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Abstract. A small series of water-soluble NO-donor furoxans bearing a basic center at the 4-

position, having a wide lipophilic-hydrophilic balance range, and endowed with different NO-

release capacities, were synthesized and characterized. Selected members were studied for their 

IOP-lowering activity in the transient ocular hypertensive rabbit model at 1% dose. The most 

effective IOP-lowering products were compounds 3 and 7, whose activity 60 min after 

administration was similar to that of Timolol. Notably, 7 was characterized by a long-lasting action. 

The IOP-lowering activity in this series of products appeared to be modulated by the lipophilic-

hydrophilic balance rather than by the NO-donor capacity. 
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Glaucoma is a disease in which progressive damage of the optical nerve occurs with consequent 

progressive vision loss ultimately leading to blindness. Elevated intraocular pressure (IOP) is 

considered the predominant risk factor for the progression of glaucoma. Elevated IOP derives from 

an imbalance in the rate of production of aqueous humor (AH) by the ciliary process, and its 

drainage through the trabecular meshwork and Schlemm’s canal (conventional pathway accounting 

for 80% to 95% of the total AH outflow) or the uveo-scleral route (non-conventional pathway).1 

Current pharmacological strategies for treating the disease are aimed at lowering IOP, either by 

decreasing the amount of AH produced, or by increasing the amount drained from the eye. The 

drugs in use belong to different classes, namely: prostaglandin analogues (e.g. latanoprost), which 

mainly enhance the uveo-scleral outflow; β-blockers (e.g. Timolol) and carbonic anhydrase 

inhibitors (e.g. dorzolamide), which reduce the production of AH; α-agonists (e.g. brimonidine), 

which decrease AH production and increase uveo-scleral outflow; miotics (e.g. pilocarpine), which 

facilitate trabecular AH outflow.2 

Nitric oxide (NO) is an endogenous messenger almost ubiquitous in the human body. It is produced, 

together with L-citrulline, by oxidation of L-arginine under the action of an enzyme called NO 

synthase (NOS). At present, three different isoforms of this enzyme are known: the endothelial 

NOS (eNOS, NOS-III) and neuronal NOS (n-NOS, NOS-I) are constitutively expressed, while the 

third is an inducible isoform (i-NOS, NOS-II) known to increase dramatically in certain 

pathological conditions and following pro-inflammatory stimuli.3,4 

At low concentrations (< nM) NO triggers a variety of regulatory and cytoprotective effects. By 

contrast, at high concentrations (> M) it induces cellular toxicity consequent on the generation of 

reactive nitrogen oxide species (RNOS) or on the direct inhibition of functional biological 

molecules.5  

All three NOS isoforms are present in the eye, and various direct and indirect evidence suggests that 

NO plays an important role in AH dynamics (AHD), and thus in IOP homeostasis, via activation of 

the soluble guanylate cyclase (sGC) signaling pathway. Decreased endogenous production of NO is 



accompanied by unbalanced AHD and a rise in IOP in animal models and humans.6 Furthermore, 

NO deficiency has been shown to contribute to the pathophysiology of ocular hypertensive 

glaucoma.7 Conversely, exogenous NO (NO-donors) can exert a variety of effects in the eye. These 

include increased conventional outflow capacity,8 decreased IOP,9 vasodilation of the ocular blood 

vessels, and reduction of the ocular perfusion pressure consequent on a decrease in systemic blood 

pressure.10 All these effects are dependent on the nature of the NO-donor and on the route of its 

administration.  

Several classes of NO-donors have been studied as potential drugs to treat glaucoma,7 but to our 

knowledge, no furoxan derivatives (the sole exception being an old report on the effects of 4-

phenyl-3-furoxancarbonitrile on ocular blood flow and retinal function recovery)11 have been 

investigated with respect to their IOP-lowering potential. Furoxan (Figure 1A) is a heterocyclic 

system known for its intriguing chemistry and for its ability to release NO under the action of thiol 

cofactors.12,13 The amount of NO released by the furoxan scaffold can be modulated using 

appropriate substituents at the ring, particularly at the 3-position. Generally speaking, stronger 

electron-withdrawing properties of the substituents lead to greater and faster NO release.13 In 

contrast, substituents at the 4-position have little effect on the release of NO, but they influence the 

lipophilic-hydrophilic balance of the molecule. Of note, in vivo studies carried out on 4-

hydroxymethyl-3-carboxyamide (CAS1609, Figure 1B) suggest that this class of products does not 

elicit nitrate tolerance.14   

Consistent with their ability to release NO, furoxan derivatives trigger a wide spectrum of 

activities.15 The present study reports the preparation of a small library of water soluble furoxans 

bearing basic chains at the 4-position and CH3, CONH2 and (prevalently) CN groups at the 3-

position. These substituents were chosen in the light of the wide range in their electronic properties 

and, consequently, their likely differences in influencing the release of NO from a given molecule. 

The physical-chemical characterization of these products (pKa, logP, logD7.4, water solubility), their 

ability to release NO under the action of L-cysteine, and their in vivo IOP-lowering activity in the 



transient ocular hypertensive rabbit model (tOHT) are discussed in view of their potential use in 

treating ocular hypertension and glaucoma, in comparison with those of Molsidomine and Timolol 

(Figure 1C and 1D) used as references. 

 

Figure 1. Chemical structure of furoxan (A), CAS1609 (B), Molsidomine (C) and Timolol (D) 

 

 

The furoxan derivatives studied here were synthesized following the pathways depicted in Scheme 

1. Compounds 2 and 3 were prepared by reaction of 3-methyl-4-nitrofuroxan (1) with the 

appropriate ethanolamines in THF in the presence of sodium hydroxide, and were characterized as 

oxalates. The furoxan-3-carboxamide derivative 5 was obtained by action of dimethylamine on (4-

bromomethyl)-3-furoxancarboxamide (4) in acetonitrile solution. The furoxan-3-carbonitrile 

derivatives 7-14 were prepared by reaction of 4-(bromomethyl)furoxan-3-carbonitrile (6) and the 

appropriate commercially-available amines in acetonitrile solution. The products were characterized 

as oxalates, with the sole exception of compound 13, which was isolated as trifluoroacetate, and 

compound 14, which was isolated as a free base. Furoxan-3-carbonitrile 16, characterized as 

methanesulfonate, was prepared by dehydration of the related amide 15 with trifluoroacetic 

anhydride, in turn obtained by reaction of (i-Pr)2NH with 4 in acetonitrile solution. Finally, 

trifluoroacetate 18 was synthesized by reaction of 6 with hemi-Boc-protected piperazine followed 

by acidic hydrolysis of the intermediate 17 with TFA. 
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Scheme 1. Synthesis of the furoxan derivatives 2-3,5,7-14, 15, 16 and 18. 

 

The capacity of the furoxan derivatives to release NO was evaluated by dosing nitrite (a surrogate 

marker of NO) formed by the products after 1 h of incubation in phosphate buffer (pH 7.4) in the 

absence and in the presence of an excess of cysteine (1:5 or 1:50) by the Griess reaction. The results 

are reported in Table 2. Analysis of the data shows that no nitrite formation occurred in the absence 

of the thiol cofactor, suggesting that none of the products were able to release NO spontaneously. 

Conversely, in the presence of cysteine, the nitrite formation was very low for the 3-CH3 (i.e. 

derivatives 2 and 3), and low for the 3-CONH2 (i.e. derivatives CAS1609, 5 and 15), while, 

depending on the concentration of cysteine used, it was in the 13-18% or 40-44% range at 1 h for 

the series of the 3-CN substituted compounds. The relatively large amount of NO released by the 

latter compounds compared with the others is likely due to the presence of the strong electron-

withdrawing cyano group at the 3-position of the heteroring. 

 

  



Table 2. Extent of nitrite formation as a surrogate marker of NO release. 

compound 

% NO2
-  SE a) 

-cys +cys 0.5mM (5X) +cys 5mM (50X) 

CAS1609 0 1.8 0.3 12.0 1.0 

2 0 0 <1 

3 0 0 <1 

5 0 1.4 0.1 12.8 0.1 

7 0 16.1 0.1 43.9 0.3 

8 0 17.5 0.2 40.9 0.4 

9 0 15.5 0.2 41.3 0.3 

10 0 15.9 0.2 40.5 0.3 

11 0 18.1 0.3 42.3 0.3 

12 0 16.4 0.2 41.7 0.3 

13 0 13.5 0.3 40.1 0.5 

14 0 14.4 0.3 41.5 0.5 

15 0 1.2 0.1 11.6 0.1 

16 0 16.5 0.2 41.9 0.3 

18 0 15.4 0.2 40.7 0.5 

a) percent NO2
- (mol/mol)  SE after 1 hour incubation at 37 °C (PBS pH=7.4) in the absence and 

in the presence of L-cys (n ≥ 3). 

  



Due to the presence of nitrogen basic centers in the furoxan derivatives 2, 3, 5, 7-14, 15, 16 and 18, 

they exist as neutral or ionized forms, depending on their ionization constants (pKas) and on the pH 

of the medium. Since this aspect has an important influence on the lipophilic-hydrophilic balance of 

the products, their pKas were measured by potentiometric titration; the results are in Table 3. 

Analysis of the data shows that compounds 2 and 3, bearing one basic center, namely the 

ethanolaminic nitrogen with pKas 8.70 and 7.90 respectively, exist largely in the ionized form at 

physiological pH (7.4). Conversely, compounds 5, 7-12, 15 and 18, with the nitrogen linked 

through a methylene bridge to the 4-position of the heteroring (4-CH2NR2), are feeble bases (pKas 

range 4.01 to 6.62) which exist largely as neutral forms at pH 7.4. This is due to the electron 

withdrawing properties of the furoxan system,16 strengthened by the presence of the amide 

(compounds 5 and 15) or the cyano group (compounds 7-12 and 16) at the 3-position. Products 13 

and 18, in addition to the 4-CH2NR2 group (pKa = 3.34 and pKa < 2, respectively) have a second 

basic center in their structures (pKa = 9.30; pKa = 8.81, respectively); thus they exist largely in the 

ionized form at physiological pH. Compound 14 also has two basic centers, but exists prevalently in 

the neutral form at physiological pH, since neither the 4-CH2NR2 group (pKa = 5.38) nor the 2-

aminopyrimidine substructure (pKa  < 2) are protonated in this condition. 

  



Table 3. Physico-chemical properties: solubility (in water and in vehicle), ionization constants, 

percent ionization, and lipophilicity descriptors (logP and logD7.4). 

 

compound solubility 

pKa
a) 

percent 

ionization 

cLogP b) 

logD7.4  

±SEc)  water vehicled) (1%) 

CAS1609 > 30 mg/mL Y - - -1.60 -1.48 0.06 

2 > 30 mg/mL Y 8.70 95.2 0.35 -1.54 0.06 

3 > 30 mg/mL Y 7.90 76.0 1.25 -0.28 0.03 

5 > 30 mg/mL Y 6.57 12.9 -0.72 -0.03 0.01 

7 > 30 mg/mL Y 5.82 2.6 0.55 0.87 0.02 

8 > 30 mg/mL Y 5.79 2.4 1.08 1.31 0.02 

9 > 30 mg/mL Y 5.80 2.5 1.61 1.98 0.06 

10 < 0.5  mg/mL N 4.01 < 0.1 2.02 2.31 0.02 

11 2 mg/mL Y 5.46 1.1 2.67 2.74 0.03 

12 < 0.5 mg/mL N 5.58 1.5 2.85 2.62 0.06 

13 > 30 mg/mL Y 3.34, 9.30 98.8 1.27 -0.73 0.03 

14 < 0.5 mg/mL N < 2, 5.38 0.9 0.60 0.97 0.09 

15 < 0.5 mg/mL N 6.62 14.2 0.95 1.40 0.05 

16 > 30 mg/mL Y 5.35 0.9 2.23 2.35 0.04 

18 > 30 mg/mL Y < 2, 8.81 96.3 0.31 -1.32 0.06 

a) determined by potentiometric titration with the GlpKa apparatus, SD < 0.02 (n ≥ 3) 

b) calculated by BioLoom for Windows software v. 1.0 BioByte Corp, Claremont CA, USA 

c) measured by the shake-flask method 

d) vehicle: phosphate buffer pH 6.0+cremophor EL 5%+ DMSO 0.3%+bac 0.2 mg/mL 

 

Lipophilicity is a molecular property defined as the logarithm of the partition coefficient (logP) of a 

solute in a known electrical state between two essentially immiscible solvents. Lipophilicity must 

be distinguished from the distribution coefficient at a given pH (logDpH), which is the logarithm of 

the concentration ratio of a solute present in more than one electrical state and in equilibrium 

between two immiscible solvents. Calculated partition coefficients (cLogP) and measured logD7.4 



values between n-octanol and water for all the furoxans studied here are given in Table 3. The 

former were calculated using the BioLoom windows software package v. 1.0, the latter were 

obtained by the shake-flask technique at room temperature. Analysis of the data shows that logD7.4 

values are distributed over a wide range (-1.54 to +2.74), indicating that the hydrophilic-lipophilic 

balance in the series covers a wide range. The calculated cLogPs values are also wide-ranging (-

1.60 to +2.85) and are in good accordance with the corresponding logD7.4 values, provided that the 

ionization process in the molecule is negligible. By contrast, these two parameters differ markedly 

for products 2, 3, 13 and 18, in which the ionization process is significant at pH 7.4. 

The solubility of all furoxans was determined at 25 °C in water and in the vehicle used for the in 

vivo tests (PBS pH 6.0/Cremophor EL/DMSO/BAC, see Table 3). Most of the products are freely 

soluble in water (> 30 mg/mL); only a few of them (10-12, 14 and 15) display reduced solubility. 

Compounds 2, 3, 5, 7, 9, 11 and 18 were studied for their IOP-lowering effects in the transient 

ocular hypertensive rabbit (tOHT) model following 1% topical dose. The selected products were 

highly water soluble (>30 mg/mL) with the exception of compound 11 (water solubility, 2 mg/mL) 

and both their lipophilic-hydrophilic balance and  NO-donor capacity ranged widely. The results are 

shown in Table 4 and Figure 2. The efficacy of a given NO-donor to lower IOP depends on several 

factors, including its NO-release properties as well as its water solubility and lipophilicity, both of 

which influencing corneal permeability.17 Consequently, the complexity of the data so far found 

(see Table 4 and Figure 2) do not allow any conclusive structure-activity relationship assessment. 

However, some qualitative considerations can be made. 

 

Table 4. The ocular hypotensive efficacy of the tested compounds is expressed in mmHg as average 

difference in IOP (intraocular pressure) between compound-treated eyes, vehicle-treated eyes, and 

their respective pre-treatment value, as shown in the following formula: Efficacy = (IOPdrug – 

IOPpre-dose drug)- (IOPveh – IOPpre-dose veh). 

 



Compound IOP lowering efficacy (mmHg) 

cLogP  logD7.4  ±SE 

 60 min 120 min 

Molsidomine (1%) -7.83 ±0.84 -8.17 ±0.67 1.33 - 

Timolol (0.5%) -7.17 ±0.52 -7.33 ±0.92 0.34 - 

CAS1609 -4.8 ±3.7 -2.9 ±1.9 -1.60 -1.48 0.06 

2 -11.9 ±1.4 -8.8 ±1.1 0.35 -1.54 0.06 

3 -14.0 ±1.9 -9.0 ±1.2 1.25 -0.28 0.03 

5 -12.0 ±3.3 -8.6 ±1.6 -0.72 -0.03 0.01 

7 -14.4 ±2.4 -11.2 ±1.7 0.55 0.87 0.02 

9 -8.9 ±1.5 -4.8 ±1.6 1.61 1.98 0.06 

11a) -5.3 ±2.1 -2.8 ±1.9 2.67 2.74 0.03 

18 -11.5 ±1.0 -10.6 ±0.7 0.31 -1.32 0.06 

a) IOP lowering -8.5±2.9 mmHg after 30 min post-dosing 

  



Figure 2. Correlation between NO release (expressed as % nitrite), lipophilicity and efficacy. The 

area of each dot represents the relative IOP lowering activity. 

 

The efficacy of the products to lower IOP is in the order  7 ≈ 3 ≥ 5 ≈ 2 ≥ 18 ≥ 9 > 11 > CAS1609. 

Compounds 3 and 7 are the most effective at lowering IOP (Figure 3a and 3b). The efficacy 60 min 

after administration is higher than that of Molsidomine and similar to that of Timolol. The 3-methyl 

substituted furoxan 3 is a markedly more feeble NO-donor compound compared to 7, but it is more 

hydrophilic due to its massive ionization at physiological pH. Notably, compound 7 showed a 

significant and prolonged IOP lowering efficacy (-11.2±1.7 mmHg and -8.6±1.3 mmHg at 120 and 

240 min post-administration, respectively). The demethylation of the dimethylamino group in 3 

gives rise to 2, which is again a rather feeble NO-donor, but its lipophilicity is markedly decreased, 

and its efficacy is slightly less than that of compound 3. In compound 7, substitution of the N(Me)2 

group with the piperazino, N(Et)2, and N(n-Pr)2 moieties affords 18, 9 and 11, respectively. All 

these models showed a NO-donor capacity comparable with compound 7. Compound 18 is less 



lipophilic than 7 and retains much of its efficacy, while 9 and 11 are markedly more lipophilic and 

less active. Of note, compound 11 elicited a rapid IOP lowering effect (-8.5±2.9 mmHg at 30 min 

post-dose) compared with the other compounds tested, which had virtually no effect at this time-

point. Finally, CAS 1609 is the least effective member of the series, being practically inactive. This 

compound, at physiological pH, can exist only in the neutral form, and is endowed with very low 

capacity to release NO. Substitution of the 4-CH2OH group with the ionizable CH2N(Me)2 moiety 

gives rise to 5, which is also a very feeble NO-donor, but more lipophilic than the former. 

Compound 5 IOP-lowering efficacy is intermediate between that of Molsidomine and Timolol. 

Taken as a whole, the data seem to indicate that, in this series of furoxans, the IOP-lowering activity 

is chiefly modulated by the lipophilic-hydrophilic balance, rather than by the entity of the NO 

released. Indeed, when IOP lowering efficacy of the products is plotted against their respective 

logD values, a roughly parabolic relation emerges, with the optimum value for logD ranging 

approximately from 0 to 1 (Figure 4).  

  



Figure 3. IOP lowering activities of compounds 3 (a) and 7 (b). 

a) 

 

b) 

 

  



Figure 4. Correlation between activity (IOP lowering) and lipophilicity at 60 min post dosing. 

 

Glaucoma is one of the principal causes of blindness in the world. There is now much interest in 

exploring NO-donor products as potential drugs for the treatment of this disease. Several classes of 

NO donors have been studied, however, little is known on furoxan derivatives. In this study, 

selected members of a series of furoxans, widely modulated in their lipophilic-hydrophilic balance 

and in their capacity to release NO were found able to lower IOP. Some of them were as active as 

0.5% Timolol and more active than the NO donor Molsidomine, administered at 1%. The most 

interesting compound was 4-((N,N-dimethylamino)methyl)furoxan-3-carbonitrile (7), which 

maintained most of its activity even 120 min and 240 min post-administration. The activity of these 

compounds seems modulated by their lipophilic-hydrophilic balance. The findings of this research 

provide an interesting starting point from which to develop other furoxan derivatives with 

optimized IOP lowering activity. 
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