provided opposing evidence indicating
that ALDH2 plays a central role in GTN tolerance and cross-
tolerance.

These previous studies have raised a number of important
questions [18]. Besides the controversial role of ALDH2 in nitrate
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tolerance, the gap between ALDH2-catalysed nitrite formation
and sGC activation needs to be addressed. Chen et al. [14] specu-
lated that nitrite could be reduced to NO by components of the res-
piratory chain, as proposed by Kozlov et al. [19]. Although the
opposite reaction, i.e. oxidation of NO to nitrite by cytochrome c
oxidase, is well established [20–22], there is no convincing experi-
mental evidence for efficient and rapid reduction of nitrite by mito-
chondria under physiological conditions, and no supporting data
were provided by Chen et al. [14].

The present study was designed to elucidate the link between
GTN metabolism and sGC activation and to probe the role of
ALDH2 in GTN bioactivation in different biological systems.
Purified sGC was used as a highly sensitive detector for the
bioactivation of GTN. This approach had the additional advantage
of circumventing the current controversy about the identity of
the GTN metabolite responsible for sGC activation [23–25]. The
selective ALDH2 inhibitor, daidzin [26,27], was used to the test
for the involvement of ALDH2 in the bioactivation of GTN by
subcellular fractions (mitochondria, microsomes), cultured RFL-
6 cells and rat aortic rings.

MATERIALS AND METHODS

Materials

Bovine lung sGC was purified as described in [28]. Human liver
ALDH2 was expressed in Escherichia coli and purified as des-
cribed in [29]. RFL-6 cells were obtained from A.T.C.C. (CCL-
192). Antibiotics and fetal calf serum were from PAA Laboratories
(Linz, Austria). Daidzin was synthesized as described in [27] and
dissolved in a buffer (solubility limit, 160 µM). [2-14C]GTN
(50–60 mCi/mmol) was obtained from American Radiolabeled
Chemicals, supplied by Humos Diagnostica (Maria Enzersdorf,
Austria). [α-32P]GTP (400 Ci/mmol) was obtained from
Amersham Biosciences (Vienna, Austria). Solutions of unlabelled
GTN (4.4 mM) were obtained from G. Pohl-Boskamp
(Hohenlockstedt, Germany). 1,2- and 1,3-GDN were from LGC
Promochem (Wesel, Germany), chloral hydrate was from Fluka
Chemie (Vienna, Austria) and all other chemicals were from
Sigma (Vienna, Austria).

Isolation of rat liver mitochondria and microsomes
Rat liver mitochondria and microsomes were isolated by a stan-
dard method [30]. All steps, including centrifugation, were per-
formed at 4 ◦C. Fresh rat livers were homogenized in 10× solution
of 0.25 mM sucrose and 10 mM Tris/HCl (pH 7.4), with a Potter–
Elvehjem-type homogenizer. The homogenates were centrifuged
for 10 min at 600 g, and the white lipid layer floating on top was
removed. Mitochondria were sedimented by centrifugation of the
supernatants for 15 min at 6500 g. The resulting supernatants were
used for the preparation of microsomes, the pellets were washed
twice by resuspending in half of the original volume of Tris/HCl-
buffered sucrose and centrifugation was performed for 5 min at
15000 g. The isolated mitochondria were suspended in Tris/HCl-
buffered sucrose to 10 mg of protein/ml and either kept on ice
until use (freshly isolated) or stored for up to 4 weeks at −70 ◦C.
We observed no significant differences between freshly isolated
and frozen mitochondria in terms of O2 consumption or GTN bio-
transformation/bioactivation.

To obtain microsomes, supernatants from the 6500 g centri-
fugation step were centrifuged for 10 min at 12000 g to sediment
light mitochondria, which were discarded. The supernatants were
centrifuged for 1 h at 100000 g. The resulting pellets were resus-
pended in the original volume of 0.15 mM KCl and centrifuged
for 30 min at 100000 g to sediment the microsomes. The pellets

were suspended in Tris/HCl-buffered sucrose to approx. 20 mg of
protein/ml and kept on ice until use or stored for up to 4 weeks at
−70 ◦C.

Activity of the marker enzyme, glutamate dehydrogenase, was
measured to judge the purity of mitochondrial preparations and
to test for mitochondrial contamination of microsomes. Various
amounts of protein were incubated for 3 min at ambient tempera-
ture in 35 mM TEA (triethanolamine)/HCl buffer (pH 7.4), con-
taining 3.88 mM α-ketoglutarate, 137 µM NADPH, 0.83 mM
ADP and 100 mM ammonium acetate. NADPH oxidation was
continuously monitored as the decrease in absorbance at 340 nm.
The mitochondrial preparations exhibited glutamate dehydro-
genase activities between 0.8 and 2.0 µmol · min−1 · mg−1; en-
zyme activity was not detected in microsomes. There was no
apparent correlation between the glutamate dehydrogenase activ-
ity of mitochondria and any of the results of the present study.

Determination of GTN biotransformation by radio-TLC
Radiolabelled GTN (2 µM unless indicated otherwise) was incu-
bated with isolated rat liver mitochondria, rat liver microsomes or
purified ALDH2 at 37 ◦C for 10 min in a total volume of 200 µl
of 50 mM phosphate buffer (pH 7.4), containing 2 mM GSH and
test compounds as indicated. Except for the experiment shown
in Figure 2(A), DTT (2 mM) was always present for reductive
re-activation of ALDH2 [14,31]. Products were extracted twice
with 1 ml of diethyl ether, followed by evaporation of the solvent
under a gentle stream of nitrogen. The residues were dissolved
in 50 µl of ethanol and transferred on to a silica-gel TLC plate.
A solution containing non-radioactive 1,2-GDN, 1,3-GDN and
GTN standards was applied on to the same plate. Water-saturated
toluene/ethyl acetate (10:1, v/v) was used as the solvent. Separated
products were localized by spraying the marker-band with a sol-
ution of diphenyl amine (1 g in 100 ml of methanol) and after
exposure to UV light, the corresponding radioactive spots were
scraped off and radioactivity was determined by liquid-scintil-
lation counting. Blank levels were determined in the absence of
added protein. The sum of radioactivity (corrected for blanks)
associated with the three isolated spots (GTN and 1,2- and 1,3-
GDN) was taken as 100% (i.e. the amount of GTN per tube) and
used to calculate the relative amounts of each product, which were
transformed into absolute values through the known specific
radioactivity of [14C]GTN. Results are expressed as amount of
product (pmol or nmol) obtained per min per mg of protein. When
required, commercially available [14C]GTN was purified by TLC
using the method described for product analysis.

Determination of oxygen consumption
Freshly isolated mitochondria (1.7–2 mg) were suspended in
1.8 ml of 50 mM Tris/HCl buffer (pH 7.4), containing 0.2 M
sucrose, 3 mM MgCl2, 0.5 mM EGTA and 0.5 mM EDTA.
Oxygen consumption was measured with a Clark-type electrode
(ISO2, World Precision Instruments, Berlin, Germany) in a
thermostatically controlled glass vial sealed with a rubber septum.
After equilibration (∼1 min), solutions of the test compounds (5–
10 µl) were injected through the septum and O2 consumption was
monitored under constant stirring. Two-point calibration of the
sensor was performed in air-saturated water at 37 ◦C (6.9 p.p.m.;
0.216 mM O2) in an argon atmosphere (zero O2 content).

Determination of sGC activity

Purified bovine lung sGC (50–100 ng) was incubated at 37 ◦C for
10 min, in a final volume of 0.2 ml, with various concentrations
of GTN [or with 10 µM DEA/NO (2,2-diethyl-1-nitroso-oxy-
hydrazine) for maximal sGC activation] in the absence and pres-
ence of rat liver mitochondria, rat liver microsomes (0.3 mg
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of protein each) or purified ALDH2 (5 µg). Assay mixtures
contained 50 mM TEA/HCl (pH 7.4), [α-32P]GTP (0.5 mM,
∼150000 c.p.m.), 3 mM MgCl2, 5 mM phosphocreatine, 152 m-
units/ml creatine kinase, 1 mM cGMP, 2 mM GSH and 2 mM
DTT. Reactions were terminated by the addition of 450 µl of zinc
acetate (120 mM) and 450 µl of sodium bicarbonate (120 mM),
followed by separation of [32P]cGMP was as described in [32].
Blank values were determined in the absence of sGC.

Culture of RFL-6 cells and determination of intracellular cGMP

RFL-6 cells were cultured in 24-well plastic plates in Ham’s F-12
medium (37 ◦C, 5% CO2), containing 20% (v/v) heat-inactivated
fetal calf serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin
and 1.25 µg/ml amphotericin B. Confluent monolayers (∼2 ×
105 cells/dish) were washed and preincubated for 15 min at
37 ◦C in 50 mM Tris buffer (pH 7.4), containing 100 mM NaCl,
5 mM KCl, 1 mM MgCl2, 3 mM CaCl2 and 1 mM 3-isobutyl-1-
methylxanthine in the presence of the ALDH inhibitors daidzin,
chloral hydrate, cyanamide and acetaldehyde or the sGC inhibitor
ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one). GTN was
added and cells were incubated for 10 min in the absence and
presence of haemoglobin, FMN (flavin adenine mononucleotide)
or hypoxanthine/xanthine oxidase. Finally, cells were lysed with
0.01 M HCl, and cGMP was determined in the supernatants by
RIA as described in [33].

Rat aortic ring experiments

Female (∼250 g) or male rats (∼340 g) were anaesthetized, and
the aortic arch removed, cleaned and cut into small rings of approx.
3 mm width. Rings were suspended in 5-ml organ baths containing
oxygenated Krebs–Henseleit buffer (118 mM NaCl/4.7 mM KCl/
1.2 mM MgSO4/2.5 mM CaCl2/1.2 mM KH2PO4/25 mM
NaHCO3/10 mM glucose; pH 7.4) [50], equilibrated for 90 min
at 2 g tension and precontracted with a combination of phenyle-
phrine (10–40 µM) and U 4661980 (10–40 nM), giving a mean
tension of 5.5 +− 0.1 g (n = 26 rings) after approx. 40 min. GTN
was added in a non-cumulative manner at 1–10 µM. The potency
of daidzin to inhibit relaxation of GTN was tested at 0.3 mM by
adding the drug to the organ bath, 5 min after the initiation of
precontraction. In some tissues, daidzin slightly decreased con-
traction, which was offset by adding U 46619, resulting in a
contraction, which was displayed as a stable plateau in all cases.
After the last GTN concentration, papaverine (2.3 µM final con-
centration) was added to obtain maximal relaxation.

Tissue cGMP was determined essentially as described pre-
viously [34]. Briefly, tissues were equilibrated and precontracted,
followed by the addition of vehicle or GTN at 0.01, 0.1, 1.4 or
20 µM (control curve). These concentrations represent the EC15

and EC50, a submaximally active and a supra-maximally active
concentration respectively (cf. Figure 8A). To determine the
cGMP response to GTN in the presence of daidzin (0.3 mM),
roughly equi-effective and thus higher GTN concentrations were
used, namely 0.07, 0.9, 10 and 100 µM respectively. Tissues
were freeze-clamped for 2 min (determined in pilot studies) after
the addition of agonist in liquid nitrogen and stored at −70 ◦C
pending analysis by RIA. One ring (wet weight, 7–10 mg) was
used per determination, except for baseline, for which four rings
were necessary for each single cGMP analysis.

RESULTS

Biotransformation of GTN by purified ALDH2

Figure 1(A) shows that purified ALDH2 converted 2 µM GTN
into 1,2- and 1,3-GDN at the rate of 1.37 +− 0.18 and 0.14 +−

Figure 1 Biotransformation of GTN by purified ALDH2

Purified human liver ALDH2 (2 µg) was incubated for 10 min at 37◦C in the presence of 2 µM
(A), 20 µM (B) or 100 µM (C) [14C]GTN, 2 mM GSH, 2 mM DTT and additives as indicated:
1 mM NAD+ (NAD), 10 µM daidzin (Dai) and 1 mM chloral hydrate (CH). 1,2- and 1,3-GDN
were extracted and analysed by TLC as described in the Materials and methods section. Data
are the means +− S.E.M. for 3–4 experiments.

0.07 nmol · min−1 · mg−1 respectively. The presence of the cofac-
tor NAD+ (1 mM) led to a 4-fold increase in the rate of 1,2-GDN
formation (5.47 +− 1.28 nmol · min−1 · mg−1), whereas 1,3-
GDN formation was very low under these conditions (0.04 +−
0.02 nmol · min−1 · mg−1). The selective ALDH inhibitor, daidzin
(10 µM), led to pronounced inhibition of 1,2-GDN formation that
was accompanied by a 10-fold increase in formation of 1,3-GDN.
The non-selective inhibitor, chloral hydrate, had a similar effect.
At higher GTN concentrations (20 and 100 µM; see Figures 1B
and 1C respectively), the rates of product formation increased
(24.3 +− 1.29 nmol · min−1 · mg−1 at 0.1 mM GTN), but selectivity
of denitration was lost. In addition, all agents tested were less
effective at high GTN concentrations. This was particularly
apparent with daidzin (10 µM), which did not inhibit 1,2-GDN
formation when the GTN concentration was increased to 20 µM.
NAD+ (1 mM) increased 1,2-GDN formation by 2.5-fold at
20 µM GTN but was ineffective at 0.1 mM GTN.

Biotransformation of GTN by isolated mitochondria

Similar experiments were performed with isolated rat liver mito-
chondria to test for the contribution of ALDH2 to mitochondrial
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Figure 2 Biotransformation of GTN by rat liver mitochondria

Isolated rat liver mitochondria (0.3 mg of protein) were incubated for 10 min at 37◦C in the
presence of [14C]GTN (at 2 µM in A and B and at the indicated concentrations in C), 2 mM
GSH and additives as indicated: DTT (2 mM), 1 mM chloral hydrate (CH), 1 mM NAD+ (NAD),
daidzin (Dai; 10 µM in B, 100 µM in C). (A) Effects of DTT and chloral hydrate on the formation
of 1,2- and 1,3-GDN. (B) Effects of NAD+ and chloral hydrate in the presence of 2 mM DTT.
(C) Effects of 0.1 mM daidzin on the formation of 1,2- and 1,3-GDN from 2, 20 and 100 µM
GTN. Products were extracted and analysed by TLC as described in the Materials and methods
section. Data are the means +− S.E.M. for 3–4 experiments.

GTN biotransformation. As shown in Figure 2(A), mitochondria
metabolized 2 µM GTN to approximately equal amounts of
1,2- and 1,3-GDN at the rate of approx. 4 pmol · min−1 · mg−1.
Although these experiments were performed with 2 mM GSH,
the rates of product formation were markedly increased by the
additional presence of 2 mM DTT (from 3.22 +− 0.62 to 14.8 +−
2.37 pmol 1,2-GDN min−1 · mg−1 and from 4.65 +− 0.85 to 9.37 +−
1.47 pmol 1,3-GDN min−1 · mg−1). Chloral hydrate (1 mM)
decreased the rates of product formation with a slightly more
pronounced effect on 1,3-GDN formation. On the basis of these
results, all further experiments were performed in the presence of
2 mM DTT. As observed with pure ALDH2, NAD+ (1 mM) led
to a pronounced, approx. 4-fold increase in the rate of 1,2-GDN
formation (42.1 +− 3.03 pmol · min−1 · mg−1; Figure 2B). Forma-
tion of 1,3-GDN was not affected by the nucleotide. Daidzin
(10 µM) inhibited 1,2-GDN formation to approx. 36% of control
but led to an approx. 2-fold stimulation of 1,3-GDN formation.
Chloral hydrate (1 mM) markedly inhibited the formation of 1,2-
GDN (residual activity, approx. 14% of control) and slightly
decreased the rate of 1,3-GDN formation (from 5.47 +− 0.42 to

Figure 3 Activation of sGC by GTN in the presence of rat liver mitochondria

Purified bovine lung sGC (50–100 ng) was incubated at 37◦C for 10 min in the presence of
[α-32P]GTP (0.5 mM,∼150 000 c.p.m.), 3 mM MgCl2, 5 mM phosphocreatine, 152 m-units/ml
creatine kinase, 1 mM cGMP, 2 mM GSH and 2 mM DTT. (A) Effects of DEA/NO (10 µM), GTN
(0.3 mM) and GTN in the presence of isolated rat liver mitochondria (0.3 mg of protein). (B) Effect
of GTN (1–300 µM) in the presence of 0.1 mM daidzin (+Dai) and 1 mM chloral hydrate (+CH).
The bars show cGMP formation stimulated by 10 µM DEA/NO in the absence and presence of
0.1 mM daidzin (+Dai) and 1 mM chloral hydrate (+CH). Data are the means +− S.E.M. for
three experiments.

3.75 +− 0.19 pmol · min−1 · mg−1; Figure 2B). As found with
purified ALDH2, higher concentrations of GTN resulted in loss
of selective denitration. At 0.1 mM GTN, the rates of 1,2- and
1,3-GDN formation were 0.29 +− 0.06 and 0.52 +− 0.11 nmol ·
min−1 · mg−1 respectively.

Similar to our observations with purified ALDH2, the effect-
iveness of NAD+, chloral hydrate and daidzin decreased with
increasing GTN concentration. The GTN-competitive effect of
daidzin is illustrated in Figure 2(C). In the presence of 2 µM
GTN, 0.1 mM daidzin inhibited the formation of 1,2-GDN
from 40.2 +− 3.36 to 10.44 +− 0.51 pmol · min−1 · mg−1, whereas
formation of the 1,3-isomer was increased from 2.60 +− 0.33
to 11.8 +− 2.26 pmol · min−1 · mg−1. The effect of daidzin was
much less pronounced at 20 µM GTN (54% residual 1,2-GDN
formation). At 0.1 mM GTN, daidzin did not inhibit but slightly
increased the rates of product formation.

Bioactivation of GTN by mitochondria, microsomes
and purified ALDH2

Mitochondrial bioactivation of GTN was studied by co-incubation
of rat liver mitochondria with purified bovine lung sGC under
various conditions. As shown in Figure 3(A), 10 µM DEA/NO
increased the rate of cGMP formation by purified sGC from
0.12 +− 0.02 to 18.1 +− 1.52 µmol · min−1 · mg−1, corresponding to
a 150-fold enzyme stimulation by NO. Under these conditions,
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Figure 4 Metabolism and bioactivation of GTN by rat liver microsomes

(A) Metabolism of GTN in the presence of rat liver microsomes (0.3 mg of protein). Experimental
conditions and abbreviations are as in Figure 2(B). Data are the means +− S.E.M. for 3–4
experiments. (B) Activation of sGC by GTN in the presence of rat liver microsomes (0.3 mg
of protein). Experimental conditions and abbreviations are as in Figure 3(B). Data are the
means +− S.E.M. for three experiments.

GTN (0.3 mM) had no significant effect on basal sGC activity
(0.14 +− 0.02 µmol · min−1 · mg−1), confirming that GSH (unlike
L-cysteine) does not support non-enzymic bioactivation of GTN.
In the presence of rat liver mitochondria, 0.3 mM GTN led to a
pronounced, approx. 65-fold activation of sGC. The GTN con-
centration–response shown in Figure 3(B) revealed an EC50 of
3.7 +− 0.83 µM, with a maximal effect corresponding to 70–80 %
of the maximum obtained with 10 µM DEA/NO. Chloral hydrate
(1 mM) significantly attenuated the effect of GTN, both in terms
of maximal sGC activation and EC50 (∼30 µM), but had no signi-
ficant effect on sGC activation by DEA/NO. In the presence of
daidzin, the EC50 value for GTN was increased by approx. 2-fold
(7.47 +− 0.93 µM). As expected from the biotransformation data,
the effect of the inhibitor was apparent only at GTN concentra-
tions below 10 µM. At 1 µM GTN, 0.1 mM daidzin decreased the
rate of cGMP formation from 3.14 +− 0.30 to 1.46 +−0.22 µmol ·
min−1 · mg−1, corresponding to approx. 50% inhibition.

Similar experiments were performed with rat liver microsomes.
As shown in Figure 4(A), the pattern of microsomal GTN biotrans-
formation was clearly different from that observed with mito-
chondria. Microsomes converted GTN primarily into 1,3-GDN
(62.1 +− 6.53 versus 25.9 +− 2.63 pmol 1,2-GDN min−1 · mg−1),
NAD+ inhibited the formation of both products (∼9 pmol ·
min−1 · mg−1) and daidzin had no effect. In contrast with the
selective ALDH2 inhibitor daidzin, chloral hydrate almost com-
pletely blocked GTN metabolism catalysed by microsomes. As
shown in Figure 4(B), GTN activated sGC in the presence of rat
liver microsomes with an EC50 of 11 +− 0.5 µM; the effect of the
nitrate was sensitive to chloral hydrate, but daidzin had no signi-
ficant effect at any of the GTN concentrations tested (1–300 µM).

Figure 5 Effects of succinate, rotenone and myxothiazol on GTN bio-
activation

Purified sGC was incubated at 37◦C for 10 min as described in the Materials and methods
section in the presence of rat liver mitochondria (0.3 mg of protein). Succinate (10 mM), rotenone
and myxothiazol (5 µM each) were present as indicated. The enzyme was stimulated by either
DEA/NO (10 µM) or GTN (1 µM, 0.1 mM). Data are the means +− S.E.M. for three experiments.

Figure 6 Activation of sGC in the presence of purified ALDH2

Purified sGC was incubated at 37◦C for 10 min as described in the Materials and methods
section in the presence of 5 µg of purified human liver ALDH2 and GTN (1, 10 and 100 µM).
+Dai, daidzin (0.1 mM). Data are the means +− S.E.M. for three experiments.

It has been reported that mitochondria exhibit nitrite reduc-
tase activity that is stimulated by respiratory substrates and in-
hibited by mitochondrial poisons [19]. To account for the
possibility that respiratory rate is critical for the reduction of
GTN-derived nitrite, we studied mitochondrial GTN bioactivation
in the presence of the complex II substrate succinate and two in-
hibitors of respiration, rotenone and myxothiazol. Basal O2 con-
sumption of isolated mitochondria was 11.2 +− 0.9 nmol · min−1 ·
mg−1. Respiratory rate was increased by approx. 7-fold by
succinate (10 mM) and almost completely inhibited by rotenone
(2.9 +− 0.3 nmol · min−1 · mg−1; 5 µM) and myxothiazol (1.1 +−
0.5 nmol · min−1 · mg−1; 5 µM). As shown in Figure 5, none of
these agents had any effect on activation of sGC by low (1 µM)
or high (100 µM) GTN. Similarly, a combination of glutamate
and malate (2.5 mM each) [19] had no effect (results not shown).

Since these results provided no evidence for efficient nitrite
reductase activity of mitochondria, we studied whether purified
ALDH2 alone is sufficient to catalyse GTN bioactivation. As
shown in Figure 6, GTN significantly activated sGC in the pre-
sence of 5 µg of purified ALDH2. Formation of cGMP was
stimulated 3-, 13- and 21-fold by 1, 10 and 100 µM GTN respect-
ively, and the effect of 10 µM GTN was completely inhibited
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Figure 7 Accumulation of cGMP in cultured RFL-6 cells in response to GTN

Cells were incubated with the indicated concentrations of GTN for 10 min followed by
determination of intracellular cGMP by RIA. ALDH inhibitors and ODQ were added 15 min
before the addition of GTN. Haemoglobin, FMN and hypoxanthine/xanthine oxidase were added
together with GTN. (A) GTN concentration–response in the absence and presence of 0.1 mM
daidzin. (B) cGMP levels triggered by 0.1 mM GTN in the presence of the ALDH inhibitors
chloral hydrate, cyanamide and acetaldehyde (1 mM each), the haem-site sGC inhibitor ODQ
(0.1 mM), the NO scavenger haemoglobin (Hb; 0.1 mM), the superoxide-generating agent
FMN (0.1 mM) and the superoxide-generating system hypoxanthine (HX; 1 mM)/xanthine
oxidase (XO; 10 m-units/ml). Data are the means +− S.E.M. for three experiments.

by 0.1 mM daidzin. The effect was also blocked by the haem-
site sGC inhibitor ODQ (30 µM), the NO scavenger haemoglo-
bin (20 µM) and the superoxide-generating compound FMN
(0.1 mM; results not shown).

Bioactivation of GTN by cultured RFL-6 cells

It has been shown previously that metabolism of GTN by RFL-6
cells is accompanied by accumulation of intracellular cGMP [35].
On the basis of results obtained with several inhibitors, Schröder
[35] proposed that GTN bioactivation by these cells was catalysed
by cytochrome P450 enzymes. In the present study, there was no
effect of daidzin (0.1 mM) and chloral hydrate (1 mM) on GTN
(2 µM) metabolism (results not shown). Nevertheless, the cells
showed a significant albeit moderate accumulation of cGMP in
response to GTN (Figure 7A). At 0.1 mM of the organic nitrate,
intracellular cGMP levels were approx. 20 pmol/106 cells, corres-
ponding to 3.6% of the maximal levels obtained with 1 µM
DEA/NO (551 +− 29 pmol/106 cells). Daidzin (0.1 mM) had no
significant effect at any of the GTN concentrations tested

Figure 8 GTN-induced vascular relaxation and cGMP accumulation

(A) Vascular relaxant effect of GTN. Aortic rings were contracted, followed by addition of
increasing concentrations of GTN in the absence (�, control) or presence of 0.3 mM daidzin
(�). (B) cGMP levels in response to different GTN concentrations in the absence and presence
of 0.3 mM daidzin. Data are the means +− S.E.M. for 13 tissues (A) or 8 tissues (B).

(Figure 7A). As shown in Figure 7(B), cGMP accumulation
was not affected by the ALDH inhibitors chloral hydrate,
cyanamide or acetaldehyde (1 mM each), but fully blocked by
ODQ, haemoglobin, FMN (0.1 mM each) and hypoxanthine
(1 mM)/xanthine oxidase (10 m-units/ml).

GTN bioactivation by rat aortic rings

Experiments with rat aortic rings suggested that ALDH2 is in-
volved in vascular GTN bioactivation. As shown in Figure 8(A),
daidzin (0.3 mM) caused a rightward shift of the GTN concen-
tration–response curve [EC50 = 96 +− 22 and 449 +− 65 nM (P <
0.05; n = 13) in the absence and presence of daidzin respect-
ively]. Also, the blood vessels showed a pronounced accumulation
of cGMP in response to GTN that was significantly attenuated by
0.3 mM daidzin (Figure 8B). Basal cGMP levels (3.2 +− 0.24 fmol/
mg of wet weight) were increased by 100-fold to 345 +−
40 fmol/mg of wet weight on incubation with 1.4 µM GTN.
Intriguingly, this was only 3.4 % of the maximal levels observed
on incubation of the rings with 0.1 mM DEA/NO (10132 +−
838 fmol/mg of wet weight). In response to a supra-maximal GTN
concentration (0.1 mM), cGMP levels were 2501 +− 386 fmol/mg
of wet weight, corresponding to approx. 25% of the DEA/NO
maximum. Note that, in the presence of mitochondria, 1 µM GTN
activated purified sGC to approx. 16% of the maximal enzyme ac-
tivity obtained with DEA/NO. Comparison of sGC activation and
vascular cGMP accumulation in response to GTN versus that
triggered by maximal stimulation with DEA/NO is summarized
in Table 1.
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Table 1 Effects of DEA/NO and GTN on the activity of purified sGC in the presence of mitochondria and on accumulation of tissue cGMP in rat aortic rings

sGC activity cGMP content in aortic rings

Stimulation (µmol · min−1 · mg−1)* Percentage of max. (fmol/mg of wet weight) Percentage of max.

DEA/NO maximum† 19.5 +− 4.75 100 10 130 +− 840 100
Basal 0.23 +− 0.03 1.2 3.2 +− 0.24 0.03
GTN (1–1.4 µM)‡ 3.1 +− 0.30 16.1 345 +− 40 3.4
GTN (0.1 mM) 14.8 +− 3.56 75.9 2500 +− 386 24.7

* Data are taken from Figure 3(B).
† sGC activity in response to 10 µM DEA/NO (n = 3) and aortic cGMP content in response to 0.1 mM DEA/NO (n = 8) respectively.
‡ sGC activity in response to 1 µM GTN (n = 3) and aortic cGMP content in response to 1.4 µM GTN (n = 6–8) respectively.

DISCUSSION

Our results show that purified human liver ALDH2 efficiently and
specifically metabolizes GTN to 1,2-GDN. Stimulation by NAD+,
inhibition by chloral hydrate, loss of specific 1,2-GDN formation
at higher GTN concentrations and a maximal activity of approx.
25 nmol · min−1 · mg−1 agree well with results published pre-
viously for the bovine liver enzyme [14]. The isoflavone daidzin
from Radix puerariae, which has been described as a potent
ALDH2 inhibitor that selectively inhibits the enzyme both in vitro
[26] and in vivo [36], inhibited the biotransformation of GTN by
purified ALDH2 in a GTN-competitive manner, indicating that
denitration may result from the intrinsic esterase activity of the
enzyme [31,37].

The profile of GTN biotransformation, i.e. stimulation by
NAD+, inhibition by daidzin and loss of specificity at higher GTN
concentrations, identifies ALDH2 as a major GTN-metabolizing
enzyme in mitochondria but not in microsomes. However,
ALDH2-catalysed biotransformation of GTN in mitochondria
was not efficiently linked to sGC activation. Assuming quanti-
tative reduction of GTN-derived nitrite to NO by mitochondria,
the rates of 1,2-GDN formation should have given rise to a maxi-
mal accumulation of approx. 1 µM NO in the presence of 2 µM
GTN. Considering that the affinity of NO binding to sGC is in
the range of 1–10 nM [38], maximal sGC activation should have
occurred in the presence of 2 µM GTN even if only approx. 1% of
GTN-derived nitrite was converted into NO. This was apparently
not the case under our experimental conditions. Conceivably,
efficient reduction of mitochondrial nitrite may require specific
conditions provided by the cellular environment in vivo but not
in isolated mitochondria. The involvement of components of the
respiratory chain would be an obvious possibility. Kozlov et al.
[19] observed a slow nitrite reduction by the ubiquinone cycle
in the presence of respiratory substrates that was sensitive to
mitochondrial poisons [19]. However, in our experiments de-
signed to detect both potentiation and inhibition of GTN-triggered
sGC activation, several agents modulating respiration had no ef-
fect on the rates of cGMP formation in the presence of low or high
GTN. Our results do not necessarily contradict those of Kozlov
et al. [19]. The spin-trapping technique used in their study was
based on scavenging of NO for 2 h, resulting in quantitative detec-
tion of total NO accumulating during this rather long period of
time. Furthermore, in the absence of a trapping agent, low amounts
of nitrite-derived NO may be efficiently scavenged by superoxide
or mitochondrial haem proteins competing for NO binding to
sGC. Thus the mismatch between the rate of GTN metabolism
and sGC activation argues strongly against a link between 1,2-
GDN formation and cGMP synthesis. This conclusion is also
supported by results obtained with DTT, since the thiol compound
significantly increased ALDH2-catalysed 1,2-GDN formation
(Figure 2) without affecting GTN-triggered sGC activation

(results not shown). Unfortunately, the ALDH cofactor NAD+

had a pronounced effect on basal sGC activity (results not shown)
precluding reliable interpretation of its effect on mitochondrial
GTN bioactivation.

The GTN-competitive actions of daidzin and its relatively low
water solubility limited the usefulness of this drug to test for the
contribution of ALDH2 to sGC activation at GTN concentrations
above 10 µM. Nevertheless, daidzin significantly inhibited sGC
activation at low GTN concentrations (1–3 µM), indicating that
ALDH2 indeed contributed to, albeit not exclusively mediated, the
observed bioactivation of GTN in mitochondria. The selectivity
of daidzin is supported by its lack of effect in the presence of
microsomes not containing ALDH2. In contrast with daidzin,
chloral hydrate markedly inhibited GTN bioactivation by both
mitochondria and microsomes. Inhibition of the bioactivation of
GTN by microsomes lacking the potential for specifically forming
1,2-GDN might suggest pleiotropic effects of chloral hydrate.
However, the drug had no effect on GTN metabolism and bioactiv-
ation in RFL-6 cells, reportedly catalysed by cytochrome P450
[35], and did not interfere with NO-mediated activation of sGC.
Chloral hydrate is a well-established non-selective, substrate-
competitive ALDH inhibitor [39–42] and the 11 human ALDH
isoforms cloned so far exhibit rather broad substrate specificity
[43]. Accordingly, inhibition by chloral hydrate of microsomal
GTN metabolism and bioactivation may suggest the involvement
of another ALDH isoform, e.g. fatty ALDH10 (aldehyde dehydro-
genase 10), which is present in liver microsomes [44].

Unexpectedly, GTN activated sGC in the presence of purified
ALDH2(Figure 6).Thiseffect isunlikely to be due to non-enzymic
formation of NO from GTN-derived nitrite, since more than
1 mM authentic nitrite was required to produce comparable sGC
activation (results not shown). Inhibition by daidzin suggests that
interaction of GTN with the substrate-binding site of ALDH2 is
essential to bioactivation. The mechanism behind GTN-triggered
sGC activation in the presence of ALDH2 is unclear. It has been
suggested that GTN bioactivity does not involve formation of
free NO [23–25]. Since the expected amounts of NO release
were below the dectection limit of available analytical methods
(e.g. NO chemiluminescence), we addressed this issue indirectly,
using established agents known to interfere with NO-mediated
sGC activation. Inhibition of GTN-triggered cGMP formation
by ODQ indicates an important role for sGC-bound haem [45],
and sensitivity to the NO scavenger haemoglobin as well as
to superoxide (generated from illuminated FMN; see [46,47])
provides strong circumstantial evidence for the involvement of
free NO. On the basis of these results, we conclude that ALDH2
is capable of converting GTN directly into the sGC activator
NO. The relatively moderate sGC activation suggests that
formation of NO is not the main pathway of ALDH2-catalysed
GTN metabolism, at least under our experimental conditions.
Nevertheless, the 1,2-GDN data in Figures 1 and 2 show that
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similar amounts of ALDH2 were present in the experiments
with pure enzyme (5 µg) and isolated mitochondria (0.3 mg of
protein corresponding to approx. 4 µg of ALDH2), indicating
that conversion of GTN into NO or a related sGC-activating spe-
cies may fully account for the daidzin-sensitive component of
mitochondrial GTN bioactivation. Work is underway in our lab-
oratory to characterize the interaction of GTN with ALDH2.

In the presence of mitochondria, GTN activated sGC with an
EC50 of approx. 4 µM. This value is clearly below the in vitro
potency of the organic nitrate reported previously (EC50∼30 µM;
see e.g. [8]). Nevertheless, relaxation of isolated rat aorta occurred
at approx. 40 times lower GTN concentrations. This apparent loss
of GTN potency on disruption of intact blood vessels has been
pointed out in numerous previous studies and led to the search for
a high-affinity ‘GTN receptor’ in vascular smooth muscles that
might lose its function in the course of tissue homogenization.
However, our results suggest that the apparent discrepancy bet-
ween in vitro and in vivo potency of GTN arises from unjustified
comparison of functional relaxation data with measurements of
cGMP formation expressed as ‘fold-stimulation’. In agreement
with numerous earlier studies, we found that maximal relaxation
of rat aortic rings to GTN was accompanied by an approx. 100-fold
increase in tissue cGMP. However, the respective cGMP levels
were only 3.4% of the maximal levels obtained with DEA/NO,
and a supra-maximal (in terms of relaxation) concentration of
GTN (0.1 mM) led to a further increase in tissue cGMP that was
almost 1000-fold above the basal level. These results indicate
that half-maximal stimulation of sGC in intact rat aorta occurs
with an EC50 > 10 µM GTN, i.e. with a potency similar or even
lower than that observed in tissue homogenates. Expression
of data in terms of ‘fold-increase’ of cGMP levels or ‘fold-
activation’ of sGC is misleading since it critically depends on the
respective basal values. Basal tissue cGMP levels are affected by
numerous intracellular processes, in particular phosphodiesterase
hydrolysis, and are not comparable with the basal activity of
isolated sGC, which markedly varies depending on isolation
techniques and incubation conditions. Thus purified sGC is
typically activated 100–200-fold by NO [28,48,49], whereas
aortic cGMP levels were increased 3200-fold in response to
0.1 mM DEA/NO. It appears essential, therefore, to express the
efficiency of a potential sGC activator relative to the maximal
capacity of the system for a reliable comparison of in vitro data
on sGC activation with cGMP levels measured in intact blood
vessels or other tissues.

In conclusion, our results demonstrate that ALDH2 contributes
to GTN bioactivation in blood vessels and rat liver mitochondria
but is not the exclusive mammalian enzyme catalysing this pro-
cess. Secondly, the comparison of mitochondrial GTN meta-
bolism with sGC activation provided no evidence for a link
between 1,2-GDN formation and cGMP synthesis. Finally, we
showed that purified human liver ALDH2 converts GTN into an
NO-like species that activates sGC. Further studies are necessary
to understand the mechanism of this reaction and to examine
whether microsomal ALDH or other mammalian isoenzymes
exhibit a similar catalytic activity.
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