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Abstract

Various oxime derivatives were evaluated as nitric oxide (NO) donors in arteries. Relaxation of rat aortic rings was used for bioassay of

NO production, and electron paramagnetic resonance spectroscopy for demonstration of NO elevation. In rings with or without

endothelium or adventitia, hydroxyguanidine and hydroxyurea were almost inactive, whereas formamidoxime, acetaldoxime, acetone

oxime, acetohydroxamic acid and formaldoxime elicited relaxation. Active compounds increased NO levels in endothelium-denuded

rings. Formaldoxime was the most potent agent for both relaxation and NO elevation in aortic rings, and it also increased NO in human

aortic smooth muscle cells. In endothelium-denuded rings, relaxation was inhibited by a NO scavenger (2-phenyl-4,4,5,5-tetramethyl-

imidazoline-1-oxyl-3-oxide) and by inhibitors of soluble guanylyl-cyclase (1H[1,2,4,]oxadiazolo[4,3-a]quinoxalin-1-one) or cyclic

GMP-dependent protein kinases (Rp-8-bromo cyclic GMP monophosphorothioate). Neither No-nitro-L-arginine methylester (a NO

synthases inhibitor) nor proadifen (a cytochrome P450 inhibitor) decreased the effect of oxime derivatives. However, 7-ethoxyresorufin

(7-ER, an inhibitor of P4501A1 which can also inhibit various NADPH-dependent reductases) abolished the relaxant effect of these

compounds, without affecting the one of glyceryl trinitrate (GTN) or 2-(N,N-diethylamino)-diazenolate-2-oxide. 7-ER also abolished

formaldoxime-induced NO increase in aortic rings. In rings tolerant to GTN, formaldoxime-induced relaxation and NO elevation were not

different from those obtained in control rings. In conclusion, some oxime derivatives release NO by 7-ER-sensitive pathways in aortic

smooth muscle, thus eliciting vasorelaxation. Pathways of NO formation are likely distinct from NO synthases and from those responsible

for GTN biotransformation. Oxime derivatives could be useful for NO delivery in arteries in which endothelial NO synthase activity is

impaired.
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1. Introduction

NO is synthesized from L-arginine by NO synthases

(NOS) in a two-step reaction [1,2]. The first step is the N-

hydroxylation of one guanidino group of L-arginine, form-

ing No-hydroxy-L-arginine (L-NOHA). In the second step

of the reaction, L-NOHA is metabolized into L-citrulline

and NO. The synthesis L-NOHA from L-arginine is con-

sidered to be specific of NOS. However, the oxidative

cleavage of the C=NOH bond of L-NOHA into NO or other

nitrogen oxides can be catalyzed not only by NOS, but also

by other hemoproteins, such as microsomal cytochromes

P450 [3,4] or peroxidases [5]. NOS-independent pathways
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are also involved in the oxidative cleavage of the C=NOH

bond of some synthetic compounds not bearing an alpha-

amino acid function, like N-hydroxyguanidines, amidox-

imes and ketoximes [6–11].

In blood vessels, endothelial NOS-derived NO is a major

protective factor. It prevents leukocyte adhesion and plate-

let adhesion/aggregation, and also inhibits proliferation

and contraction of vascular smooth muscle cells [12,13].

Various pathological states (diabetes, hypercholesterole-

mia, atherosclerosis, etc.) are associated with impaired

expression or activity of endothelial NOS (NOS-3)

[14,15]. In these situations, the existence of NOS-inde-

pendent pathways for NO production from exogenous

substrates is of particular interest for restoration of NO

levels. This can be obtained by administration of NO-

donating agents, including organic nitrates, like GTN,

whose biotransformation into NO or NO-related vasore-

laxant species in blood vessels is independent of NOS

activity [16,17]. Recently, it has been reported that L-

NOHA and some synthetic non-alpha-amino acid com-

pounds bearing a C=NOH bond (aromatic monosubstituted

amidoximes and ketoximes) induced endothelium-depen-

dent relaxation in the rat aorta [18]. Pharmacological

evidence was obtained that the vasorelaxant effect of L-

NOHA and 4-chlorobenzamidoxime was mediated by NO

[18]. Although the metabolic pathways responsible for NO

production from these compounds were not identified, the

relaxant effect of L-NOHA and 4-chlorobenzamidoxime

was inhibited by 7-ER [18]. 7-ER is not only a high affinity

substrate and competitive inhibitor of cytochrome

P4501A1 [19] but it also interacts with NADPH-cyto-

chrome P450 reductase, the redox partner for P450 [20]

and with the reductase domain of structurally related

NADPH-dependent enzymes, thus inhibiting their catalytic

activity in a non-competitive manner [21].

In the present study, various non-aromatic substituted

oxime derivatives were evaluated as NO donors in arteries.

Compounds under investigation were formamidoxime,

hydroxyguanidine, acetaldoxime, acetone oxime, hydro-

xyurea, acetohydroxamic acid and formaldoxime (see

chemical structure in Fig. 1). Relaxation of rat aortic rings

was used for bioassay of NO production. The role of the

NO-cyclic GMP pathway in vasorelaxation and the path-

ways responsible for NO production were characterized

using various pharmacological agents. Electron paramag-

netic resonance (EPR) spectroscopy was also applied for

demonstration of NO formation in arteries and smooth

muscle cells. In some cases, 2-(N,N-diethylamino)-diaze-

nolate-2-oxide (DEA-NO) and GTN were used for com-

parison, as prototype compounds which spontaneously

release NO, or which are subjected to enzymatic biotrans-

formation into NO or NO-related vasorelaxant species,

respectively. Preliminary reports of this study have been

presented as abstracts [22,23].

2. Materials and methods

2.1. Preparation of arteries

Experiments were conducted in accordance with the

Guide for the Care and Use of Laboratory Animals as

adopted and promulgated by the U.S. National Institutes of

Health (agreement number B 67900, given by French

authorities). Thoracic aorta were removed from male

Wistar rats (11–14 weeks old, 300–380 g, bred from

genitors provided by Iffa Credo) after anesthesia with

pentobarbital (60 mg/kg, i.p.). It was cleaned of connective

and fat tissues in Krebs solution (composition in mM: NaCl

119; KCl 4.7; MgSO4 1.17; CaCl2 1.25; KH2PO4 1.18;

NaHCO3 25; glucose 11). For most experiments, the

endothelium was removed by gentle rubbing the intimal

surface of the rings with curved forceps. In some cases, the

adventitial layer was separated from the medial layer by

microdissection. After careful cleaning of adherent adipose

tissue and collateral vessels, adventitia/media could be

clearly distinguished at the ends of aorta under magnifica-

tion. The dissection was started from the arch-end of aorta

by splitting of aortic wall with the use of two microsurgery

forceps and gentle peeling of inverted adventitia toward

distal end [24,25]. The intimal surface of the rings was

rubbed to remove endothelial cells.

2.2. Contraction/relaxation experiments

For isometric tension recordings, rings (3–5 mm length)

were mounted in organ chambers filled with Krebs solution

(378, under bubbling with 95% O2/5% CO2) under a

passive tension of 2 g. After equilibration, they were

precontracted with phenylephrine (PHE, 1 mM). Acetyl-

choline (1 mM) was subsequently added to verify the

presence or absence of functional endothelium. Rings were

considered to be denuded of functional endothelium when

acetylcholine failed to induce a relaxant response.

Endothelium was considered to be present when acetylcho-

line produced more than 50% relaxation. After washout,Fig. 1. Chemical structure of the compounds studied.
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the rings were precontracted either with 0.1 mM (rings

without endothelium) or 0.3 mM PHE (rings with endothe-

lium) in order to produce similar level of precontraction.

When a steady-state level of contraction was obtained,

oxime derivatives, GTN or DEA-NO, were added in a

cumulative manner. When used, inhibitors (or their sol-

vent) were added before PHE. The inhibitors used were 2-

phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide

(PTIO, a cell-permeable scavenger of NO, 300 mM),

1H[1,2,4,]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, an

inhibitor of the activation soluble guanylyl-cyclase by

NO, 1 mM), Rp-8-bromo cyclic GMP monophosphorothio-

ate (Rp-8-Br-cGMPS, an inhibitor of cyclic GMP-depen-

dent protein kinases, 100 mM), 7-ER (2 mM), No-nitro-L-

arginine methyl ester (L-NAME, an inhibitor of NOS,

300 mM), proadifen (also known as SKF 525a, an inhibitor

of cytochromes P450, 30 mM), 17-octadecynoic acid (17-

ODYA, a suicide inhibitor of cytochromes P450, 30 mM),

or tranylcypromine (an inhibitor of monoamine oxidase

and prostacyclin synthase, 30 mM). The concentrations of

inhibitors which were used were equal or slightly above

those mentioned in previous studies [18,26–30]. A stan-

dard incubation time of 30 min was chosen for most

inhibitors. Based on our previous experiments with inhi-

bitors of the NO-cyclic GMP pathway, incubation time was

shorter (15 min) for ODQ and L-NAME or longer (45 min)

for Rp-8-Br-cGMPS. In some experiments, endothelium-

denuded rings were exposed to 100 mM GTN (or its

solvent) or 1 mM formaldoxime for 1 hr. After several

washouts (during at least 1 hr during which time the Krebs

solution was replaced four times), rings were precontracted

with PHE, and GTN, DEA-NO, or formaldoxime was

subsequently added in a cumulative manner.

2.3. Human aortic smooth muscle cells (HASMC)

HASMC were obtained from Clonetics and cultured in

MEM containing 10% fetal calf serum and antibiotics as

previously described [31].

Experiments were performed with HASMC from pas-

sages 5 to 15, which were serum-deprived for 24 hr.

2.4. NO spin trapping and EPR spectroscopy

The NO content was assayed after formation of EPR-

detectable [Fe(II)NO(diethyldithiocarbamate)2] ([Fe(II)-

NO(DETC)2]) in endothelium-denuded rat aortic rings

(6–8 mm length) or HASMC (106 in suspension). Prepara-

tions were exposed for 1 hr at 378 to oximes derivatives and

colloid [Fe(II)(DETC)2] (0.5 mM) in Krebs solution con-

taining bovine albumin (final concentration 25 mg/mL)

and HEPES (15 mM, pH 7.4) instead of NaHCO3

[27,32]. In some experiments, rings were first exposed

to 100 mM GTN for 1 hr and carefully washed before

addition of formaldoxime (1 mM) and [Fe(II)(DETC)2].

In another set of experiments, 7-ER (2 or 10 mM) was

added 30 min before formaldoxime (1 mM) and [Fe(II)(-

DETC)2]. Tissues or cells were then rapidly frozen in

calibrated tubes (0.3 mL) and kept in liquid nitrogen until

EPR measurements. EPR spectra were recorded on an

MS100 spectrometer (Magnettech) under the following

conditions: temperature 77 K, microwave frequency

9.34 GHz, microwave power 20 mW, modulation fre-

quency 100 kHz, modulation amplitude 0.5 mT, time con-

stant 100 ms. After EPR measurements, the aortic tissues

were dried and weighted and the relative [Fe(II)NO(-

DETC)2] concentrations were determined by dividing

the third component amplitude of the three-line EPR signal

by the weight of the dried sample. For cells, the amplitude

of the EPR signal was divided by the volume of the sample.

2.5. Determination of NOx

Concentrations of NO2
� were measured using Griess

reagent, after 1-hr incubation of the compounds in Krebs

solution at 378. Concentrations of NO3
� were evaluated

after conversion of NO3
� into NO2

� using nitrate reductase

followed by NO2
� determination with Griess reagent [33].

The detection limit for NOx was about 1 mM.

2.6. Drugs and reagents

Formaldoxime (formaldoxime trimer, or triformoxime)

hydrochloride was purchased from Fluka, hydroxyurea

from Serva. Acetone oxime, formamidoxime hydrochlor-

ide, acetohydroxamic acid, hydroxyguanidine, acetaldox-

ime (acetaldehyde oxime) were obtained from Sigma-

Aldrich. Unless otherwise indicated, other chemicals were

purchased from Sigma and were dissolved in Krebs solu-

tion or MilliQ water (Millipore). Sodium pentobarbital was

purchased from Sanofi Santé Animale. GTN (1.5 mg/mL

in propyleneglycol, LENITRAL1) was obtained from

Besins International. DEA-NO (from Alexis Corporation)

was made as a 10 mM stock solution in NaOH (10 mM).

PTIO was dissolved as a 10 mM solution in 50% ethanol.

17-ODYA was dissolved as 10 mM stock solution in

absolute ethanol. ODQ (from Tocris-Cookson) was dis-

solved as 10 mM solution in 100% DMSO, as well as 7-ER

and proadifen.

2.7. Statistical analysis

Results are expressed as mean � SE mean of N experi-

ments. The relaxant effect was expressed in percentage of

contraction, 100% being the tone induced by PHE. The

EC50 values of the compounds (concentration that produced

50% relaxation of precontracted rings) were determined by

log-logit regression. Concentration–response curves were

compared by the multi-analysis of variance (MANOVA).

Other statistical comparisons were performed with one-

way ANOVA. P values less than 0.05 were considered to be

statistically significant.
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3. Results

3.1. NOx formation from oxime derivatives

Oxime derivatives gave rise to NO2
� or NO3

� (NOx)

only to negligible extent in Krebs solution (less than 0.1/ml

of the initial concentration within 1 hr at 378). For for-

mamidoxime, acetaldoxime, acetone oxime, acetohy-

droxamic acid and formaldoxime, the concentration

used in the NOx assay (20 mM) was 200 times higher than

the one eliciting 70–95% relaxation (see Fig. 2). Hydro-

xyguanidine and hydroxyurea (i.e. almost inactive com-

pounds for relaxation, see Fig. 2) produced the largest

amount of NO3
�. Oxime derivatives were compared to

DEA-NO and GTN. The two latter compounds were used

at a concentration (20 mM) which was also 200 times

higher than the ones eliciting at least 85% relaxation

(see Fig. 5). As expected, GTN produced very small

amount of NOx in Krebs solution, while DEA-NO was

almost completely converted into NOx (90% being NO2
�).

3.2. Effect of oxime derivatives on isolated rat aorta:

role of the different vascular tunicae

In intact rat aortic rings (i.e. in rings with endothelial,

medial and adventitial layers) precontracted with PHE,

Fig. 2. Effect of formamidoxime (A), hydroxyguanidine (B), acetaldoxime (C), acetone oxime (D), hydroxyurea (E), acetohydroxamic acid (F) and

formaldoxime (G) in rat aortic rings with endothelium and adventitia (black triangles), in rings without endothelium and with adventitia (black squares) and

in rings without endothelium and adventitia (black circles). Results are mean � SE mean of at least six experiments.
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formamidoxime (Fig. 2A), acetaldoxime (Fig. 2C), acet-

one oxime (Fig. 2D), acetohydroxamic acid (Fig. 2F) and

formaldoxime (Fig. 2G) elicited a concentration-depen-

dent relaxant effect. By contrast, hydroxyguanidine

(Fig. 2B) and hydroxyurea (Fig. 2E) were almost ineffec-

tive. The effect of all these compounds was not modified

after removal of the endothelium or after removal of the

endothelium and adventitia (Figs. 2A–G). The most potent

relaxant compound was formaldoxime (EC50 value in

endothelium-denuded rings of about 3 mM). The EC50

values of all the other active compounds were in the range

of 20–30 mM.

3.3. Relaxant effect of oxime derivatives:

pharmacological characterization

In endothelium-denuded rings, the relaxant effect of

formamidoxime (Fig. 3A), acetaldoxime (Fig. 3B), acet-

one oxime (Fig. 3C), acetohydroxamic acid (Fig. 3D) and

formaldoxime (Fig. 3E) was inhibited by PTIO (300 mM, a

cell-permeable scavenger of NO), by ODQ (1 mM, an

inhibitor of the activation soluble guanylyl-cyclase by

NO) and by Rp-8-Br-cGMPS (100 mM, an inhibitor of

cyclic GMP-dependent protein kinases). It should be noted

that in comparison to ODQ, PTIO and Rp-8Br-cGMPS

partially inhibited the effect of formamidoxime (Fig. 3A)

and formaldoxime (Fig. 3E). By themselves, these inhibi-

tors did not affect PHE-induced tone (not shown).

The relaxant effect of formamidoxime (Fig. 4A), acet-

aldoxime (Fig. 4B), acetone oxime (Fig. 4C), acetohy-

droxamic acid (Fig. 4D) and formaldoxime (Fig. 4E) was

not inhibited by L-NAME (300 mM, an inhibitor of NOS),

proadifen (30 mM, an inhibitor of cytochromes P450) or

tranylcypromine (30 mM, an inhibitor of monoamine

oxidases and prostacyclin synthase). Like L-NAME,

No-nitro-L-arginine (L-NA, 300 mM) failed to inhibit

the relaxant effect of formaldoxime (not shown). An

enhancement of the relaxant effect of formaldoxime

was observed in the presence of proadifen and tranylcy-

promine (Fig. 4E). 17-ODYA (30 mM, a suicide inhibitor

of cytochromes P450) did not modify the relaxant effect

of oxime derivatives, except the one of acetaldoxime

Fig. 3. Effect of PTIO (300 mM, black triangles), ODQ (1 mM, black circles) and Rp-8-Br-cGMPS (100 mM, black squares) on the relaxant effect of

formamidoxime (A), acetaldoxime (B), acetone oxime (C), acetohydroxamic acid (D) and formaldoxime (E) in endothelium-denuded rat aortic rings. Results

are mean � SE mean of at least six experiments. ��P < 0:01; ���P < 0:001, in comparison to controls.
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which was slightly reduced (Fig. 4B). By themselves,

none of the inhibitors used influenced PHE-induced tone

(not shown).

7-ER (2 mM) almost completely blunted the relaxant

effect of formamidoxime (Fig. 5A), acetaldoxime

(Fig. 5B), acetone oxime (Fig. 5C), acetohydroxamic acid

(Fig. 5D) and formaldoxime (Fig. 5E). By contrast, 7-ER

did not modify the relaxation induced by DEA-NO

(Fig. 5F) or GTN (Fig. 5G). PHE-induced tone was not

affected by 7-ER (not shown).

Pre-exposure of endothelium-denuded rings to GTN

(100 mM GTN for 1 hr) resulted in a significant decrease

of the relaxant effect of subsequent addition of GTN

(Fig. 6A). By contrast in these rings, the relaxant effect

of DEA-NO was not altered (Fig. 6B). In rings tolerant to

GTN, the relaxant effect of formaldoxime was not

impaired in comparison to controls (Fig. 6C). Pre-exposure

to formaldoxime (1 mM for 1 hr) did not induce a mod-

ification of the relaxant effect of subsequent addition of

formaldoxime (Fig. 6D).

3.4. NO formation from oxime derivatives in

rat aorta and HASMC

EPR spectroscopy with [Fe(II)(DETC)2] as spin trap

was applied to investigate NO formation. Formamidox-

ime, acetaldoxime, acetone oxime, acetohydroxamic

acid and formaldoxime induced a concentration-depen-

dent elevation of NO levels in endothelium-denuded

aortic rings, formaldoxime being the most potent com-

pound (Fig. 7A). 7-ER (2 mM) tended to diminish the

elevation of NO produced by formaldoxime (1 mM).

Increasing the concentration of 7-ER to 10 mM comple-

tely abolished formaldoxime-induced NO elevation

(Fig. 7B).

Formaldoxime also increased NO content in HASMC

(Fig. 7C). In endothelium-denuded rat aortic rings, the

elevation of NO content evoked by 1 mM formaldoxime

was comparable in control rings and in GTN-tolerant ones

(i.e. those previously exposed to 100 mM GTN for 1 hr and

washed out, Fig. 7D). In GTN-tolerant rings as in control

Fig. 4. Effect of L-NAME (300 mM, black circles), proadifen (30 mM, black triangles), 17-ODYA (30 mM, black diamonds) and tranylcypromine

(30 mM, black squares) on the relaxant effect of formamidoxime (A), acetaldoxime (B), acetone oxime (C), acetohydroxamic acid (D) and formaldoxime

(E) in endothelium-denuded rat aortic rings. Results are mean � SE mean of at least five experiments. NS not significant; ��P < 0:01, in comparison to

controls.
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ones, 7-ER (10 mM) decreased formaldoxime-induced NO

elevation (Fig. 7D).

4. Discussion

The present study shows that in the isolated rat aorta,

some oxime derivatives increased NO levels and induced

endothelium- and adventitia-independent relaxant effect.

Vasorelaxation was decreased by scavengers of NO, inhi-

bitors of soluble guanylyl-cyclase or cyclic GMP-depen-

dent protein kinases, but not by inhibitors of NOS or

monoamine oxidases. Vasorelaxation and NO elevation

induced by oximes were both blunted by 7-ER, and were

not impaired in GTN-tolerant rings.

Among the compounds studied here, hydroxyguanidine

was ineffective for vasorelaxation in isolated rat aorta. This

is consistent with previous studies performed in rabbit aortic

strips [34]. The present study shows that replacement of one

amino group of hydroxyguanidine by a hydrogen atom

Fig. 5. Effect of 7-ER (2 mM, black circles) on the relaxant effect of formamidoxime (A), acetaldoxime (B), acetone oxime (C), acetohydroxamic acid (D)

and formaldoxime (E), DEA-NO (F) and GTN (G) in endothelium-denuded rat aortic rings. Results are mean � SE mean of at least five experiments. NS not

significant; ��P < 0:01; ���P < 0:001, in comparison to controls.
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(formamidoxime) or replacement of its two amino groups

by two methyl groups (acetone oxime) markedly increased

the vasorelaxant activity. Replacement of the amino group

of formamidoxime by a methyl group (acetaldoxime) has no

major influence on relaxant activity. The ketoximes deri-

vatives, acetaldoxime (with one methyl group) and acetone

oxime (two methyl groups) displayed similar relaxant

activity. Acetohydroxamic acid (a hydroxyamide deriva-

tive) also exerted vasorelaxant effect in rat aorta, with a

potency similar to the one of the above-mentioned amidox-

ime and ketoxime derivatives. Replacement of the methyl

group of acetohydroxamic acid by an amino group (hydro-

xyurea) abolished relaxant activity. Interestingly, recent

reports suggest that the beneficial effects of hydroxyurea

in sickle cell disease patients might be partly due to the

formation of NO [35,36]. The sites and mechanisms of NO

formation from hydroxyurea remain unidentified. The pre-

sent data suggest that vascular tissues play a minor role in

metabolism of hydroxyurea into NO. The weak relaxant

effect of hydroxyurea which was observed here in aortic

rings with endothelium might be due to production of NO

from hydroxyurea by NOS-3 or by other endothelial meta-

bolic pathways. This deserves future investigations.

In the present study, the involvement of the NO-cyclic

GMP pathway in the relaxant properties of oxime deriva-

tives is supported by several experimental data. Relaxa-

tions were inhibited by PTIO (a cell-permeable NO

scavenger), by ODQ (an inhibitor of the activation of

soluble guanylyl-cyclase by NO) and by Rp-8-Br-cGMPS

(an inhibitor of cyclic GMP-dependent protein kinases).

However, it is not excluded that NO-cyclic GMP-indepen-

dent pathway(s) may contribute to the relaxant effect of

some oxime derivatives. Indeed, PTIO and Rp-8Br-

cGMPS only partially inhibited the effect of formamidox-

ime or formaldoxime. Moreover, even though ODQ com-

pletely inhibited the relaxant effect of oximes, this

compound displays additional properties than inhibition

of soluble guanylyl-cyclase in isolated blood vessels

[26,37]. Nevertheless, the present study demonstrates

using NO spin trapping that active compounds for relaxa-

tion increased NO content in aortic tissue. It should be

noted that formaldoxime was the most potent compound

for both relaxation and NO elevation in aortic tissue. The

inhibition by 7-ER of both oxime-induced relaxation and

NO elevation provides additional evidence for the implica-

tion of NO in the relaxant effect of these compounds.

Probably because of the limited sensitivity of the EPR

method of NO detection, relatively high concentrations of

oxime derivatives had to be used to demonstrate an

increase in NO content. Since in the absence of aortic

tissue, the active compounds gave rise to very few amount

of NOx in physiological solution, NO elevation in aorta

unlikely resulted from spontaneous formation of NO in the

bathing solution, but rather from metabolization of the

compounds into NO within tissue. Neither endothelial cells

nor adventitial cells (which are another source of vasoac-

tive NO in rat aortic rings [25,38]) appeared necessary for

NO formation from oxime derivatives, since the relaxant

Fig. 6. Effect of GTN (A), DEA-NO (B) and formaldoxime (C) in endothelium-denuded rat aortic rings previously exposed for 1 hr to GTN (100 mM, black

squares) or solvent (open squares). (D) Effect of formaldoxime in endothelium-denuded rat aortic rings previously exposed for 1 hr to formaldoxime (1 mM,

black squares) or solvent (open squares). Results are mean � SE mean of at least four experiments. NS not significant; �P < 0:05, in comparison to controls.
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effect was similar in rings with or without endothelium or

with or without adventitia. This suggests that metaboliza-

tion of oximes into vasorelaxing NO occurred within

smooth muscle cells. However, oximes can be transformed

into NO in endothelial and/or adventitial cells as well. This

requires further investigations. The ability of aortic smooth

muscle cells to produce NO from oximes is demonstrated

in the present study by EPR and NO spin trapping.

The metabolic pathways responsible for NO production

from oxime derivatives were investigated in the present

study using various inhibitors. The absence of inhibitory

effects of L-NA or L-NAME on relaxation in endothelium-

denuded rings does not support a role of extra-endothelial

NOS in NO production. Moreover, as previously shown for

aromatic substituted amidoximes and ketoximes, the struc-

tural determinants for endothelium-independent vasorelax-

ant effect and for NO production by NOS are quite

different [18]. The lack of inhibitory effects of tranylcy-

promine argues not only against a role of monoamine

oxidases in oxime metabolization into NO, but also against

a contribution of prostacyclin in vasorelaxation [39–41].

Besides NOS, cytochromes P450 have been also impli-

cated in nitrogen oxides production from various com-

pounds bearing a C=NOH group [3,4,6–9]. In the present

study, the non-selective cytochromes P450 inhibitor proa-

difen did not diminish oxime-induced relaxation. Simi-

Fig. 7. NO content in (A) endothelium-denuded rat aortic rings exposed to increasing concentrations of formamidoxime, acetaldoxime, acetone oxime,

acetohydroxamic acid and formaldoxime; control corresponds to non-stimulated rings (i.e. rings not exposed to oximes derivatives) and (B) endothelium-

denuded rat aortic rings exposed or not to formaldoxime (1 mM) in the absence (hatched bars) or in the presence of 2 mM 7-ER (grey bars) or 10 mM 7-ER

(black bars); �P < 0:05, in comparison to control; #P < 0:05, in comparison to formaldoxime alone; (C) HASMC exposed or not to formaldoxime (1 mM);
�P < 0:05, in comparison to control; (D) control (white bars) or GTN-pretreated (100 mM for 1 hr, hatched bars) endothelium-denuded rat aortic rings

exposed to formaldoxime (1 mM) in the absence or in the presence of 7-ER (10 mM, black bars); �P < 0:05, in comparison to GTN-exposed aorta. Results are

mean � SE mean of at least three experiments.
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larly, 17-ODYA, a suicide inhibitor of cytochromes P450,

did not modify the relaxant effect of oxime derivatives,

except the one of acetaldoxime which was slightly dimin-

ished. These data suggest that in rat aorta, cytochromes

P450 do not play a major role in NO production from

oxime derivatives. However, the possible role of a proa-

difen and 17-ODYA-insensitive unknown isoform of cyto-

chromes P450 cannot be excluded. The mechanisms

responsible for the potentiating effect of proadifen and

tranylcypromine on formaldoxime-induced vasorelaxation

remain to be determined. Because potentiation was also

observed with Tiron (a scavenger of superoxide anions) or

with Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin pen-

tachloride (MnTMPyP, a cell-permeant superoxide dismu-

tase/catalase mimetic and peroxynitrite scavenger [42–44])

(not shown), it is possible that cytochromes P450 or

monoamine oxidase-derived superoxide inhibited the

effect of formaldoxime. In addition, the lack of inhibitory

effect of MnTMPyP on relaxation did not support a role of

hydrogen peroxide and of peroxynitrite as mediator of the

relaxant effect of formaldoxime.

An almost complete inhibition of the relaxant effect of

oximes (but not of DEA-NO) was obtained here using 7-

ER. This compound also completely blunted the increase

of NO content induced by formaldoxime in aortic rings. As

mentioned above, relatively high concentrations of oximes

were used to demonstrate EPR-detectable NO elevation in

aortic rings. Thus, a competition phenomenon might

explain why relatively high concentration of 7-ER was

also necessary to demonstrate significant inhibition of

oxime-induced NO elevation. These data indicate that 7-

ER inhibited the relaxant effect of oximes by interfering

with the metabolic pathways responsible for NO forma-

tion. Similar data were obtained with formamidoxime in

rat tracheal smooth muscle [8]. 7-ER is a competitive

inhibitor of cytochrome P4501A1 [19] and it also interacts

with NADPH-dependent reductases [20,21]. Because iden-

tified cytochromes P450 do not seem to play a major role in

NO production from oxime derivatives in rat aorta (as

discussed above), it is suggested that oxime metabolism

into NO is mediated by 7-ER-sensitive NADPH-reduc-

tases. A similar pathway is probably involved in NO

formation from L-NOHA and 4-chlorobenzamidoxime

(an aromatic substituted amidoximes) in rat aorta [18].

Several enzymatic pathways have been proposed in

vascular bioactivation of organic nitrates, including glu-

tathione-S-transferases, cytochromes P450 [45,46] and

mitochondrial aldehyde dehydrogenase (mtALDH) [17].

Whatever the nature of these pathways, the present study

suggests that the ones responsible for NO production from

oxime derivatives are distinct from those of GTN. Indeed,

while it produced almost complete inhibition of the relax-

ant effect of oximes, 7-ER did not affect the one of GTN.

This contrasts with data from the literature showing that 7-

ER inhibits the relaxant effect of GTN (and also the one of

authentic NO, sodium nitroprusside and acetylcholine) in

rat aorta [28]. This discrepancy cannot be attributed to the

use of different drug concentration or incubation time, or to

presence/absence of endothelium. However, it is known

that there exist differences among animal species and

vessel types in the sensitivity of GTN-induced relaxation

or biotransformation to 7-ER or other inhibitors [28,45]. In

the study of Li and Rand [28], experiments were conducted

in rat aorta isolated from Sprague–Dawley rats, whereas in

the present study, aorta from Wistar rats was used. Thus,

the differential sensitivity of GTN-induced relaxation to 7-

ER could be due to the use of different strains of rats. To

further distinguish between GTN and oximes metabolizing

pathways, GTN-tolerant rat aortic rings were also used in

the present study. It is known that prolonged exposure of

isolated vessels to relatively high concentration of GTN

induces a tolerance to the effect of subsequent addition of

GTN, which is attributed to an impairment of GTN bio-

transformation [47–50]. Recent data concerning the

mechanism of GTN bioactivation indicate that attenuated

biotransformation of GTN by mtALDH underlies the

induction of nitrate tolerance in isolated aorta [17]. In

accordance with an impaired biotransformation of GTN, it

is shown here that aortic rings pre-exposed to GTN exhib-

ited a decrease in the relaxant effect of subsequent addition

of GTN, but not in the one of DEA-NO. In GTN-tolerant

rings, formaldoxime-induced relaxation and NO elevation

were not different to those obtained in control rings, and 7-

ER still blunted NO elevation. The absence of cross

tolerance between GTN and oximes derivatives further

supports the idea that the metabolic pathways of these two

categories of compounds into NO are distinct. Interest-

ingly, in rings previously exposed to large concentration of

formaldoxime, the effect of subsequent addition of the

compound was not affected. This suggests that, in contrast

to the metabolic pathways of GTN, those of oxime deri-

vatives are not subjected to tolerance.

In conclusion, this study shows that some oxime deri-

vatives increased NO levels in rat aorta as well as in

HASMC, and exerted vasorelaxant effect. Relaxation

did not result from spontaneous NO production in the

bathing solution, but rather from NO formation in smooth

muscle and subsequent activation of soluble guanylyl-

cyclase and cyclic GMP-dependent protein kinases. The

pathways responsible for NO production from these com-

pounds were likely distinct from NOS, monoamine oxi-

dases and from those involved in GTN biotransformation.

Oxime derivatives could thus be useful for NO delivery in

arteries in which endothelial NOS activity is impaired.
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References

[1] Andrew P, Mayer B. Enzymatic function of nitric oxide synthases.

Cardiovasc Res 1999;43:521–31.

[2] Stuehr DJ. Mammalian nitric oxide synthases. Biochim Biophys Acta

1999;1411:217–30.

[3] Boucher JL, Genet A, Vadon S, Delaforge M, Henry Y, Mansuy D.

Cytochrome P450 catalyzes the oxidation of N-omega-hydroxy-L-

arginine by NADPH and O2 to nitric oxide and citrulline. Biochem

Biophys Res Commun 1992;187:880–6.

[4] Renaud JP, Boucher JL, Vadon S, Delaforge M, Mansuy D. Particular

ability of liver P450s3A to catalyze the oxidation of N-omega-hydro-

xyarginine to citrulline and nitrogen oxides and occurrence in NO

synthases of a sequence very similar to the heme binding sequence in

P450s. Biochem Biophys Res Commun 1993;192:53–60.

[5] Boucher JL, Genet A, Vadon S, Delaforge M, Mansuy D. Formation of

nitrogen oxides and citrulline upon oxidation of N-omega-hydroxy-L-

arginine by hemeproteins. Biochem Biophys Res Commun 1992;184:

1158–64.

[6] Andronik-Lion V, Boucher JL, Delaforge M, Henry Y, Mansuy D.

Formation of nitric oxide by cytochrome P450-catalyzed oxidation of

aromatic amidoximes. Biochem Biophys Res Commun 1992;185:

452–8.

[7] Clement B, Schultze-Mosgau MH, Wohlers H. Cytochrome P450

dependent N-hydroxylation of a guanidine (debrisoquine), microso-

mal catalysed reduction and further oxidation of the N-hydroxy-

guanidine metabolite to the urea derivative. Similarity with the

oxidation of arginine to citrulline and nitric oxide. Biochem Pharma-

col 1993;46:2249–67.

[8] Jia Y, Zacour M, Tolloczko B, Martin JG. Nitric oxide synthesis by

tracheal smooth muscle cells by a nitric oxide synthase-independent

pathway. Am J Physiol 1998;275:L895–901.

[9] Jousserandot A, Boucher JL, Henry Y, Niklaus B, Clement B, Mansuy

D. Microsomal cytochrome P450 dependent oxidation of N-hydro-

xyguanidines, amidoximes, and ketoximes: mechanism of the oxida-

tive cleavage of their C=N(OH) bond with formation of nitrogen

oxides. Biochemistry 1998;37:17179–91.

[10] Caro AA, Cederbaum AI, Stoyanovsky DA. Oxidation of the ketoxime

acetoxime to nitric oxide by oxygen radical-generating systems. Nitric

Oxide 2001;5:413–24.

[11] Mansuy D, Boucher JL. Oxidation of N-hydroxyguanidines by cyto-

chromes P450 and NO-synthases and formation of nitric oxide. Drug

Metab Rev 2002;34:593–606.

[12] Gewaltig MT, Kojda G. Vasoprotection by nitric oxide: mechanisms

and therapeutic potentials. Cardiovasc Res 2002;55:250–60.

[13] Albrecht EW, Stegemen CA, Heeringa P, Henning RH, van Goor H.

Protective role of endothelial nitric oxide synthase. J Pathol 2003;199:

8–17.

[14] Li H, Forstermann U. Nitric oxide in the pathogenesis of vascular

disease. J Pathol 2000;190:244–54.

[15] Maxwell AJ. Mechanisms of dysfunction of the nitric oxide pathway

in vascular diseases. Nitric Oxide 2002;6:101–24.

[16] Feelisch M. The use of nitric oxide donors in pharmacological studies.

Nauyn Schmiedebergs Arch Pharmacol 1998;358:113–22.

[17] Chen Z, Zhang J, Stamler JS. Identification of the enzymatic mechan-

ism of nitroglycerin bioactivation. Proc Natl Acad Sci USA

2002;99:8306–11.

[18] Vetrovsky P, Boucher JL, Schott C, Beranova P, Chalupsky K, Callizot

N, Muller B, Entlicher G, Mansuy D, Stoclet JC. Involvement of NO in

the endothelium-independent relaxing effect of No-hydroxy-L-argi-

nine and other compounds bearing C=NOH function in the rat aorta. J

Pharmacol Exp Ther 2002;303:823–30.

[19] Tassaneeyakul W, Birkett DJ, Veronese ME, McManus ME, Tukey

RH, Quattrochi LC, Gelboin HV, Miners JO. Specificity of substrate

and inhibitor probes for human cytochromes P450 1A1 and 1A2. J

Pharmacol Exp Ther 1993;265:401–7.

[20] Dutton DR, Reed GA, Parkinson A. Redox cycling of resorufin

catalyzed by rat liver microsomal NADPH-cytochrome P450 reduc-

tase. Arch Biochem Biophys 1989;268:605–16.

[21] Jiang HB, Ichikawa Y. Neuronal nitric oxide synthase catalyzes the

reduction of 7-ethoxyresorufin. Life Sci 1999;65:1257–64.

[22] Chalupsky K, Gadea I, Entlicher G, Stoclet JC, Muller B. Relaxant

effect of various oximes in the isolated rat aorta: role of NO. Nitric

Oxide 2002;6:369 [abstract].

[23] Chalupsky K, Lobysheva I, Entlicher G, Nepveu F, Stoclet JC, Muller

B. N-Hydroxylated compounds as substrates for NO production in

blood vessels. Fundam Clin Pharmacol 2003;17:227–63 [abstract].

[24] Battle T, Arnal J-F, Challan M, Michel J-B. Selective isolation of rat

aortic wall layers and their cell types in culture-application to con-

verting enzyme activity measurement. Tissue Cell 1994;26:943–55.
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