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Abstract  

Four compounds bearing amidoxime functions were synthetized: (1) 2a-b bearing an aromatic 

amidoxime function, (2) 2c bearing an aliphatic amidoxime function, and (3) 2d bearing 

aromatic and aliphatic amidoximes functions. The ability of these compounds to release NO 

was evaluated in vitro using the oxidative metabolism of cytochrome P450 from rat liver 

microsomes. Results obtained demonstrate that all amidoximes were able to release NO with 

a highest amount of NO produced by the 2a aromatic amidoxime. Moreover, all amidoximes 

exhibit cytocompatibility with human aorta smooth muscle cells. Using intracellular S-

nitrosothiol formation as a marker of NO bioavailability, compounds 2a-c were demonstrated 

to deliver a higher amount of NO in the intracellular environment than the reference. 

Considering that the concentration of the bis-amidoxime 2d was two times lower that than of 

2a and 2b, we can assume that 2d is the most potent molecule among the tested compounds 

for NO release.  
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Gasotransmitters are endogenously synthesized molecules presenting biological properties. 

Until today, three gasotransmitters have been identified.1 The first described and studied 

gasotransmitter is nitric oxide (NO).2 NO plays a key role in various physiological processes. 

In the nervous system, NO controls the neurotransmission, in the immune system, it also acts 

as a defense against bacteria, parasites, and tumor cells, and in the cardiovascular system, it 

controls vascular homeostasis including blood pressure.3,4 The second gasotransmitter is 

carbon monoxide (CO) which plays a role in the cardiovascular system since it relaxes the 

vascular vessels and therefor lowers the blood pressure. CO was also identified as a 
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neurotransmitter. The third and recently studied gasotransmitter is hydrogen sulfide (H2S) 

which was discovered to play an important role in neuromodulation and neurotransmission.2, 5 

In this study, we focus on the firstly discovered gasotransmitter, NO. In vivo, NO is produced 

by oxidation of the guanidine function of L-arginine. In the cardiovascular system, this 

oxidation is catalyzed by the endothelial nitric oxide enzyme (eNOS) and occurs in two 

steps.6 The first one is the N-hydroxylation of one of guanidino nitrogen atoms of arginine 

consuming one mole of NADPH and one mole of dioxygen. The second step is the oxidation 

of the intermediate N-hydroxy-L-arginine (NOHA) allowing the breaking of the C=N-OH 

bond and producing NO and citrulline (Fig. 1).7 This step consumes 0.5 mole of NADPH and 

1 mole of dioxygen. The L-arginine oxidation resembles a classical P450 dependent 

monooxygenation.8 This reaction has been the subject of extensive studies and it has been 

demonstrated that the oxidation of NOHA, but also of other arginine-mimetics like 

amidoximes, can be performed by cytochromes P450.9 
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Fig. 1. In vivo oxidation of L-Arginine by NO Synthases. 

 

Jousserandot et al. were the first to describe the oxidation of some amidoximes by 

cytochromes P450, using rat liver microsomes in the presence of NADPH and dioxygen.10,11 

Their work focused on the quantification of nitrite ions released by aromatic amidoximes 

substituted by para electron-donating substituents, such as Cl, that were demonstrated to 

exhibit the highest NO release rates.11 Other studies were devoted to the synthesis of prodrugs 

bearing an amidoxime function and on their effects on many diseases like cardiovascular 

disease. These reports showed the capacity of seventeen different amidoxime prodrugs to 

inhibit platelet aggregation, thrombus formation and to decrease blood pressure in 

spontaneously hypertensive rats.12,13 Some aliphatic bis-amidoximes showed the highest 

inhibition of thrombus formation while the aromatic mono-amidoxime bearing a p-CF3 group 

was demonstrated to be of high efficiency for the decrease of the blood pressure.13 

Furthermore, the capacity of some amidoxime functions to induce vasorelaxation of rat aortic 

rings after the NO release was also highlighted.14, 15  
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In this work, the synthesis of mono-amidoximes 2a-c substituted by various electron-

donating groups in the para position and of a bis-amidoxime 2d, bearing one aromatic and one 

aliphatic amidoxime function, is described from the corresponding nitriles (Fig. 2).  
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Fig. 2. Synthesis of amidoximes 

 

Nitriles 1a and 1b are commercially available, while 1c and 1d were prepared from the 

corresponding bromides by nucleophilic substitution using KCN in DMF. The synthesis of 

amidoximes 2 from nitriles 1 was performed either in ethanol using hydroxylamine 

hydrochloride associated to Na2CO3 or using an aqueous solution of hydroxylamine and a 

protocol adapted from Ovdiichuk et al.16-18 The synthetic conditions are listed in Table 1 in 

the Supporting Information. Aromatic nitriles 1a and 1b could easily be converted into 

amidoximes 2a19,20 and 2b19,21 using hydroxylamine hydrochloride and Na2CO3. Due to the 

lower reactivity of aliphatic nitriles compared to aromatic ones, compound 2c19 could only be 

prepared from 1c with a modest yield of 37% under these synthetic conditions. With aliphatic 

nitriles, better conversions were obtained using a solution of hydroxylamine in water and 

2c22,23 was isolated with 60% yield after column chromatography. Under these reaction 

conditions, bis-amidoxime 2d22, 24 was obtained in 40% yield. 

The ability of compounds 2 to release NO by oxidation was first evaluated using rat liver 

microsomes containing cytochromes P450 in the presence of NADPH and dioxygen (see 

Supporting Information). 4-Chlorobenzamidoxime (Fig. 3), which is known to release high 

amounts of NO in the presence of cytochrome P450,11 was used as a reference.  
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Fig. 3. Structure of 4-chlorobenzamidoxime. 

 

After 10 min of incubation with rat liver microsomes and NADPH, supernatants were 

collected for nitrite ions quantification using the Griess assay (see Supporting Information). 

Four control samples were prepared for each molecule, namely without microsomes, without 

amidoximes, without NADPH and finally using nitriles 1 instead of amidoximes 2. The 

amount of nitrite ions measured in these controls was subtracted from the values measured 

with amidoximes 2. As can be seen from Fig. 4, all compounds 2 generate nitrite ions, 

indicating their ability to be oxidized by rat liver microsomes and NADPH. The nitrite ions 

release was the highest for compounds 2a and 2b (2.4 and 1.5 nmol NO2
-/mg P450 for 10 

min, respectively). Noteworthy is that these values are higher than that obtained for the 

reference (1.3 nmol NO2
-/mg P450 for 10 min). The modest capacity of compounds 2c and 2d 

to produce nitrite ions may originate from their inadequate size/shape that does not allow their 

fast oxidation by the enzyme and/or to the lower reactivity of aliphatic amidoximes in the 

oxidation reaction. Compound 2a is of high interest due to its high capacity of release NO 

compared to the reference.  

 

 

Fig. 4. Concentration of released nitrite ions from compounds 2 and the reference after a 10 

min incubation with microsomes. Results are presented as mean ± SEM of three to five 

independent experiments and compared with a One-way ANOVA; * p<0.05 versus reference 
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We further evaluated the capacity of compounds 2 to release NO in the presence of human 

vascular smooth muscle cells (HVSMC). In preliminary experiments, the cytocompatibility of 

amidoximes 2 toward the HVSMC was evaluated (see Supporting Information). As shown in 

Fig. 5, except 2a which induced the lowest cell viability at 100 µM (74.67% ± 2.03), HVSMC 

cells remained alive and active in the presence of amidoximes even used at high 

concentration. Further experiments were conducted at the 100 µM concentration to reach NO 

releases higher than the limit of detection of the fluorometric method used (vide infra). 

Noteworthy is also that the cytotoxicity observed at 100 µM was detected after 24 h-

incubation while the release test requires only a 1 h-incubation. 
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Fig. 5. Viability of the smooth muscle cells after 24 h incubation at concentrations ranging 

from 0.001 to 100 µM. Results are presented as mean ± SEM of three to four tests and 

compared with a two-way ANOVA for compound 2a; * p<0.001 100 µM versus all the 

concentrations. 

 

For NO release experiments using amidoximes 2, S-nitrosoglutathione (GSNO),25 a well-

known NO donor, able to deliver bioavailable NO for smooth muscle cells and blood 

vessels,26-28 was prepared and used as a reference. HVSMC cells were seeded in 6-wells 

plates 48 h before incubation with compounds 2 for 1 h at 37°C. Amidoximes 2a-c and 

GSNO were used at 100 µM while compound 2d bearing two amidoxime functions was used 

at 50 µM. After washing and lysis of the cells, S-nitrosothiols (RSNO) and nitrite ions were 

immediately quantified using a fluorometric method based on the reaction of N2O3 with 2,3-

diaminonaphthlene producing naphthotriazole that emits at 415 nm after excitation at 375 nm 
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(see Supporting Information).29 The RSNO quantification corresponds to the released NO able 

to react with cell proteins thiol groups (intracellular S-nitrosation). 30 Control cells incubated 

with PBS containing 0.1% DMSO were under the limit of detection for both RSNO and nitrite 

ions. Fig. 6 shows that all compounds induced the formation of RSNO inside the cells. In all 

cases, the concentration of nitrite ions was under the limit of quantification of the method. 

GSNO, 2a, 2b and 2d produced a significantly higher RSNO intracellular concentration (0.20 

± 0.01 µM, 0.21 ± 0.01 µM and 0.17 ± 0.02 µM, respectively) compared to the 4-

chlorobenzamidoxime reference (0.03 ± 0.03 µM). The intracellular S-nitrosation process is 

less pronounced for 2c, which contains a similar aliphatic amidoxime function than 2d. 

Noteworthy is that compounds 2a, 2b and 2d exhibit a higher potential than GSNO to 

generate intracellular RSNO.  

Among all new synthesized amidoximes, 2a and 2b seem the most potent since they showed 

very high NO release compared to other mono-donors like the reference and GSNO. On the 

other hand, 2d is also of high interest since its ability to release NO and thus to increase NO 

storage through RSNO formation inside the cells is similar to compounds 2a and 2b but at a 

twice lower concentration.  

 

 

Fig. 6. RSNO intracellular concentration after a 1 h incubation of smooth muscle cells with 

100 µM of each compound except 2d that was used at 50 µM. Results are presented as mean 

± SEM of three independent experiments and compared with a One-way ANOVA; * p<0.05 

versus reference; # p <0.05 versus GSNO (Dunnett’s multiple comparisons post-test). 
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In summary, a series of mono- and bis-amidoximes were synthesized and tested for their 

capacity to release NO. Using rat liver microsomes, only the aromatic mono-amidoximes 2a-

b showed high ability to release NO in the presence of cytochromes P450, while the aliphatic 

mono-amidoxime 2c and the bis-amidoxime 2d exhibit weaker NO liberation capacity. All of 

the studied amidoximes were demonstrated to be cytocompatible with human vascular smooth 

muscle cells and were further tested for their ability to deliver NO inside the cells. 

Amidoximes 2a, 2b and 2d showed a high capacity to form intracellular RSNO indicating that 

these compounds were able to enter the cells and to be oxidized by the P450 of smooth 

muscle cells. The lowest delivery of NO inside the cells was observed with aliphatic 

amidoxime 2c. Among the amidoximes able to form a high amount of intracellular RSNO, 

bis-amidoxime 2d is of high potential since its concentration was two times lower than that of 

other amidoximes. This makes new bis-amidoxime 2d of interest since it should allow to 

halve the drug dosage and thus to reduce the potential secondary effects. Results obtained 

with mono-amidoximes 2a-b show their high capability of being used as NO donors and these 

compounds are among the best existing mono-NO-donors reported to date.  
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 A series of aromatic and aliphatic mono-amidoximes and bis-amidoximes were 

synthesized. 

 Amodoximes were tested for their NO release ability on rat liver microsomes and 

human vascular cells. 
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 Amidoximes are cytocompatible with human vascular smooth muscle cells. 

 Mono-amidoximes 2a and 2b exhibit high NO release. 

 Bis-amidoxime 2d releases the same amount of NO than 2a and 2b at a twice lower 

concentration. 

 

 


