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Abstract 

Overproduction of uric acid in the body leads to hyperuricemia, which is also 

closely related to gout. Uric acid production can be lowered by xanthine oxidase 

(XO) inhibitors. Inhibition of XO has also been proposed as a mechanism for 

improving cardiovascular health. Therefore, the search for new efficient XO 

inhibitors is an interesting topic in drug discovery. 3-Phenylcoumarins and 2-

phenylbenzofurans are privileged scaffolds in medicinal chemistry. Their 

structural similarity makes them interesting molecules for a comparative study. 

Methoxy and nitro substituents were introduced in both scaffolds. The current 

study gives some insights into the synthesis and biological activity of these 

molecules against this important target. For the best compound of the series, 

the 3-(4-methoxyphenyl)-6-nitrocoumarin (4), the IC50 value, type of inhibition, 

cytotoxicity on B16F10 cells and ADME theoretical properties, were determined. 

Docking studies were also performed in order to better understand the 

interactions of this molecule with the XO binding pocket. This work is a 

preliminary screening for further design and synthesis of new non-purinergic 

derivatives as potential compounds involved in the inflammatory suppression, 

specially related to gout. 
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1. Introduction 

Xanthine oxidase (XO, EC 1.2.3.2) is a form of molybdoflavin protein that plays 

an important role at the end of the catabolic sequence of the purine nucleotide 

metabolism in humans and a few other uricotelic species [1]. It firstly catalyzes 

the oxidation of hypoxanthine to xanthine, and then transforms it into uric acid, 

which is excreted in the urine [2]. This process reduces molecular oxygen to 

O2
⋅−. Hydroxyl free radicals and hydrogen peroxide, both of which are 

byproducts of XO activity, can cause oxidative stress in human cells. 

Overproduction or under excretion of uric acid in humans can lead to 

hyperuricemia and gout, which is caused by crystallization and deposition of 

uric acid in joints and surrounding tissue [3]. Gout is a metabolic disorder 

associated with abnormal amounts of uric acid in the body, which causes 

inflammation, gouty arthritis, and uric acid nephrolithiasis. Recent studies have 

indicated that asymptomatic hyperuricemia is associated or may have a causal 

relationship with cardiovascular diseases [4].  

Allopurinol (1H-pyrazol[3,4-d]pyrimidin-4-ol, Fig. 1) is a substrate and specific 

potent inhibitor of XO, and has been used for gout treatment for several years 

[5]. Different studies have indicated that allopurinol may induce hypersensitivity 

syndrome and Stevens-Johnson syndrome in patients [6,7,8]. More recently, 

febuxostat [2-(3-cyano-4-isobutoxyphenyl)-4-methyl-1,3-thiazole-5-carboxylic 

acid, Fig. 1], a new non-purine XO inhibitor, has been approved for the 

treatment of gout in the European Union and USA [5,9]. Many side effects of 

febuxostat have been reported [10]. 

 

Fig. 1. Chemical structure of allopurinol (reference compound) and febuxostat. 
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this target. Therefore, XO inhibitory activity of two different scaffolds was 

evaluated and compared with allopurinol. 

 

2. Materials and methods 

2.1. Synthesis 

2.1.1. General  

All reagents were purchased from Sigma-Aldrich and used without further 

purification. All solvents were commercially available grade. Organic solutions 

were dried over anhydrous Na2SO4. All reactions were carried out under argon 

atmosphere, unless otherwise mentioned. Concentration and evaporation of 

the solvent after reaction or extraction was carried out on a rotary evaporator 

(Büchi Rotavapor) operating under reduced pressure. Reaction mixtures were 

purified by flash column chromatography using Silica Gel high purity grade 

(Merck grade 9385 pore size 60Å, 230-400 mesh particle size). Reaction 

mixtures were analyzed by analytical thin-layer chromatography (TLC) using 

plates precoated with silica gel (Merck 60 F254, 0.25 mm). Visualization was 

accomplished with UV light (254 nm) or potassium permanganate (KMnO4). 

 

2.1.2. General procedure for the preparation of 3-arylcoumarins 1-4. In a 20 mL 

dry Schlenk tube, to a solution of the conveniently substituted salicylaldehyde 

(2.46 mmol) and the arylacetic acid (2.46 mmol), in acetic anhydride (6 mL), 

NaH (2.46 mmol) was added in small portions, and the reaction mixture was 

stirred for 3 hours, at room temperature. The obtained crude was filtered and 

washed with diethyl ether. The obtained solid was then purified by flash 

chromatography (hexane/ethyl acetate 9:1) to give the desired coumarins 1-4. 

 

2.1.3. General procedure for the preparation of 3-arylcoumarins 5 and 6. To a 

20 mL two neck round bottomed flask was added a solution of 3-chlorocoumarin 

(0.83 mmol), arylboronic acid (1.04 mmol), Na2CO3 (1.66 mmol), and Pd-salen 

complex (0.5 mol %), in DMF/H2O (1:1). The reaction mixture was heated at 

110 C for 120–180 minutes. The reaction was monitored by chromatography. 

After the completion of the reaction, the mixture was extracted with ethyl 

acetate (3x20 mL). The organic extracts were dried over anhydrous sodium 



sulphate, filtrated and evaporated under vacuum. The obtained solid was 

purified by column chromatography (hexane/ethyl acetate 9:1) to give the 

coumarins 5 and 6.  

 

2.1.4. General procedure for the preparation of 2-hydroxybenzylalcohols Ia and 

Ib. Sodium borohydride (6.60 mmol) was added to a stirred solution of 2-

hydroxybenzaldehyde (6.60 mmol), in ethanol (20 mL), in an ice bath. The 

reaction mixture was stirred at room temperature for 1 hour. After that, the 

solvent was removed, 1 N aqueous HCl solution (40 mL) was added to the 

residue and extracted with diethyl ether. The solvent was evaporated under 

vacuum to give the desired compounds Ia and Ib. 

 

2.1.5. General procedure for the preparation of 2-

hydroxybenzyltriphenylphosphonium bromide IIa and IIb. A mixture of 2-

hydroxybenzylalcohol (16.27 mmol) and PPh3·HBr (16.27 mmol) in CH3CN (40 

mL) was stirred under reflux for 2 hours. The obtained solid was filtered and 

washed with CH3CN to give the desired compounds IIa and IIb. 

 

2.1.6. General procedure for the preparation of 2-phenylbenzofuran 7-12. A 

mixture of 2-hydroxybenzyltriphenylphosphonium bromide (1.11 mmol) and 

benzoyl chloride (1.11 mmol), in a mixed solvent (toluene 20 mL and Et3N 0.5 

mL), was stirred under reflux for 2 hours. The precipitate was removed by 

filtration. The filtrate was concentrated, and the residue was purified by silica 

gel chromatography (hexane/EtOAc 9:1) to give the desired compounds 7-12. 

 

2.2. Biological assays  

2.2.1. XO inhibition 

The biological assays were carried out following the protocol described below 

[11]. The reaction mixture contained 0.1 M of a phosphate buffer solution (pH 

7.5), an aqueous solution of XO (0.5 U/mL, Sigma Chemical Co) and 20 μL 

DMSO, with or without the compound, at different doses. After mixing, a 0.82 

mM of xanthine solution was added and the activity of the XO was determined 

spectrophotometrically (Varian Cary 50) by measuring the formation of uric acid 

at 295 nm, for 5 minutes, at 37 C. The percent of XO activity inhibition was 



calculated as: inhibition (%) = (A–B)/A x 100%, where A represents the 

difference in the absorbance of control sample between 0.5 and 1.0 minute, 

and B represents the difference in absorbance of the test sample between 0.5 

and 1.0 minute. The IC50 value, a concentration giving 50% inhibition of XO 

activity, was determined by interpolation of dose-response curves. Allopurinol 

was used as reference. All experiments were carried out three times. 

Continuous variables with normal distribution were presented as mean ± SD. 

The final concentration containing 2% DMSO (v/v) did not affect the enzyme 

activity. The mode of inhibition of the enzyme was performed using the 

Lineweaver-Burk plot. Enzyme kinetics were determined in the absence and 

presence of different concentrations of the tested samples (2.5, 5.0 and 7.5 µM), 

as well as different xanthine concentrations (16.6, 20, 25 and 50 µM) as 

substrate. 

 

2.2.2. Cytotoxicity  

B16F10 mouse melanoma cells (CRL-6475) were purchased from the 

American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS, Gibco, NY, USA), and 1% penicillin/streptomycin 

at 37 C in a humidified atmosphere with 5% CO2. The cytotoxic effect of 

compound 4 was evaluated on B16F10 cells using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [12 ]. Briefly, cells were 

seeded in a 96-well plate (5x103 cells/well) and incubated for 48 hours, at 37 

C, with the samples at different concentrations from 10 to 150 µM. As DMSO 

was used to dissolve the compounds, all the activities were measured in the 

presence of DMSO (0.5%), as solvent control. After the incubation time, cells 

were labelled with MTT solution for 3 hours at 37 C. The resulting violet 

formazan precipitates were dissolved in DMSO and color development was 

measured at 570 nm, using a microplate reader (Infinite 200, Tecan, Austria). 

The absorbance is proportional to the number of viable cells. 

 

2.3. Molecular Docking 



The crystal structure (PDB ID: 1FIQ) of XO [13] and the three-dimensional 

structure of the ligands, obtained using open babel software [14], were used for 

the computational study. The structure of the ligands was geometry optimized 

using quantum chemistry calculations [15]. The protein-ligand docking was 

performed using the COACH-D server [16], which predicts ligand poses by 

using a consensus of five methods. The final step in the protocol [17] consisted 

of docking the ligand into the predicted binding pockets to build their complex 

structures, employing the molecular docking algorithm AutoDock Vina [18]. For 

each predicted binding pocket, the best match to the consensus prediction of 

the binding residues was then selected. 

 

3. Results and discussion 

3.1. Synthesis 

Based on previous findings in the field [ 19 ], and in our experience with 

substituted 3-phenylcoumarins and 2-phenylbenzofurans, in the present work 

we propose the synthesis (Scheme 1), XO inhibition evaluation (Table 1 and 

Fig. 2), cytotoxicity evaluation (Fig. 3) and a comparative study of a series of 

different substituted compounds from both families. With the aim of finding the 

structural features for the biological activity, we decided to explore the 

importance of the nature and position of small groups (methoxy and nitro 

substituents) into both scaffolds (Scheme 1). 

The derivatives 1-4 [20,21,22] were efficiently synthesized by a condensation 

reaction in a dry Schlenk tube, in presence of sodium hydride and with acetic 

anhydride as solvent, at room temperature, for three hours. The reaction 

mixture was purified by flash chromatography, using hexane/ethyl acetate as 

eluent, in a proportion of 9:1. Starting from the commercially available 

salicylaldehydes and the respectively substituted arylacetic acids, we obtained 

four derivates in good yields (60–75%).  

The derivatives 5 [23] and 6 [23] were efficiently synthesized by a direct cross-

coupling reaction, in presence of sodium carbonate (Na₂CO₃), N,N’-

bis(salicylidene)-ethylenediamino-palladium (salen-Pd), in DMF/H2O (1:1), at 

110 C, for 120-180 minutes. The reaction mixture was purified by flash 

chromatography, using hexane/ethyl acetate as eluent, in a proportion of 9:1. 



Starting from the 3-chlorocoumarin and the respectively substituted arylboronic 

acids, we obtained two derivates in good yields (56 and 64%).  

Compounds 7-12 [24,25,26,27,28,29] were prepared via a Wittig reaction, 

according to the protocol outlined in Scheme 1. The desired Wittig reagents 

were readily prepared from the conveniently substituted 2-hydroxybenzyl 

alcohols Ia and Ib and PPh3·HBr, in acetonitrile, at 82 C, for two hours. The 

key step for the formation of the benzofuran moiety was achieved by an 

intramolecular reaction between the 2-hydroxybenzyltriphosphonium salt IIa 

and IIb and the appropriate benzoyl chloride, in toluene, at 110 C, for 2 hours, 

to give the six desired derivates in good yields (40-96%). 

 

Scheme 1. Synthetic methodology to prepare compounds 1-12. Reagents and 

conditions: a) NaH (1.0 equiv), acetic anhydride, r.t., 3 h; b) Na₂CO₃ (2.0 equiv), 



palladium complex (0.5 mol %), DMF/H2O (1:1), 110 C, 120-180 min; c) NaBH4, 

EtOH, 0 C to RT, ~2 h; d) PPh3·HBr, CH3CN, 82 C, 2 h; e) toluene, Et3N, 110 

C, 2 h. 

 

3.2. Enzyme inhibitory studies 

The inhibitory effect of compounds 1-12 on XO activity was determined 

spectrophotometrically by monitoring the formation of uric acid at 295 nm. 

Bovine milk xanthine oxidase (1332 residues), used in our enzymatic assay, is 

90% homologous to human liver enzyme (1333 residues). Six 3-

phenylcoumarins and six 2-phenylbenzofurans were evaluated for their ability 

to inhibit XO, and an overview of the effects is summarized in Table 1. 

 

Table 1. XO inhibitory activity (% Inhibition at 100 μM and IC50) of 3-

phenylcoumarins, 2-phenylbenzofurans and allopurinol. Type of inhibition for 

compound 4 and allopurinol, the reference compound.  

 

 
1-6 

Compound R1 R2 R3 

Inhibitory 
activity 

(Inhibition % ± 
SD) 

IC50 (μM) ± SD 
Type of 

inhibition 

1 H H H 75.4 ± 0.2 -  

2 NO2 H H 19.2 ± 0.7 -  

3 NO2 OMe H 76.6 ± 1.6 -  

4 NO2 H OMe 85.1± 3.2 8.4 ± 1.7 uncompetitive 

5 H OMe H 40.4 ± 4.0 -  

6 H H OMe 22.5 ± 1.2 -  



 

 
7-12 

Compound R1 R2 R3 

Inhibitory 
activity 

(Inhibition % ± 
SD) 

IC50 (μM) ± SD 
Type of 

inhibition 

7 H H H 26.3 ± 3.6 -  

8 NO2 H H * -  

9 NO2 H OMe 36.5 ± 0.9 -  

10 NO2 OMe H NI -  

11 H H OMe * -  

12 H OMe H NI -  

Allopurinol [30]   0.1 competitive 

* At 100 µM (highest concentration tested) the compounds precipitated.  

NI = No inhibition observed at 100 µM. 

 

3-(4-Methoxyphenyl)-6-nitrocoumarin (4) proved to be the best candidate of the 

series. Therefore, the IC50 of this compound was calculated (IC50 = 8.4 μM, 

Table 1). A kinetic study of this compound was also performed to understand 

the mechanism of enzymatic inhibition. The inhibitory binding mode was 

studied by using Lineweaver-Burk double reciprocal plots and the results are 

presented in Fig. 2. Analyzing the chart, plots of 1/V versus 1/[S] gave a family 

of parallel lines for increasing concentration. This behavior indicates that 

compound 4 interacts with the enzyme in an uncompetitive way. The type of 

inhibition is different to the reference compound, allopurinol (Table 1).  



 

Fig. 2. Lineweaver-Burk plots for the XO inhibition caused by compound 4. 

Concentrations of compound 4 were 0 (●), 2.5 (○), 5.0 (□) and 7.5 (■) μM. 

 

3.3. Cytotoxicity assay analysis 

After obtaining encouraging results from the previous experiments, biosafety 

effectiveness of the promising compound 4 was further evaluated, and the 

results represented in Fig. 3. 

 

Fig. 3. The effect of compound 4 on B16F10 cell viability. Cells were treated 

with different concentrations of compound 4 (10-150 μM) and their viability was 

evaluated by MTT assay. 

 

0.080.040-0.04-0.08

12

10

8

6

4

2

0

1/Xanthine

1
/V

0

20

40

60

80

100

120

0 10 25 50 75 100 150

%
 C

e
ll
  
v
ia

b
ili

ty

Compound 4 [µM] 



The results obtained support the fact that compound 4 is non-cytotoxic on 

B16F10 cells at the concentration in which the XO activity is inhibited (IC50 = 

8.4 µM). 

 

3.4. Molecular and physicochemical properties of compounds 

To better correlate the drug-like properties of the best compound (4), theoretical 

calculations were performed. For comparison, calculations were also 

performed for the 2-(4-methoxyphenyl)-5-nitrobenzofuran (10, 2-

phenylbenzofuran with same substitution pattern of 4) and allopurinol, the 

reference compound. Physicochemical properties, such as lipophilicity, 

expressed as the octanol/water partition coefficient, topological polar surface 

area (TPSA), molar refractivity (steric factor), number of hydrogen acceptors, 

number of hydrogen bond donors, volume, rotatable bonds and water solubility 

were calculated using Swiss ADME web tool [31] and Molinspiration program 

[32]. TPSA is commonly used as medicinal chemistry metric for the optimization 

of a drug’s ability to permeate cells and achieve the desired target. The 

obtained in silico results are summarized in Table 2. 

 

Table 2. Physicochemical properties of compounds 4 and 10, and allopurinol, 

used as reference.  

 Compound 4 Compound 10 Allopurinol 

Volume (Å3) 248.88 229.89 108.68 

Molar Refractivity 

(m3mol-1) 
83.23 76.96 34.51 

Rotatable bonds 3 3 0 

H-bond acceptors 5 3 3 

H-bond donors 0 0 2 



Polar surface 

area (Å2) 
85.26 68.19 74.44 

Lipophilicity 

(WLogP) 
3.38 4.02 0.06 

Water solubility Moderate Moderate Very soluble 

Drug likeness 

(Lipinski) 
Yes Yes Yes 

 

Subsequently, utilizing the lipophilicity and TPSA descriptors, two crucial 

pharmacokinetic parameters namely gastrointestinal absorption (GA) and 

blood-brain barrier (BBB) were predicted using the novel Brain Or 

IntestinaLEstimateD permeation (BOILED-Egg) method (Fig. 4).  

 

 

Fig. 4. BOILED-Egg construction plot for compounds 4 and 10, and allopurinol, 

using WLogP and TPSA parameters. The white region represents the 

physicochemical space of GA and the yellow region of BBB. 

 

It is interesting to note that the promising compound 4 and allopurinol share the 

physiochemical space that represents high probability of absorption in the 

gastrointestinal tract. Since the highest concentration of XO in humans is 



present in the intestinal and liver tracts, GA is an important parameter that 

should be considered for the identification of lead molecules. 

To better understand the uncompetitive interaction displayed by compound 4 

and XO binding pocket residues, molecular docking calculations were 

performed for the protein-ligand complexes (Fig. 5). Since, compound 10 

presents the same substitution pattern (Fig. 5C) as compound 4 (Fig. 5B), for 

comparison, even if compound 10 proved to be experimentally non-active, 

calculations were performed for both molecules. 

 

Fig. 5. Modeling XO–compound complexes. (A) XO protein structure shown 

using surface and cartoon, ligand (as licorice) and binding region highlighted 

with dashed circle representation. (B) Zoomed view of predicted ligand binding 

site for compound 4. (C) Zoomed view of predicted ligand binding site for 

compound 10. 

 

The docking results indicated a better binding energy for compound 4 (-8.8 

kcal/mol), while compound 10 displayed a lower value of -7.5 kcal/mol. The 

binding sites for the compounds 4 and 10, and the amino acid residues 

responsible for the interactions, are shown in detail in Fig. 6. 

 



 

Fig. 6. Predicted docked conformation of compound 4 and 10 bound on XO 

binding pocket. Hydrophobic residues are in green, positive charged residues 

in indigo, while polar residues are represented in light blue.  

 

The binding site for the two compounds is quite similar. However, they differ in 

the orientation/positioning of the methoxy group. Indeed, the 

orientation/positioning of methoxy group of compound 4 in the binding site 

facilitated additional interactions, such as π-stacking interaction (T-type) with 

residue Phe798, cation–π interaction and salt-bridge interaction involving the 

Arg912 residue. Therefore, resulting in a better docking energy with respect to 

compound 10. Moreover, the residues involved in the interaction with the 

compounds are different from the catalytic important residues (Glu802, Arg880, 

Glu1261) present in the active site of XO protein, supporting the uncompetitive 

inhibition characteristic of compound 4. 

 

4. Conclusions 

In summary, we investigated the XO inhibitory activity of twelve compounds, 

and found eight active molecules, displaying three of them inhibitory activity 

above 75%, at 100 µM. All the 3-phenylcoumarins proved to be active on the 

studied target. The most active molecule –3-(4-methoxyphenyl)-6-

nitrocoumarin (4)– presented an IC50 of 8.4 μM against XO, inhibiting the 

enzyme in an uncompetitive way. Our results highlighted a relationship 

between the scaffold, the nature of the substituents and their position within the 



scaffolds, and XO inhibitory activity. Besides being the most promising 

compound against the enzyme, compound 4 proved to be non-cytotoxic on 

B16F10 cells at the concentration in which XO activity is inhibited (~10 μM). 

Also, this molecule presents pharmacokinetics and drug-likeness 

characteristics that support it as a promising candidate for designing effective 

non-purinergic XO inhibitors. 
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