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Abstract. Melatonin (Mel) and some of its active metabolites such as N1-acetyl-5-methoxykynuramine (AMK), 
N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK), 6-hydroxymelatonin (6OHM), and the analogues Ir and 
It recently designed by Galano's group, have been studied within density functional theory (DFT). The purpose is 
to evaluate some plausible mechanisms of action of melatonin's metabolites and analogues with the free radicals 
(FR): 𝑂𝑂𝑂𝑂•, 𝑁𝑁𝑁𝑁2•, 𝐻𝐻𝐻𝐻𝐻𝐻•, and 𝐶𝐶𝐶𝐶3𝑂𝑂•. We calculated global chemical reactivity descriptors from conceptual DFT 
to evaluate their antiradical properties. We used water and pentyl ethanoate as solvents to simulate the 
physiological conditions, modeled via the continuum solvation model based on density (SMD). We assess the 
following plausible mechanisms: single electrons transfer (SET), hydrogen atom transfer (HAT) and xanthine 
oxidase (XO) inhibition. We performed our calculations at the M06-2X/6-31+G* level of theory. The results 
indicate that Mel, AMK, AFMK, 6OHM, It, and Ir are good antiradicals towards the FRs: 𝑁𝑁𝑁𝑁2• and 𝐶𝐶𝐶𝐶3𝑂𝑂•, while 
It and Ir could be suitable XO inhibitors. 
Keywords: Antiradical properties; Density Functional Theory; melatonin; xanthine oxidase; molecular docking. 
 
Resumen. La melatonina (Mel) y algunos de sus metabolitos activos como N1-acetil-5-metoxiquinuramina 
(AMK), N1-acetil-N2-formil-5-metoxiquinuramina (AFMK), 6-hidroximelatonina (6OHM) y los análogos Ir e 
It, diseñados recientemente por el grupo de Galano, han sido estudiados con la teoría de funcionales de la densidad 
(DFT). El propósito es evaluar algunos mecanismos de acción plausibles de los metabolitos y análogos de la 
melatonina con los radicales libres (FR): 𝑂𝑂𝑂𝑂•, 𝑁𝑁𝑁𝑁2•, 𝐻𝐻𝐻𝐻𝐻𝐻•, y 𝐶𝐶𝐶𝐶3𝑂𝑂•. Calculamos los descriptores de reactividad 
química global a partir de DFT conceptual para evaluar sus propiedades antirradicales. Usamos agua y etanoato 
de pentilo como solventes para simular las condiciones fisiológicas, modeladas a través del modelo continuo de 
solvatación basado en la densidad (SMD). Evaluamos los siguientes mecanismos plausibles: transferencia de 
electrones individuales (SET), transferencia de átomos de hidrógeno (HAT) e inhibición de la xantina oxidasa 
(XO). Realizamos nuestros cálculos al nivel de teoría M06-2X/6-31+G*. Los resultados indican que Mel, AMK, 
AFMK, 6OHM, It e Ir son buenos antirradicales frente a los FRs: 𝑁𝑁𝑁𝑁2• y 𝐶𝐶𝐶𝐶3𝑂𝑂•, mientras que It e Ir podrían ser 
inhibidores adecuados de XO. 
Palabras clave: Propiedades antirradicales; teoría de funcionales de la densidad; melatonina; xantina oxidasa; 
acoplamiento molecular. 
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Introduction 
    

Reactive oxygen species (ROS) and reactive nitrogen species (RNS), namely free radicals (FRs), are 
continuously generated in typical biological systems by enzymes like xanthine oxidase (XO) [1, 2]. However, 
high levels of FRs are associated with increased oxidative stress (OS) [3]. Then, the inappropriate scavenging 
or inhibition of FRs has been linked with aging, inflammatory disorders, and chronic diseases [4, 5]. 
Nevertheless, antiradicals (ARs) molecules can interact with FRs and terminate their chain reaction by different 
mechanisms to prevent OS [5–7]. There is evidence that melatonin and related compounds are efficient as ARs 
[8–11]. The literature has extensively studied the role of melatonin (Mel) and its metabolites against OS. The 
different mechanisms of melatonin and its metabolites have been reported, finding that melatonin metabolites 
are better antioxidants than melatonin itself [11–16]. In this sense, melatonin derivatives have been sought with 
better antiradical properties that regenerate, are non-toxic, and do not have pro-oxidant behavior. 

Melatonin and metabolites have been studied against ROS by evaluating different mechanisms of 
action [8, 14]. However, there is no previous research on melatonin's metabolites and analogues to their mode 
of interaction with FR-producing enzymes, like XO. Mel has been reported as an inhibitor of these types of 
enzymes by theoretical [17, 18] and experimental works [19–23]. Hence, we propose inhibiting this enzyme by 
melatonin's metabolites and analogues could considerably reduce oxidative stress in the cell. With this aim, we 
decided to study Mel, its three active metabolites N1-acetyl-5-methoxy kynuramine (AMK), N1-acetyl-N2-
formyl-5-methoxykynuramine (AFMK), 6-hydroxymelatonin (6OHM), and two analogues developed by 
Galano's group Ir ((E)-1-methyl-3-((2-phenylhydrazine)methyl)-1H-indol-7-ol) and It ((E)-3-((2-(2-
fluorophenyl)hydrazine)methyl)-1-methyl-1H-indol-7-ol))[24,25], (Fig. 1). Moreover, some ARs may exhibit 
more than one mechanism; they are classified as multifunctional antiradicals [26]. Then, we studied some 
possible mechanisms such as XO inhibition, single electron transfer (SET), and hydrogen transfer (HAT) with 
FRs: 𝑂𝑂𝑂𝑂•, 𝑁𝑁𝑁𝑁2•, 𝐻𝐻𝐻𝐻𝐻𝐻•, and 𝐶𝐶𝐶𝐶3𝑂𝑂•. Previous works studied Mel, 6OHM, AMK, and AFMK interacting with 
𝐻𝐻𝐻𝐻𝐻𝐻•, and 𝑂𝑂𝑂𝑂•  through the mechanisms of action SET, HAT, and radical adduct formation [12,14,15,27,28]. 
Henceforth, we use these results and evaluate the interaction with 𝑁𝑁𝑁𝑁2• and 𝐶𝐶𝐶𝐶3𝑂𝑂• that, as far as we are aware, 
have not been reported in computational studies for Mel, 6OHM, AMK, AFMK, It, and Ir. 

Consequently, we examine the antiradical properties by global chemical reactivity descriptors of 
Conceptual Density Functional Theory (CDFT)  [29] and mechanisms (SET, HAT, and XO inhibition) of Mel, 
6OHM, AMK, AFMK, It, and Ir (Fig. 1) using computer-assisted protocols that significantly reduce costs and 
expedite the process. The search mainly consisted of computing CDFT reactivity descriptors to assess the 
reactivity properties, log P, solvation free energy, and mechanisms of action of the selected species. 
 

 
Fig. 1. Chemical structures of Mel and its analogues studied in this work and atom-numbers labels. 
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Computational methodology 
 

We used Gaussian 09 [30] for the molecular DFT calculations. We performed for each geometry 
optimization a frequency analysis to properly identify local minima in the potential energy surface (PES). The 
final M06-2X/6-31+G* level of theory was chosen through calibration and comparison with eight levels of 
theory. Since the details of the methods used are similar as in our previous work, we refer the reader to it [31].  
The calculated ionization potential (I) value was used as a control and compared with the experimental I value 
of melatonin, 7.70 eV [32]. To simulate aqueous and lipid environments, we use the continuum solvation model 
based on density (SMD) [33], used to simulate solvent effects (water, ε = 78.36 and pentyl ethanoate as a model 
for lipidic ones, ε = 4.73). 
 
Conformers 

Initially, a conformational search is done [31,34] with the MMFF force field [35-38]. Although 10,000 
conformers are inspected in the search, we select only the lowest-energy ten conformers, with a methodology 
detailed in our previous work [31], finally reoptimized to the level M06-2X/6-31+G* DFT. 
 
pKa determination 

It is necessary to know the pKa value to assess the dominant acid/base species at physiological 
conditions (aqueous phase and average pH=7.4). Therefore, we determine the pKa values of all computed AR 
molecules. Since the details of the method used is similar as in our previous work, we refer the reader to it 
[31,39]. 
 
DFT global descriptors 

Global CDFT reactivity descriptors [29] were computed to assess the reactivity of the studied 
molecules towards the FRs. In this work, since the details of the computational methods used are similar as in 
our previous work, we refer the reader to it [31]. Among them, we computed the vertical ionization energy (𝐼𝐼) 
and the electron affinity (𝐴𝐴) [40,41]. Also computed are the electronegativity (𝜒𝜒) [42], chemical hardness (𝜂𝜂) 
[43,44]. Both 𝜒𝜒 and 𝜂𝜂 were computed with the well-known finite difference approximations. Other calculated 
descriptors are the electrophilicity index (𝜔𝜔) [45], the electrodonating power index (𝜔𝜔−), and the 
electroaccepting power index (𝜔𝜔+) [46].  
 
Solvation free energy and log P  

To assess the relative stability of a chemical species in solution respect to the gas phase, we computed 
the solvation-free Gibbs energy (∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠° ) [47]. Thus, we have computed the optimized Gibbs free energies in 
gas phase (𝐺𝐺𝑔𝑔𝑔𝑔𝑔𝑔) and in the two solvents: water and pentyl ethanoate (𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), 
 

∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠° = 𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐺𝐺𝑔𝑔𝑔𝑔𝑔𝑔 
 
We also used the log P value (octanol/water partition coefficient) to assess the hydrophobicity of 

compounds and their membrane permeability [48]. The log P value was computed using Spartan 18 [49] with 
the quantitative structure-activity relationships (QSAR) method of Ghose, Pritchet, and Crippen [50]. 
 
Single electron transfer 

We used two graphical strategies to investigate the SET mechanism, 
𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹• → 𝐴𝐴𝐴𝐴•+ + 𝐹𝐹𝐹𝐹− 

 
One strategy is to calculate the full-electron donor-acceptor map (FEDAM), and the second is the 

donator-acceptor map (DAM). FEDAM provides information about electron-donor and electron-acceptor 
behaviors of a given AR molecule [51]. In FEDAM one graphs 𝐼𝐼 versus 𝐴𝐴 to evaluate and characterize the 
electron-transfer process between AR and FR. The FRs evaluated were: 𝑂𝑂𝑂𝑂•, 𝑁𝑁𝑁𝑁2•, 𝐻𝐻𝐻𝐻𝐻𝐻•, and 𝐶𝐶𝐶𝐶3𝑂𝑂•. On the 
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other hand, in DAM one compares different molecules and classifies them according to their electron donating-
accepting capacity relative to the F and Na atomic values.  

Thus, one graphs the electron acceptance (𝑅𝑅𝑅𝑅) versus the electron donation index (𝑅𝑅𝑅𝑅), defined as 
 

𝑅𝑅𝑅𝑅 =
𝜔𝜔𝐿𝐿
+

𝜔𝜔𝐹𝐹+
 

 
  

𝑅𝑅𝑅𝑅 =
𝜔𝜔𝐿𝐿
−

𝜔𝜔𝑁𝑁𝑁𝑁−
 

 
Hydrogen atom transfer 

The HAT mechanism, is represented in general by 
 

𝐴𝐴𝐴𝐴 + 𝐹𝐹𝐹𝐹• → 𝐴𝐴𝐴𝐴(−𝐻𝐻)
• + 𝐴𝐴𝐴𝐴𝐴𝐴 

 
We studied the HAT mechanism of our selected molecules for the FRs: 𝑂𝑂𝑂𝑂•, 𝑁𝑁𝑁𝑁2•, 𝐻𝐻𝐻𝐻𝐻𝐻•, and 𝐶𝐶𝐶𝐶3𝑂𝑂•. 

Then, we computed the adiabatic Gibbs free energy for all reactions. 
 Also, we studied the dissociation energy of one hydrogen atom within the molecule (D0), 
 

𝐷𝐷0 ≡ 𝐴𝐴𝐴𝐴 → 𝐴𝐴𝐴𝐴(−𝐻𝐻)
• + 𝐻𝐻• 

 
Molecular docking studies 

To estimate the XO enzyme inhibition, we performed a flexible Docking study. We used the X-ray 
structure of Bos Taurus with PDB code: 1FIQ [52], (90 % homology with human XO) at 2.5 Å resolution, 
cocristalyzed with its competitive inhibitor salicylic acid (SAL). We employed the AutoDock Tools package 
version 1.5.6 and AutoDock 4.2.6 [53]. The protocol we followed was to merge nonpolar hydrogens, add 
Kollman charges, and use a Lamarckian Genetic Algorithm [54]. The A and B chains of the protein and small 
molecules were removed except for the molybdopterin cofactor (MTE) and Mo cofactor (MOS) in the C subunit 
of the XO protein. Since the details of the methods used are similar as in our previous work, we refer the reader 
to it [31]. All molecular graphics material was processed using the software Discovery Studio [55]. 

 
 
Results and discussion 
 

 To perform the calculations of Mel and its active metabolites, we selected the M06-2X/6-31+G* level 
of theory after assessing the cost/performance in several levels of theory.  Since the details of the methods used 
are similar as in our previous work, we refer the reader to it [31]. We compare the absolute error between 
calculated 𝐼𝐼 and experimental 𝐼𝐼, Table 1, where we see that M06-2X/6-31+G* has the second smallest absolute 
error. As a result, M06-2X/6-31+G* was selected for its low computational cost and similarity to the 
experimental data. Afterwards, we performed a conformational analysis at the M06-2X/6-31+G* level of 
theory. 
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Table 1. Mel vertical ionization energy (eV), at different levels of theory and % absolute error (calculated 𝐼𝐼 vs 
experimental 𝐼𝐼). 

Level of theory 𝑰𝑰 |% Error| 

Melatonin   

B3LYP/6-31+G* 7.37 4.3 

B3LYP/6-311G** 7.32 5.0 

B3LYP/6-311+G* 7.41 3.7 

M06-L/6-31G* 6.90 10.3 

M06-L/6-31+G* 7.04 8.5 

M06/6-31+G* 7.37 4.3 

LC-ωPBE/6-31+G* 7.63 0.9 

M06-2X/6-31+G* 7.60 1.3 

Exp. 7.70  
 
 
Conformational search 

The conformational analysis shows the most stable and thermodynamically more favorable 
conformers. Some of them have intra-molecular hydrogen bonds, Fig. 2; this may cause the highest value of 𝐷𝐷0 
and ∆𝐺𝐺  in HAT mechanism and, consequently, the lowest antioxidant potential. Then, Mel does not show any 
hydrogen bond in water and pentyl ethanoate, but noteworthy, the alkyl chain interacts with the benzene ring. 
AMK has one strong hydrogen bond between the amine and the ketone groups in both solvents. AFMK has one 
strong hydrogen bond and one weak hydrogen bond, where the hydrogens of the amine groups require more 
energy to be removed. Similarly, 6OHM has one strong hydrogen bond between the alcohol and ether groups.  
 

 
Fig. 2. Optimized geometries of Mel and its analogues in the water phase (same in pentyl ethanoate). Arrows 
indicate the hydrogen bonds with geometric parameter values. The colored circles and rhombuses indicate the 
types of hydrogen bonds formed, where yellow rhombuses show strong hydrogen bonds, and green circles show 
weak hydrogen bonds. Distances are reported in Å. 
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pKa calculation 
The pKa values of Mel and its derivatives are displayed in Table 2, together with the corresponding 

molar fractions at physiological pH (7.4). Table 2 shows that the dominant species at physiological pH are 
neutral molecules. Consequently, all the molecules were computed in their neutral forms. Previous works report 
the pKa value of Mel, AMK, AFMK, and 6OHM; see Table 2. However, in this work, the pKa values of It and 
Ir were obtained using the direct method of the proton exchange scheme, cycle A [39] in this work. It is well 
known that cycle A is not very accurate for proton exchange schemes, but our results agree with experimental 
results, which is sufficient for the scope of this work. 

 
Table 2. First pKa values and molar fraction calculated of the neutral (mfneutral) and anionic (mfanion) species at 
pH=7.4 for Mel and its derivatives at 1 M standard state.  

Molecule pKa mfneutral mfanion Ref. 

Mel 12.3 ~1.00 0.00 [56] 

AMK 16.8 ~1.00 0.00 [14] 

AFMK 8.7 0.95 0.05 [14] 

6OHM 9.4 0.99 0.01 [12] 

It 19.2 ~1.00 0.00 This work 

Ir 22.5 ~1.00 0.00 This work 
 
 
Global descriptors 

Our study of the reactivity of Mel and analogues has been performed by determining the global DFT 
reactivity descriptors, Table 3. We find that the analogues Ir and It have good antiradical activity. Furthermore, 
we found that Mel and analogues are more reactive in water than in pentyl ethanoate. We can see the order of 
molecules with the lower values of I is as follows: Ir<It<6OHM<AFMK<Mel<AMK. A lower I means a higher 
probability of losing an electron, thus Ir and It have higher capability for donating an electron to FRs. These 
results agree with the previous work of Galano [57]. In addition, we compared the molecules with lower values 
of A which may be ordered accordingly as: 6OHM<Mel<It<Ir<AFMK<AMK. A higher value of A means a 
higher capability for gaining an electron, so AFMK and AMK can accept an electron more easily from FRs. 

Furthermore, a lower value of 𝜂𝜂 means low resistance to change in electron number or towards 
deformation of the electron cloud (higher values of 𝜂𝜂 for more stable molecules). Thus, molecules with lower 
values of 𝜂𝜂 have the following order: AFMK<Ir<AMK<It<6OHM<Mel. Additionally, lower values mean they 
are more proficient in giving away electrons than capturing them. The less electronegative molecules follow 
the order Ir<6OHM<It<Mel<AFMK<AMK. Hence, Ir and 6OHM can donate one electron more easily.  

Meanwhile, the value of 𝜔𝜔 shows that all the molecules in water except 6OHM are strong electrophiles, 
according to Domingo et al. [58]. These authors established an electrophilicity scale for the classification of 
organic molecules, defining as strong electrophiles those with 𝜔𝜔 > 1.5 eV, moderate electrophiles with 0.8 < 𝜔𝜔 
< 1.5 eV, and marginal electrophiles with 𝜔𝜔 < 0.8 eV. Our molecules with the lower values of 𝜔𝜔 have the 
following order 6OHM<Mel<It<Ir<AFMK<AMK, where molecules with a lower value of 𝜔𝜔 are expected to 
be efficient for scavenging free radicals via electron transfer. Also, we see molecules with the highest value of 
𝜔𝜔+ display the following order AMK>AFMK>Ir>It>Mel>6OHM. A higher value of 𝜔𝜔+ means a higher 
probability to accept charge; thus, AFMK and AMK can accept charge more easily. Molecules with lower 
values of 𝜔𝜔− display this trend: 6OHM<Mel<It<Ir<AFMK<AMK. Where, the lower value of 𝜔𝜔− means a 
higher probability to donate charge to FRs, i. e. 6OHM and Mel can donate charge more easily. This trend was 
also observed in the pentyl ethanoate phase.   
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Table 3. Global DFT descriptors values in eV for Mel and analogues at M06-2X/6-31+G*/SMD level of theory, 
in water and pentyl ethanoate phases. 

 Mel AMK AFMK 6OHM It Ir 

𝐼𝐼 5.68a 
6.04b 

6.11a 
6.50 b 

5.55a 
5.80 b 

5.48a 
5.83 b 

5.35a 
5.78 b 

5.08a 
5.5 b 

𝐴𝐴 0.88 a 
0.36 b 

2.34 a 
1.81 b 

2.10 a 
1.35 b 

0.74 a 
0.19 b 

1.21 a 
0.72 b 

1.33 a 
0.89 b 

𝜒𝜒 3.28 a 
3.20 b 

4.23 a 
4.16 b 

3.82 a 
3.58 b 

3.11 a 
3.01 b 

3.28 a 
3.25 b 

3.21 a 
3.20 b 

𝜂𝜂 4.80 a 
5.67 b 

3.76 a 
4.68 b 

3.45 a 
4.45 b 

4.74 a 
5.64 b 

4.14 a 
5.06 b 

3.75 a 
4.62 b 

𝜔𝜔 1.12 a 
0.90 b 

2.37 a 
1.84 b 

2.12 a 
1.44 b 

1.02 a 
0.80 b 

1.30 a 
1.05 b 

1.37 a 
1.10 b 

𝜔𝜔+ 0.90 a 
0.56 b 

2.87 a 
1.90 b 

2.54 a 
1.37 b 

0.78 a 
0.46 b 

1.22 a 
0.78 b 

1.37 a 
0.90 b 

𝜔𝜔− 4.18 a 
3.76 b 

7.09 a 
6.06 b 

6.36 a 
4.94 b 

3.89 a 
3.47 b 

4.50 a 
4.03 b 

4.58 a 
4.10 b 

awater 
bpentyl ethanoate 

 
 
Solvation free energy and log P 

We found that melatonin and its metabolites can be classified as amphiphilic, while It and Ir are 
lipophilic molecules according to their log P values; see Table 4. Compounds can be classified as highly 
lipophilic with a value of log P > 6 (i. e. vitamin E and vitamin A); very hydrophilic with log P < -3 (i. e. 
vitamin C); and amphiphilic with a log P between -1 and 2 (i. e. melatonin) [59]. Although the value of ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠°  
indicates greater solubility in water, this may be due to the difference in solvents used to represent the lipid 
layer. The hydrophobicity of antiradicals helps passive transport through cell membranes. As a result, these 
molecules will cross the cell membrane more easily; because they are not very lipophilic, they do not tend to 
bioaccumulate. 

 
Table 4. log P value and solvation free energy (∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) values in water (∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,w) and pentyl ethanoate 
(∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,p) of each studied molecule at the M06-2X/6-31+G*/SMD level of theory. 

Molecule log Pa log P 
Ref 

∆𝑮𝑮𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔,𝐰𝐰 
(kcal/mol) 

∆𝑮𝑮𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔,𝐩𝐩 
(kcal/mol) 

Mel 1.45 0.96±0.44b -15.65 -14.65 

AMK 0.34 0.82±0.50b -16.43 -13.87 

AFMK -0.03 0.65±0.40b -16.36 -14.96 

6OHM 0.73 0.02±0.80b -16.98 -14.7 

It 4.88 4.88c -13.68 -7.50 

Ir 4.71 4.71c -14.35 -7.30 
aCalculated by using Molinspiration online tool www.molinspiration.com.  
bADC/Chemsketch log P plugin http://www.acdlabs.com in ref. [59].  
cCalculated by using online Molinspiration www.molinspiration.com in ref. [14]. 

 

http://www.acdlabs.com/
http://www.molinspiration.com/
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In addition, melatonin and its metabolites have good bioavailability and low toxicity [57]. Ir and It 
have 1749 and 1795 mg/kg LD50 values, respectively. Also, the Ames mutagenicity value (M) is 0.41(-) and 
0.43(-), respectively [57]. Then, It and Ir are estimated as not toxic. Moreover, according to Galano's work, 
these molecules are estimated to be easily synthesized. Considering that they have good bioavailability and low 
toxicity, different mechanisms of action have been evaluated in this work. Nevertheless, it is important to note 
that previous works mention that 6OHM acts against FRs as a good antiradical with primary mechanisms of 
action. In contrast, AMK, AFMK, and Mel act by secondary action mechanisms such as metal chelation [12,15]. 
 
Single electron transfer (SET) 

We used two strategies to evaluate the SET mechanism: DAM and FEDAM maps. In the DAM map, 
Fig. 3, we found that all the molecules are bad acceptors and donators because they need a lot of energy to 
donate electron charge and have low electron affinity. As one can see, SET and SET-PT mechanisms are not 
favorable for all the molecules evaluated. This behavior was seen in both solvents. On the other hand, in Fig. 
4, in the FEDAM, we found that AMK and AFMK can be expected to accept an electron from 𝐻𝐻𝐻𝐻𝐻𝐻•, especially 
in water. Galano et al. evaluated Mel, It, and Ir with DPPH using the FEDAM map, where they found that It 
and Ir are better electron acceptors than Mel [57]. In this map, the molecules down and left will transfer electrons 
more easily to the FR molecules located up and right, and molecules near FR can accept electrons from FRs. 

 

 
Fig. 3. DAM map of the molecules studied here where (a) molecules in water and (b) molecules in pentyl ethanoate. 
 
 
 

 
Fig. 4. FEDAM map of the molecules studied here where (a) molecules in water and (b) molecules in pentyl ethanoate. 
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Hydrogen atom transfer 
The mechanism of hydrogen atom transfer was evaluated for all the molecules, where all of them may 

neutralize 𝑂𝑂𝑂𝑂• and 𝐶𝐶𝐶𝐶3𝑂𝑂•. The active hydrogens for Mel and the selected metabolites are reported in previous 
works; in order not to repeat results, only the active hydrogen atoms already reported were considered 
[9,15,28,60]. On the other hand, since this was never done before, all available hydrogen atoms were studied 
for Ir and It. 

Previous work on Mel and its metabolites [9,15,28,60] evaluated 𝑂𝑂𝑂𝑂• and 𝐻𝐻𝐻𝐻𝐻𝐻• radicals, whereas in 
this work, 𝐶𝐶𝐶𝐶3𝑂𝑂• and  𝑁𝑁𝑁𝑁2• were included. The results indicate that these molecules can neutralize FRs such as 
𝐶𝐶𝐶𝐶3𝑂𝑂• and  𝑁𝑁𝑁𝑁2• . The best antiradical is represented by the number of reactive hydrogen atoms and the values 
of Δ𝐺𝐺. Negative values of Δ𝐺𝐺 indicate that the reaction is exergonic, hence thermodynamically possible. 
Dissociated hydrogen atoms that produce exergonic reactions are considered active hydrogens. Consequently, 
those molecules with several active hydrogen atoms are more reactive; therefore, they may be better 
antiradicals, at least by this mechanism of action. 

The number of atoms studied, and the most reactive ones are displayed in Table 5. In all cases, the 
hydrogen atom most easily removed is the acid hydrogen shown in Fig. 2 with the lowest 𝐷𝐷0 value, see Tables 
S1-S6. 
 
Table 5. Atoms selected for hydrogen atom transfer mechanism for each molecule. This table shows the number 
of reactive atoms within each FR; in bold, the more exergonic reactions are depicted. 

Molecule # 
atoms 

Water Penthyl ethanoate 

𝑶𝑶𝑶𝑶• 𝑪𝑪𝑪𝑪𝟑𝟑𝑶𝑶• 𝑯𝑯𝑯𝑯𝑯𝑯• 𝑵𝑵𝑵𝑵𝟐𝟐
•  𝑶𝑶𝑶𝑶• 𝑪𝑪𝑪𝑪𝟑𝟑𝑶𝑶• 𝑯𝑯𝑯𝑯𝑯𝑯•, 𝑵𝑵𝑵𝑵𝟐𝟐

•  

Mel 5 5 (1°) 3 (2°) -- -- 5 (1°) 3 (2°) -- -- 

AMK 4 4 (1°) 3 (2°) -- -- 4 (1°) 3 (2°) -- -- 

AFMK 5 5 (1°) 4 (2°) -- -- 5 (1°) 4 (2°) -- -- 

6OHM 7 7 (1°) 4 (2°) 1 (3°) 1 (4°) 7 (1°) 4 (2°) 1 (3°) 1 (4°) 

It 12 12 (1°) 3 (2°) 2 (3°) 2 (4°) 7 (1°) 2 (2°) 1 (3°) 1 (4°) 

Ir 13 10 (1°) 3 (2°) 2 (3°) 2 (4°) 13 (1°) 4 (2°) 2 (3°) 2 (4°) 
() order of exergonicity 
 – not exergonic reaction 

 
 

Therefore, hydrogen bonds are important in hydrogen atom transfer since they can increase the 
energetic cost of removing them [61]. A strong hydrogen bond is thermodynamically more favorable; this 
causes a high value of 𝐷𝐷0 and ∆𝐺𝐺 ; consequently, one has a low antiradical potential. In this case, the metabolites 
are those with hydrogen bonds between the acidic hydrogens, increasing their energy cost to be transferred. In 
Table 6, It and Ir present more exergonic reactions than Mel and its metabolites; as a result, It and Ir are assessed 
as good candidates as antiradicals, see more values in Tables S1-S6. 
 
Inhibition of xanthine oxidase 

XO is a pro-oxidative enzyme because it increases the production of ROS [2,62]. The mechanism of 
XO starts with the hydroxylation of hypoxanthine; then, it is converted to uric acid, releasing ROS during this 
catalytic process. XO contains a molybdopterin (Mo) cofactor that is responsible for oxidation. We performed 
a molecular docking study of XO compounds to evaluate the XO inhibition, where It and Ir could be XO 
inhibitors. Then, the docking study was carried out on the C subunit with the Mo cofactor [2]. For the analysis 
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of the molecules, we included allopurinol, a molecule known to be a suitable XO inhibitor and commonly 
employed in the treatment of excessive uric acid and gout [63].  

The docking methodology was validated by the RMSD value of the known species. The method is 
considered adequate if the RMSD value is smaller than 3.5 Å [64]. Therefore, docking method validation was 
done by redocking the natural ligand (salicylic acid (SAL)), receptor on the active site. As a result, the docked 
inhibitor has a 1.33 Å RMSD value. For all molecules we found that the most significant interactions are 
hydrogen bond, π-π stacking, and π-alkyl, see Fig. 5. 

 

 
Fig. 5. 2D representation of molecular interactions of Mel, metabolites, and analogues with residues of the 
active site of XO.  
 
 
 

The allopurinol inhibitor and SAL were studied previously with same protocol in our previous work 
[31]. It is found that SAL and allopurinol exhibit strong molecular interactions with XO [31]. The binding 
energy and ligand efficiency reflect this, in Table 6. SAL has strong interactions with catalytic residues by a 
hydrogen bond with THR1010, a salt bridge with ARG880, and π-π stacking with PHE1009 and PHE914. At 
the same time, allopurinol has interactions with catalytic residues by π-π stacking with PHE1009 and PHE914. 
It is found that Mel has four significative interactions with the catalytic residues GLU802, ARG880, PHE1009, 
and PHE914. In the other hand, AMK has four interactions with THR1010, ARG880, LEU873, and VAL1011; 
AFMK has five interactions with the catalytic residues GLU802, THR1010, ARG880, LEU873, and PHE914; 
6OHM has four interactions with ARG880, PHE914, VAL1011, and LEU873. Whereas Ir has six significative 
interactions with catalytic residues GLU802, PHE1009, LEU873, VAL1011, PHE914, and LEU648; and it has 
three with ARG880, LEU873, and PHE914. All observed interactions are in agreement with the results reported 
in other works with curcumin, tetrazoles, flavonoids, febuxostat, and analogues [65-68]. As we can see, the 
docking results indicated interactions with residues ARG880 and GLU802 by hydrogen bonds. The aromatic 
residues PHE914 and PHE1009 could interact by π-stacking, and the hydrophobic residues LEU648, LEU873, 
VAL1011, and LEU1014 could interact by π-sigma. 

Furthermore, we found that It and Ir have the highest interaction energy and binding efficiency values 
and the lowest 𝐾𝐾𝑖𝑖 value, Table 6. A high binding energy and ligand efficiency value means a stronger interaction 
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with the target. Ligand efficiency is used to compare the activity of different molecules regardless of their sizes. 
On the other hand, the inhibition constant, 𝐾𝐾𝑖𝑖, indicates how potent an inhibitor is. Then, 𝐾𝐾𝑖𝑖 is the concentration 
required to produce half-maximum inhibition. In consequence, Ir and Ir are the most promising compounds for 
inhibiting XO of the compounds evaluated. 

 
Table 6. Binding energy, ligand efficiency, and 𝐾𝐾𝑖𝑖 values for each molecule. 

Molecule 
Binding 
energy 

(kcal/mol) 

Ligand 
efficiency 
(kcal/mol) 

Inhibition 
constant, 𝑲𝑲𝒊𝒊 

(uM) 

Mel -8.67 -0.51 440.64 

AMK -6.84 -0.36 9.68 

AFMK -8.66 -0.51 440.64 

6OHM -8.48 -0.47 606.77 

It -10.52 -0.50 19.54 

Ir -10.77 -0.54 12.83 

SAL -7.54* -0.75* 2.96* 

Allopurinol -8.13* -0.81* 1.10* 
*Values taken from the ref. [31]. 

 
 
Conclusions 
 

Antiradical properties of Mel, its metabolites, and analogues proposed by Galano's group  [24,25] were 
evaluated at the M06-2X/6-31+G(d) level of theory. This level of theory was selected considering the best 
compromise time/performance, after calibration of several levels of theory and using the experimental value of 
the vertical ionization potential of Mel as a reference. Furthermore, we evaluated some possible mechanisms of 
action such as SET, HAT, and XO inhibition. 

The SET possible mechanisms of Mel, metabolites, and analogues were evaluated, and we computed 
the CDFT chemical descriptors. 6OHM, Mel, It, and Ir are the best donating electronic charges to FRs. 
Subsequently, the SET mechanism was evaluated using DAM and FEDAM tools, where the molecules showed 
resistance to transfer or accept electronic charge. On the other hand, we computed the HAT mechanism finding 
that the molecules show favorable results to inhibit FRs: 𝑂𝑂𝑂𝑂•, 𝑁𝑁𝑁𝑁2•, 𝐻𝐻𝐻𝐻𝐻𝐻•, and 𝐶𝐶𝐶𝐶3𝑂𝑂•. In this work, we suggest 
that Mel, metabolites, and their analogues Ir and It, may neutralize the FRs 𝐶𝐶𝐶𝐶3𝑂𝑂•and 𝑁𝑁𝑁𝑁2•. Finally, It and Ir 
appear to be suitable inhibitors of XO since they have relatively good value of ligand efficiency, compared to 
that of the inhibitors: allopurinol and SAL, and a low value of the 𝐾𝐾𝑖𝑖. Some of the conclusions that are drawn 
from our extensive docking studies are in good agreement with what would intuitively be expected. 
Nevertheless, we believe that the amount of quantitative data and results presented, fully support the 
conclusions. 

Noteworthy, other mechanisms of action, such as electron-proton sequence transfer (SET-PT), can be 
anticipated with the help of the global reactivity descriptors. The high I values, indicate that the studied 
molecules are unlikely to exhibit the SET-PT mechanism in physiological and lipophilic media. The same 
applies to the sequential proton-losing hydrogen atom transfer (SPLHAT) mechanism. Still, other mechanisms 
of primary, secondary, and tertiary action need to be evaluated to complete our study of these molecules as 
antiradicals and their possible active metabolites. Therefore, due to the very favorable values obtained of low 
toxicity, good solubility, and accessible synthesis, Ir and It may be recommended as good synthetic antiradicals 
against oxidative stress. 
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