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Abstract—Recent research suggests that NO may play a role in the physiological effects of some guanidine-containing drugs. In this
report, three guanidine-containing drugs (guanadrel, guanoxan, and guanethidine) together with their N-hydroxyl derivatives were
synthesized and their NO-releasing abilities catalyzed by nitric oxide synthases (NOSs) and horseradish peroxidase were evaluated.
The guanidine containing compounds could not release NO in the presence of NOS or peroxidase. The corresponding N-hydroxyl
compounds exhibited weak NO-releasing ability under the catalyzed of NOS and good NO-releasing ability under the oxidation by
horseradish peroxidase in the presence of H2O2. These compounds also displayed vasodilatory activity. # 2001 Elsevier Science
Ltd. All rights reserved.

Nitric oxide (NO) is a small gaseous molecule that
serves as a mediator of many physiological events.1,2

The synthesis of NO in vivo is catalyzed by neuronal,
inducible, and endothelial isoforms of nitric oxide syn-
thase (NOS) which use l-arginine as the substrate.3�6 So
far, only a few compounds have been clearly shown to
act as NOS substrates with the formation of NO.7�10

Those substrates include l-arginine, hydroxy-l-argi-
nine, homo-l-arginine, and N-hydroxy-homo-l-argi-
nine. Other l-arginine analogues, such as canavanine,11

e-guanidino-carproic acid,11 agmatine,9 N-hydroxy-
agmatine,12 and l-tyrosyl-l-arginine,13 have been pro-
posed to be NOS substrates because they caused endo-
thelium-dependent vasorelaxation or accumulation of
nitrite in cell cultures. However, only some of these
results have been confirmed with purified NOSs and the
precise nature of the transformations of these
compounds is not yet known.14

Since all the known substrates of NOS have the func-
tional guanidine groups, it would be helpful to search
other guanidine containing compounds as substrates of
NOSs which could be used as NO donor drugs in vivo.
In fact, numerous natural and non-natural guanidine-

containing compounds have had a significant impact on
the medicinal chemistry.15,16 Moreover, many of them
have shown unprecedented activities ranging from anti-
microbial, antiviral, antifungal, to neurotoxic, making
these compounds and their derivatives clear targets for
drug design and discovery.17,18 Guandrel 1 and gua-
nethidine 3 are two established anti-hypertensive drugs,
while guanoxan 2 is used as a cardiovascular drug.
Recent research suggested that NO might play a role in
their physiological effects.19�21 We hypothesized that if
the bioactivities of these drugs were related to NO
releasing catalyzed by some enzymes like NOS in vivo,
their metabolic intermediates should be corresponding
N-hydroxyguanidine compounds. Those N-hydroxy-
guanidine derivatives should be similar or even better
NO donors than the parent compounds, because some
non-physiological N-hydroxyguanidines have been
demonstrated to produce NO by the catalysis of NOS
or other enzyme such as cytochrome P450.10,22 In this
study, the enzymatic controlled NO-releasing abilities of
three drugs (1–3) and their N-hydroxyl derivatives (4–6)
by NOS and horseradish peroxidase were evaluated.
Furthermore, the vasodilatory efficacy of 4–6 was
measured (Fig. 1).

The procedure to synthesize compounds 1 and 4 is
shown in Scheme 1. Compound 10 was obtained from
3-amino-1,2-propanediol 7 by Goodman’s procedure.23
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We improved the yield of 9 by modifying the procedure.
Instead of mixing 8 and two and a half equivalents of
cyclohexanone in a mixture of methanol at one time,23

we first dissolved 8 and one and a half equivalents of
cyclohexanone in methanol and toluene. The methanol
was removed after the mixture was refluxing for 5 h.
Then an additional one equivalent of cyclohexanone
was added, and the mixture was refluxed for another
7 h. The yield of 9 was increased to 80%. Compound 424

was prepared by the reaction of cyanamide 1124 with
hydroxyamine. Compound 124 was obtained from the
reaction of 11 with ammonium chloride in aqueous
ammonia.

Guanethidine 3 is commercially available. The synthetic
routes for 2, 5, and 6 are illustrated in Schemes 2 and 3.
Compound 14 was prepared from ortho-diphenol 12.31

Compounds 524 and 624 were obtained from amines 1524

and 1824 by a similar procedure for the synthesis of 4.
Guanoxan 224 was synthesized through compound 15
using Goodman’s reagent.25

Biological Evaluation

The NO releasing abilities of compounds 1–6 were
measured through the formation of nitrite (NO2

�) in the
solution, which was followed upon incubation of each
compound with nNOS or iNOS under the usual condi-
tions for NOS activity measurements,26 with l-arginine
as a control. The results are summarized in Table 1. The
three N-hydroxy compounds 4–6 led to weak formation
of nitrite. Their NO releasing abilities were much worse
than l-arginine. Compound 4 was the best among these
three compounds. However, its NO releasing ability was
only about 8 and 11% of l-arginine for nNOS and
iNOS, respectively. The abilities of 5 and 6 were less
than 7% of l-arginine. For compounds 1, 2, and 3, no
detectable nitrite could be detected in the system. These
data indicated that hydroxyguanidine-containing drugs
might be weak substrates of NOS, whereas guanidine-
containing drugs were not substrates.

Since compound 4 was the best NO donor in this series,
the effect of incubation condition on the NO release of 4
with NOS was studied next. The results are shown in
Table 2. The data obtained clearly indicated that the
formation of NO2

� from the N-hydroxyguanidine was
an enzymatic process, as it required the presence of
active NOS and other cofactors such as NADPH and

Figure 1. The guanidine-containing drugs: guanadrel 1, guanoxan 2,
guanethidine 3, and their hydroxyguanidine derivatives (4–6).

Scheme 2.

Scheme 1.

Scheme 3.

Table 1. NO release abilities of guanidine drugs compared with l-

arginine26

Substrate [NO2
�]/with

nNOS (mM)
[NO2

�]/with
iNOS (mM)

l-Arg 14.5 14
1 <0.1 <0.1
2 <0.1 <0.1
3 <0.1 <0.1
4 1.2 1.6
5 0.8 0.9
6 0.3 0.2

Table 2. Effect of incubation conditions on the formation of NO2
�

from the oxidation of compounds 4 in the presence of nNOS, NADPH

and O2

Conditions % Residual activity

Complete system 100
� nNOS <2
� NADPH 18
� BH4 30
+ NO2-l-Arg 50
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BH4. The oxidation of 4 to NO should occur in the
active site of NOS since it was strongly inhibited by
classical inhibitor of NOS like N-nitro-l-arginine.

The second step involved in the NOS-catalyzed oxida-
tion of l-arginine is an oxidative cleavage of the C¼N–
OH bond of N-hydroxyarginine with the formation of
citrulline and NO. Besides NOS, cytochromes P450
have also been found to catalyze the oxidative cleavage
of the C¼N–OH bond not only of N-hydroxyarginine
but also of many other compounds such as ketoximes,
amidoximes.27 In this study, we found compounds 4–6
could be effectively catalyzed by peroxidase with the
formation of NO. Horseradish peroxidase has been
shown to be an effective oxidzing enzyme for cupferron
and other compounds with the hydroxynitrosamine
moiety.28 This peroxidase affects a one-electron oxida-
tion of the substrate and is regenerated by transferring
two electrons to a molecule of H2O2. Compounds 4–6
together with NHA and l-arginine were incubated with
horseradish peroxidase and H2O2 in our study. Twenty
minutes later, the concentration of NO2

� generated in
the solution was determined by Griess method.29 The
results were shown in Table 3.

As we expected, incubation of the l-arginine with per-
oxidase and H2O2 did not result in the generation of
nitrite. The results for other guanidine-containing drugs
(1–3) were the same as for l-arginine. However, incu-
bation of corresponding N-hydroxyguanidines with the
peroxidase and H2O2 produced different amount of
nitrite. Compound 4 was the best NO donor among
these tested compounds, it produced 65 mM nitrite in
20min, followed by 5 (60 mM), NHA (12 mM), and 6
(10 mM). The different value of nitrite generated from
these compounds may reflect the different binding affi-
nity to the enzyme. In the control experiments, incuba-
tion of these compounds along with H2O2 did not

produce any nitrite. These data clearly show that N-
hydroxyguanidine derivatives could be considered as
potential NO donors under the catalysis of peroxidase.

In a previous study,21 it was shown that some guani-
dine-containing drugs like guanethidine evoked vasodi-
latation in isolated guinea pig mesenteric artery. In this
study, the vasodilatory efficacy of three N-hydro-
xyguanidine-containing drugs (4–6) was measured. In
precontracted, endothelium-free guinea pig mesenteric
artery, which was sympathectomized by preincubation
with guanethidine (30 mM) for 30 min, we measured the
vasodilatation produced by 4–6 (30 mM) using compu-
ter-assisted video-microscopy.21,32 The vasodilatation
produced by each of the compounds was compared to
that produced by sodium nitroprusside, which produced
100% relaxation of the blood vessels. All of them pro-
duced vasodilation in the range from 26.8 to 57.7%
(Fig. 2). Compound 5 is the most effective dilator. This
result confirms that hydroxyguanidine-containing com-
pounds produce vasodilatation by through a mechanism
that involves periarterial sensory nerves.

In summary, the results reported here show that NOS
could catalyze the oxidation of some N-hydroxy guani-
dine-containing drugs with the formation of NO. But
their NO generation ability was much worse than l-
arginine. It indicates that highly specific structural fea-
tures are required for NOS substrates. Our results also
show that N-hydroxyguanidine compounds are sub-
strates for horseradish peroxidase and thereby are
potential NO donors in the existence of this enzyme.
Such enzymatic controlled NO generating compounds
could have potential applications in a variety of biome-
dical fields. The vasodilatory efficacy of them has been
demonstrated in this study.
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