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AbstractAbstractAbstractAbstract    
    
The investigation employed cyclic voltammetry (CV) assays to assess the scavenging efficacy of two 

recently developed compounds, namely meso-tetramethophenyl-porphyrin TPPH2(o-methyl) and meso-
tetrabiphenyl-porphyrin (TbiPPH2), against the superoxide anion radical ( ��._). The IC50 values derived from 
the CV assays indicated significant scavenging activity for both compounds, with TbPPH2 exhibiting superior 
potency (85.79 ± 0.11 µg ml-1) compared to the standard antioxidant alpha-tocopherol (353.27 ± 3.21 µg ml-

1). Additionally, molecular docking simulations elucidated the interaction of the investigated compounds with 
specific amino acid residues of glutathione reductase through hydrogen bonding and hydrophobic interactions. 
The in vitro and in silico results were concordant, highlighting TbiPPH2 as the least active compound against 
glutathione reductase, boasting the highest inhibitory concentration of 0.63 μM and the lowest docking score 
of -35.36 kJ mol-1, thus positioning it as a promising candidate for antioxidant applications. 

    
Keywords:Keywords:Keywords:Keywords: antioxidant activity coefficient; binding free energy; cyclic voltammetry; homogeneous rate 

constant; molecular docking study; porphyrin 
 
 
IntroductionIntroductionIntroductionIntroduction    
 
Meso-tetramethophenyl-porphyrin and meso-tetrabiphenyl-porphyrin represent macrocyclic aromatic 

compounds characterized by an 18π electron structure, composed of four pyrrole subunits interconnected 
through methine bridges. These compounds exhibit noteworthy electron mobility within the ring, rendering 
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them suitable for diverse applications (Meraghni et al., 2023), including electrochemistry and catalysis 
(Zuriaga-Monroy et al., 2016), photomedicine (Boutarfaia et al., 2020), and photosynthesis (Zaiz et al., 2012). 
The nitrogen atoms in these compounds possess the ability to engage in reactions with metal ions, forming 
stable metalloporphyrin complexes, with transition metal ion complexes being the most extensively studied 
(Thompson et al., 2018). 

The superoxide anion free radical, denoted as O�._, remains a prominent target for evaluating the 
antioxidant activity of various biological solutions, including extracts and antioxidant compounds (Lanez et al., 
2017; Lanez et al., 2015). This assay, commonly employed to assess antioxidant efficacy, measures the reduction 
in the anodic peak current density of the redox couple following the introduction of the antioxidant O�/O�._. 
Notably, the existing literature predominantly focuses on the antioxidant activity of potential compounds, 
expressed as IC50, while neglecting the binding parameters governing the interaction between the free radical 
��._ and antioxidant compounds (Ahmed et al., 2012a,b). 

The stable radical species, the superoxide anion free radical, is generated through the one-electron 
reduction of molecular oxygen or the one-electron oxidation of hydrogen peroxide. Its reactivity contributes to 
critical roles in various chemical and biological systems, particularly within biological systems during normal 
metabolic processes. The superoxide anion free radical's presence can lead to deleterious effects on cellular 
components, including aging, oxidative stress, cancer, and lipid peroxidation, as documented in numerous 
studies (Giustarini et al., 2009; Sen et al., 2010; Ighodaro et al., 2018). 

Glutathione, a tripeptide protein endogenously produced, plays a vital intracellular antioxidant role by 
neutralizing reactive oxygen species and scavenging various oxygen radicals (Yao et al., 2021). The enzyme 
glutathione reductase (GR) is pivotal in converting the oxidized form of glutathione disulfide (GSSG) to the 
reduced glutathione form (GSH). Preserving a low GSSG/GSH ratio helps maintain intracellular redox 
balance, aiding in the elimination of free radicals and reactive oxygen species (Patra et al., 2017). Therefore, 
inhibiting glutathione reductase results in decreased GSH, increased GSSG, and a higher GSSG/GSH ratio. 
Investigating the inhibition of glutathione reductase by potential antioxidant compounds assists in identifying 
effective antioxidant candidates, with an ideal candidate exhibiting a lesser inhibitory effect (Kedadra et al., 
2022). 

This study presents the synthesis, binding parameters, and scavenging activity against ��._ of meso-
tetramethophenyl-porphyrin (TPPH2(o-methyl)) and meso-tetrabiphenyl-porphyrin (TbiPPH2) through 
cyclic voltammetry assays. Furthermore, molecular docking was employed to elucidate the inhibition and 
binding preferences of the most potent compound with glutathione reductase. 

 
 

Materials and Materials and Materials and Materials and MethodsMethodsMethodsMethods    
 
Chemical 

N,N-Dimethylformamide (DMF), procured in HPLC-grade quality from Sigma-Aldrich, served as the 
solvent in electrochemical assays. Tetrabutylammonium tetrafluoroborate (Bu4NBF4), obtained in 
electrochemical grade (99%) from Sigma-Aldrich, was utilized as the supporting electrolyte, maintaining a 
concentration of 0.1 M. Molecular oxygen, sourced from a research-grade cylinder (99.99%) provided by Linde 
gaz Algérie, was employed in the experiments. α-tocopherol (C29H50O2, MW = 430.71), acquired at a purity of 
97% from Alfa Aesar, was utilized without further purification in the study. 

 
Synthesis 

The synthesis of TPPH2(o-methyl) (Figure 1a) and TbPPH2 (Figure 1b) involved the reaction of 
pyrrole in propionic acid (500 mL) with 2-methylbenzaldehyde (35.5 mL, 340 mmol) and biphenyl-4-
carbaldehydee (30.5 mL, 300 mmol), respectively. The colourless mixture was stirred at room temperature until 
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complete dissolution of the aldehyde, followed by heating at 50 °C. A solution of distilled pyrrole (25 mL, 360 
mmol) in propionic acid (30 mL) was then added dropwise over approximately 10 minutes, and the reaction 
mixture was refluxed for 30 minutes. Subsequently, the mixture was allowed to cool to room temperature. The 
resulting dark suspension was filtered, washed with 50 mL methanol/water (1:1), and further washed with 
methanol until the filtrate clarified. The obtained purple solid was then vacuum-dried, yielding 10.6 g of meso-
tetraphenyl-porphyrin (8.2%) and 6.6 g of meso-tetrabiphenyl-porphyrin (8%). 

TPPHTPPHTPPHTPPH2222(o(o(o(o----methyl): methyl): methyl): methyl): λmax (CH2Cl2)/nm: 417, 514 (log M 5.88 and 4.43).    
1H-NMR (200 MHz, CDCl3): δ (ppm): -2.10 (s, 2H, NH), 3.1 (s, 12H, CH3), 8.2 (d, 8H, benzene), 

8.4 (d, 8H, benzene), 9.1 (d, 8H, β-pyrrole). 
MS: m/z, 671(M+) 
TbPPHTbPPHTbPPHTbPPH2222: : : : λmax (CH2Cl2)/nm: 417, 514 (log M 6.98 and 5.63).    
1H-NMR (200 MHz, CDCl3): δ (ppm): -3.10 (s, 2H, NH), 8.2 (t, 4H, benzene), 8.4 (t, 8H, benzene), 

9.1 (d, 8H, benzene), 10 (d, 8H, benzene), 5.7 (d, 8H, benzene), 9.1 (d, 8H, β-pyrrole). 
MS: m/z, 919.50(M+) 
 

 

 
(a) (b) 

Figure Figure Figure Figure 1111. Structure of: TPPH2(o-methyl) (a) and TbPPH2 (b) 
 
Instrumentation and software 

Cyclic voltammetry experiments were conducted using a PGZ301 potentiostat (Radiometer Analytical 
SAS) and a voltametric cell with a volumetric capacity of 25 mL, comprising three electrodes: a glassy carbon 
working electrode with an area of 0.013 cm2, a Pt wire counter electrode, and a Hg/Hg2Cl2 reference electrode 
(3.0 M KCl). Prior to each experiment, the solutions were saturated with high-purity commercial oxygen for 
15 minutes. 

1H NMR spectra were acquired on a Bruker Advance 400 spectrometer operating at 400.155 MHz, 
utilizing deuterated chloroform at 7.26 ppm as an internal reference. 

Molecular docking simulations were executed using AutoDock 4.2 docking software (Morris et al., 
1998), implemented on a Pentium 2.7 GHz processor with 8 GB RAM, operating on a microcomputer with 
Windows 8. 
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In vitro antioxidant assay 

In the in vitro antioxidant assay, a precise electrochemical setup was utilized, consisting of a 25 mL three-
electrode cell filled with 15 ml DMF solution and 0. M Bu4NBF4 as the supporting electrolyte. The cell was 
saturated with oxygen for 15 minutes before recording cyclic voltammograms within a defined potential range. 
Glassy carbon electrodes were used, and prior to each run, they were meticulously polished for consistent 
results. The experiments were repeated three times to ensure reliability and the ability of the test sample to 
quench ��._ radicals (% Inhibition of ��._ ) was determined from equation (1) (Brand-Williams et al., 1995; 
Antolovich et al., 2002; P, 2004; Lanez et al., 2019a). 

% O�._ radical scavenging activity = 
����

�� � 100                                                                                  (1) 

Where i0 and i are the anodic peak current densities of the superoxide anion radical in the absence and 
presence of the potential antioxidant compound, respectively. 

 
Docking setup 

Ligands preparation 
In order to preform molecular docking studies, firstly, a fully optimized three-dimensional structure of 

the title compounds was obtained using density functional theory (DFT) without imposing any symmetry 
constraints; calculations were realized with the Gaussian 09 package (Frisch et al., 2009). The exchange 
functional of Becke and the correlation functional of Lee, Yang and Parr (B3LYP) were employed with 
LanL2DZ basis set (Frisch et al., 1988). The optimized structures of the compounds are depicted in Figure 2. 

 

 
 

(a) (b) 
Figure Figure Figure Figure 2222.... 3D conformation of ligands: (a) TPPH2(o-methyl) and (b) TbPPH2, (ORTEP View 03, V1.08); 
thermal ellipsoids are plotted at the 50% probability level 
 
The two-dimensional (2D) structure of the standard alpha-tocopherol was downloaded from PubChem 

database (Kim et al., 2016) (https://pubchem.ncbi.nlm.nih.gov/), converted to three-dimensional (3D) 
structure and thereafter prepared for docking, the 3D structure of alpha-tocopherol is presented in Figure 3. 
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Figure Figure Figure Figure 3333.... 3D conformation of ligand alpha-tocopherol downloaded from PubChem database (CID 
14985) 
 
Receptor preparation 
The glutathione reductase receptor (GR) with Protein Data Bank ID 1GRE was selected as the target 

for this investigation. The three-dimensional structure of the target receptor was retrieved from the RCSB 
Protein Data Bank (https://www.rcsb.org/structure/1GRE) (Karplus et al., 1989), as detailed in Table 1. Initial 
preparation of the receptor involved using AutoDock Tools (ADT) (Morris et al., 2008). This preparation 
entailed the removal of all water molecules and cofactors to acquire the raw protein structure. Subsequently, 
the active site was defined, and polar hydrogens were added, followed by the assignment of Kollman charges. 

 
Table Table Table Table 1111.... Target receptor information chosen for docking studies (Karplus et al., 1989) 

 

Human glutathione reductaseHuman glutathione reductaseHuman glutathione reductaseHuman glutathione reductase    
PDB ID 1GRE 

Resolution (Å) 2.00 
Mutation No 
R-Value 0.155 

Space Group B 1 1 2 
Chains A 

Organism Homo sapiens 
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Molecular docking studies 
To investigate the binding affinities between the glutathione reductase receptor (GR) and the examined 

ligands, an automated docking procedure was executed utilizing AutoDock 4 (Morris et al., 2009). The grid 
map delineating the protein binding site for docking was computed with the assistance of AutoGrid. For 
glutathione reductase, a grid size of 50×50×50 Å points in each dimension, with a spacing of 0.5 Å and 
coordinates X=62.68, Y=50.07, and Z=18.34, was established. All potential torsions of ligand molecules for 
the docking algorithm were incorporated via the autotors utility in AutoDock Tools. 

Docking was conducted with the following parameters: 15 docking trials, a population size of 150, a 
maximum of 250,000 energy evaluations, a maximum of 27,000 generations, a mutation rate of 0.02, a 
crossover rate of 0.8, an elitism value of 1, and other parameters set to default values. Subsequently, the docking 
pose with the superior binding affinity score (kcal/mol) was designated as the primary orientation for each 
ligand against GR. The most favourable poses with the lowest docking energy (Lanez et al., 2019b; Khennoufa 
et al., 2021; Laraoui et al., 2023) were chosen and employed in the analysis of docking binding interactions. 
Visualization of the docking interactions was performed using the PLIP webserver (Protein-Ligand Interaction 
Profiler) (Salentin et al., 2015; Li et al., 2019). 

 
Statistical analysis 

Experimental values are given as means ± standard error of three replicates for antioxidant activity. 
Statistical calculations were carried out by Microsoft Excel software. 

 
 
Results Results Results Results and Discussionand Discussionand Discussionand Discussion    
 
Free radical scavenging activities study 

In this investigation, the scavenging activity against ��._ radicals were utilized to assess the antioxidant 
potential of TPPH2(o-methyl) and TbPPH2. Kinetic curves and IC50 values were generated by plotting the ��._ 
radical scavenging activity against varying concentrations of the compounds, specifically (6.63, 13.14, 19.51, 
25.77, 37.92, 43.83, 49.63, 55.32, and 60.91 µg/mL) for TPPH2(o-methyl) and (9.09, 18, 26.74, 35.31, 51.96, 
60.06, 68, 75.79, and 83.45 µg mL-1) for TbPPH2. The antioxidant capacity of both compounds was quantified 
in terms of IC50, representing the concentration (µg mL-1) at which the potential antioxidant inhibits the 
formation of ��._ radicals by 50%. All measurements were conducted in triplicate, and the graph was plotted 
using the averages of three observations. 

The linear calibration graph equations within the studied concentration range for TPPH2(o-methyl), 
TbPPH2, and α-tocopherol are summarized in Table 2, where 'y' denotes the value of the anodic peak current 
density of ��._, and 'x' represents the sample concentrations expressed in µg mL-1. 

Both TPPH2(o-methyl) and TbPPH2 exhibit significant ��._ radicals scavenging activities, with the 
antioxidant activity of TPPH2(o-methyl) nearly equivalent to that of TbPPH2 (Table 2). Notably, the 
antioxidant activity of both studied compounds is four times higher than that of the standard antioxidant α-
tocopherol. 

 
Antioxidant activity coefficient 

The antioxidant activity coefficient (Kaac) is defined as the ratio of the peak anodic current density values 
of ��._ in the presence and absence of the studied antioxidant compounds. This coefficient serves as a measure 
of the relative superoxide scavenging activity (Korotkova et al., 2003), indicating the compound's efficacy in 
scavenging superoxide radicals. The calculation of Kaac is performed using Equation (2): 

��� = ��
��������� . �

��                                                                                                                                      (2) 
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Here, Δi represents the variation in anodic peak current density resulting from the addition of the 
antioxidant compound, i0 is the anodic peak current density in the absence of the studied antioxidant 
compound, ires is the residual current density of oxygen in the system, and ΔC is the variation in the 
concentration of the studied antioxidant compound in mol L-1. 

It is essential to note that Equation (2) is applicable only at low concentrations of the studied 
antioxidant compound, corresponding to the linear change region. The obtained values of Kaac are presented in 
Table 2. 

 
Table Table Table Table 2222.... IC50 and Kaac values obtained using ��._ radicals scavenging activity 

CompoundCompoundCompoundCompound    EquationEquationEquationEquation    RRRR2222    valuesvaluesvaluesvalues    ICICICIC50505050    (µg mL(µg mL(µg mL(µg mL----1111))))    KKKKaacaacaacaac    
TPPH2(o-methyl)    y = 0.556x + 1.849 0.997 86.59 ± 0.06 3,736.76 ± 4.81 
TbPPH2    y = 0.505x + 6.679 0.994 85.79 ± 0.11 4.813.45 ± 5.23 
α-Tocopherol    y = 0.141x + 0.149 0.950 353.27 ± 3.21 1.929.37 ± 3.88 

The calculated Kaac values for TPPH2(o-methyl) and TbPPH2 were determined to be 3,736.76 ± 4.81 and 4,813.45 ± 
5.23, respectively. These values are notably higher than that of α-tocopherol (1,929.37 ± 3.88). The results indicate 
that both TPPH2(o-methyl) and TbPPH2 exhibit a significantly stronger relative superoxide scavenging activity 
compared to α-tocopherol.  
 
Voltammetric studies of ��.__TPPH��o-methyl� and ��.__TbPPH� interaction 
Figure 4 illustrates the typical cyclic voltammetry (CV) behavior of  ��._ in DMF/0.1 M Bu4NBF4 within 

the potential window of 0.0 to -1.6 V at a glassy carbon electrode. The CV profiles depict the redox couple of 
free O�/O�._  with one oxidation peak at -0.7 V and one reduction peak at -0.962 V. The impact of introducing 
a solution of 0.1 mM TPPH2(o-methyl) and TbPPH2 in the same solvent to the ��._ system is also demonstrated 
in Figure 4. The decrease in anodic peak current density, induced by the addition of TPPH2(o-methyl) or 
TbPPH2, is attributed to the reaction between ��._ and TPPH2(o-methyl) or TbPPH2 (Molyneux, 2004; 
Pisoschi et al., 2009). This reduction serves as the basis for calculating the binding constant, while the shift in 
peak potential values aids in determining the mode of interaction (Milardović et al., 2005; Milardovic et al., 
2006). 

Upon adding 0.1 mM of TPPH2(o-methyl) and TbPPH2, a subtle positive shift in peak potential ΔE° is 
observed, accompanied by a noteworthy decrease in anodic peak current density. This phenomenon is linked 
to the scavenging activity of the added compounds (Sengul et al., 2009). Table 3 summarizes the obtained 
results, highlighting the significant reduction in anodic peak current density attributed to the decline in ��._  
radical concentration due to the formation of  ��.__TPPH��o-methyl� and ��.__TbPPH� adducts. 
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Figure Figure Figure Figure 4444.... Cyclic voltammograms of oxygen-saturated DMF/0.1 Bu4NBF4 on a GC electrode in the absence 
(black line) and in presence of (red line) 0.1 mM of TPPH2(o-methyl) (a) and TbPPH2 (b), Scan rate 100 
mV s-1, T = 28 °C 
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The ratio of binding constants (Kox/Kred) 
The observed positive shift in peak potential of the O�/O�._ redox couple in the presence of TPPH2(o-

methyl) or TbPPH2 suggests that the oxidation of ��._ becomes more facile in the presence of TPPH2(o-methyl) 
or TbPPH2. This phenomenon indicates that the oxidized form O2 is more strongly bound to TPPH2(o-
methyl) or TbPPH2 than its reduced form ��._ . For a system where both forms of the O�/O�._ redox couple 
interact with TPPH2(o-methyl) and TbPPH2, Scheme 1 can be applied (Sengul et al., 2009). 

 

 
Scheme 1.Scheme 1.Scheme 1.Scheme 1. Redox process of the free and TPPH2 bound ��._ redox couple TPPH2 represents TPPH2(o-
methyl) and TbPPH2 
 
The Nernst relationship applied to Scheme 1 leads to Equation (3) (Miller et al., 1993): 

Δ�� = ��� − ��� = �����._ −  !!"�# − �����._# = 0.059 &'( )*+
),-.                                              (3) 

where ��� and ��� are the formal potentials of the O�/O�._ couple in the free and bound forms, 
respectively. The decreasing rate of the anodic peak current density Δipa and the peak potential shift ΔE° are 
summarized in Table 3. 

The ratio of the binding constants Kox/Kred  is calculated by substituting ΔE° from Table 3 into 
Equation (3). The obtained ratios of the binding constants indicate that the interaction of the reduced form 
with TPPH2(o-methyl) is 1.69 times higher than its oxidized form O2, whereas the interaction of the reduced 
form ��._ with TbPPH2 is 1.24 times stronger than the oxidized form O2. 

 
Table 3.Table 3.Table 3.Table 3. Electrochemical data of the free and ��._  bound forms of TPPH2(o-methyl) and TbPPH2 used to 
calculate the ratio of the binding constants 

CompoundCompoundCompoundCompound    /01�2�    /03�2�    /4�2�    5/4�62�    789/7;<=    >?._ -0.7 -0.962 -0.831 - - 
>?._ − TPPH?�o-methyl� -0.712 -0.923 -0.8175 13.5 1.69 

>?._ -0.68 -1.02 -0.85 - - 
>?._ − TbPPH? -0.708 -0.981 -0.8445 5.5 1.24 
 
Binding constant 
The introduction of varying concentrations of TPPH2(o-methyl) and TbPPH2 into a solution of DMF 

saturated with commercial oxygen results in a notable decrease in the peak current density, as depicted in Figure 
5. This significant reduction in anodic peak current density is attributed to the decline in ��._ concentration 
due to the formation of ��.__TPPH��o-methyl� and ��.__TbPPH� products. 
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Figure Figure Figure Figure 5555.... Cyclic voltammograms of oxygen-saturated DMF/0.1 Bu4NBF4 on a GC electrode in the absence 
and the presence of different concentrations of TPPH2(o-methyl) (a) and TbPPH2 (b), scan rate 100 
mV/s, T = 28 °C 
 
The gradual decrease in peak current density of the O�/O�._ redox  along with  an increase of TPPH2(o-

methyl) and TbPPH2 concentrations can be exploited to calculate the binding constant by applying equation 
(4) (Miller et al., 1993), 

&'( �
� = &'( �� + &'( �

����                                                                                                             (4) 

Where C represents the concentration of TPPH2(o-methyl) and TbPPH2 (mol L-1), Kb refers to the 
binding constant (L mol-1), and i0 and i are the anodic peak current densities in the absence and presence of 

TPPH2(o-methyl) and TbPPH2, respectively. Figure 6 shows the plot of  &'( �
�  versus &'( �

���� . 
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Figure Figure Figure Figure 6666. . . . &'( �

�  versus &'( �
����for ��._ with varying concentration of TPPH2(o-methyl) (a) and TbPPH2 

(b) in DMF/0.1 Bu4NBF4, used to calculate the binding constants of ��.__TPPH��o-methyl� and 
��.__TbPPH�products 
 

The intercept of the linear fitting of the plot &'( �
�  versus &'( �

���� yielded the binding constants from 

which the binding free energy was calculated (Table 4). 
The negative values of ΔG indicate the spontaneity of the ��.__TPPH��o-methyl� and 

��.__TbPPH� interactions, whereas its magnitude indicates the weak binding between ��._ and TPPH2(o-
methyl) and TbPPH2 (Gil et al., 2002). 
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Table 4.Table 4.Table 4.Table 4. Binding constants and binding free energies values of ��.__TPPH��o-methyl� and 
��.__TbPPH�products 

CompoundCompoundCompoundCompound    EquationEquationEquationEquation    RRRR2222    valuesvaluesvaluesvalues    KKKKbbbb    (L mol(L mol(L mol(L mol----1111))))    ----ΔG (kJ molΔG (kJ molΔG (kJ molΔG (kJ mol----1111))))    
TPPH2(o-methyl) y = 0.941x + 3.773 0.996 5.92 × 103 21.54 
TbPPH2 y = 1.028x + 3.967 0.988 9.27 × 103 22.65 
α-Tocopherol y = 0.841x + 2.298 0.986 1.98 × 102 13.11 

 
Diffusion coefficients 
To determine the diffusion coefficients of the free radical ��._ and its bound forms 

��.__TPPH��o-methyl� and ��.__TbPPH�, voltammograms were collected by altering the potential scan rates, 
as illustrated in Figure 7. All the voltammograms exhibit distinct and stable redox peaks, indicative of the redox 
process of the O�/O�._ couple. 

 

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-4

-3

-2

-1

0

1

2

 Potential (V)

  
  

c
u

rr
en

t 
d

e
n

si
ty

 (
m

A
.c

m
-2
)

a

 

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

b   
 c

u
rr

en
t 

d
e
n

si
ty

 (
m

A
.c

m
-2
)

 Potential (V)

 

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

c

  
  

 c
u

rr
e
n

t 
d

en
si

ty
 (

m
A

.c
m

-2
)

Potential (V)

 
Figure Figure Figure Figure 7777.... Succession of cyclic voltammograms at the GC electrode of free radical ��._ (a) and 90.91 µM of 
��.__TPPH��o-methyl� (b) and ��.__TbPPH� (c) in oxygen-saturated DMF/0.1 Bu4NBF4 at various scan 
rates (100-500 mV, increment 100 mV) T = 28 °C. The vertical arrows indicate increasing scan rate 

 
To further validate the interaction of ��._  radicals with TPPH2(o-methyl) and TbPPH2, the relationship 

ipa=f(v) was plotted before and after the addition of TPPH2(o-methyl) and TbPPH2 using Equation (5) (Brett 
et al., 1993). 

A = 2.69 � 10D�√F#GHI√J√K                                                                                                      (5) 
where i is the peak current (A), S is the surface area of the electrode (cm2), C is the bulk concentration 

(mol.cm⁻3) of the electroactive species, D is the diffusion coefficient (cm2 s⁻1), and v is the potential scan rate 
(V s⁻1). 
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The linear dependence of the peak current density for both ��._ and the bound forms ��.__TPPH��o-methyl� and ��.__TbPPH� on the square root of the potential scan rates suggests that the redox 
process is kinetically controlled by the diffusion step, as illustrated in Figure 8. 
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Figure Figure Figure Figure 8888.... AL�  vs √K plots of oxygen-saturated DMF/0.1 Bu4NBF4 (a) in the presence of 90.91 µM of 
TPPH2(o-methyl) (b), TbPPH2 (c), at different scan rates under the experimental conditions of Figure 7 

 
The diffusion coefficients of both free O�._ and bound forms O�.__TPPH��o-methyl� and O�.__TbPPH� 

were determined from the slopes of Randles-Sevcik plots, and the values are summarized in Table 5. The 
diffusion coefficients of bound ��.__TPPH��o-methyl� and ��.__TbPPH� are comparatively small when 
compared to free O�._, suggesting the formation of ��.__TPPH��o-methyl� and ��.__TbPPH� products. The 
decrease in the diffusion coefficient of O�._,  in the presence of TPPH2(o-methyl) and TbPPH2 is attributed to 
the higher molecular weight of the formed products. The values are provided in Table 5. 

 
Table 5.Table 5.Table 5.Table 5. Diffusion coefficients values of free and ��._ bound TPPH2(o-methyl) and TbPPH2 
CompoundCompoundCompoundCompound    EquationEquationEquationEquation    RRRR2222    valuesvaluesvaluesvalues    D (cmD (cmD (cmD (cm2 2 2 2 ssss----1111))))    

>?._ y = 0.074x + 0.312 0.999 4.53 × 10-4 
>?.__TPPH?�o-methyl� y = 0.049x + 0.192 0.999 1.97 × 10-4 

>?.__TbPPH? y = 0.017x + 0.226 0.941 2.38 × 10-5 
 
Homogeneous kinetics 

To calculate the second-order homogeneous rate constant (K) for the kinetics of free-radical scavenging, 
the pseudo-first-order rate constants (Kf) for the reaction of the studied antioxidant compounds and 
superoxide radical were first determined using the Nicholson-Shain equation (6) (Nicholson et al., 1964). 

�Y� = �� − Z[
\] ^_0.78 − &F b\])c

Z[d ef                                                                                            (6) 

where E0 is the formal potential of the O�/O�._ redox couple in the free form, Epa is the anodic peak 
potential after the addition of the limit concentration of the studied antioxidant compounds, and v is the scan 
rate of the potential (mV s-1). 

Secondly, the values of the second-order homogeneous rate constant (K) for TPPH2(o-methyl) and 
TbPPH2 were determined using Equation (7) (Muhammad et al., 2018) . 

� = )c
�                                                                                                                                                       (7) 

where C is the limit concentration of the studied antioxidant compounds that allows obtaining the 
pseudo-first-order condition. 
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From the K values, the Gibbs energy of activation (ΔG∗) was calculated using the following relation 
(Nicholson et al., 1964; Muhammad et al., 2018): 

Δh∗ = i &F j[
k)                                                                                                                                       (8) 

where k represents the Boltzmann constant, R is the gas constant, and ℎ  is Planck’s constant. The 
calculated values are presented in Table 6. 

 
Table 6.Table 6.Table 6.Table 6. Homogeneous rate constant and energy of activation for TPPH2(o-methyl), TbPPH2 and α-
tocopherol 

EntryEntryEntryEntry    K (M K (M K (M K (M ----1 1 1 1     SSSS----1111))))    ΔGΔGΔGΔG****    (kJ mol(kJ mol(kJ mol(kJ mol----1111))))    
TPPH2(o-methyl) 11.71 128.5 
TbPPH2 10.01 147.7 
α-tocopherol 1.6 75.8 

 
Molecular docking study 

A comprehensive study employing molecular docking was conducted to elucidate the binding 
parameters and inhibition of ��.__TPPH��o-methyl� and ��.__TbPPH� with the enzyme glutathione reductase 
(GR). Glutathione reductase, also known as glutathione-disulfide reductase, is an enzyme that catalyzes the 
conversion of glutathione disulfide (GSSG) to reduced glutathione (GSH). GSH plays a crucial role in 
eliminating reactive oxygen species and acts as a scavenger for various oxygen radicals. The enzymatic reaction 
is represented by equation (9): 

2GHS + NAPDl  ↔  GSSG + NAPDH + Hl                                                                                     (9) 
Inhibition of glutathione reductase results in a decrease in the level of reduced glutathione (GSH) and 

an increase in the level of glutathione disulfide (GSSG). Nicotinamide adenine dinucleotide phosphate 
(NADPH) is crucial for regenerating glutathione, and this process is essential for resisting oxidative stress and 
maintaining intracellular pH (Darraji et al., 2022; Rasheed et al., 2023). Therefore, studying the inhibition of 
glutathione reductase is a valuable approach for identifying potential antioxidants. An effective antioxidant 
candidate should reduce the inhibition of the glutathione reductase enzyme. 

Molecular docking models, employing a rigid receptor and flexible ligand, were utilized to examine the 
inhibition of glutathione reductase by ��.__TPPH��o-methyl� and ��.__TbPPH� and to assess the strength of 
the interactions between them. 

Results from the molecular docking indicate that hydrogen bonding, hydrophobic forces, and π-cation 
interactions contribute to the binding process. Figure 9 illustrates the interactions of compounds 
��.__TPPH��o-methyl� and ��.__TbPPH�, and alpha-tocopherol with nearby residues in the active site of 
glutathione reductase. The interacting residues, along with their corresponding bond types and lengths, are 
summarized in Table 7. 

 
Table 7.Table 7.Table 7.Table 7. Interaction types between ligands ��.__TPPH��o-methyl�, ��.__TbPPH�, alpha-tocopherol and 
glutathione reductase 

MoleculeMoleculeMoleculeMolecule    Bond typeBond typeBond typeBond type    
Amino acid (number of Amino acid (number of Amino acid (number of Amino acid (number of 

bonds/interactions)bonds/interactions)bonds/interactions)bonds/interactions)    
Distance, Distance, Distance, Distance, ǺǺǺǺ    

��.__TPPH��o-methyl� 

H-bonds HIS52 3.75 

Hydrophobic interactions 
HIS52, VAL61, THR156, 

ASP178, ASP297, LEU298 
(2) 

3.63, 3.65, 3.86, 
3.93, 3.66, 3.32, 

2.97 
π-Stacking interactions HIS52 4.19 

��.__TbPPH� H-bonds HIS52 3.57 
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Hydrophobic interactions 
HIS52, ASN60, VAL61, 

PRO65, VAL107 (2), 
THR176, GLN182 

3.41, 3.64, 3.45, 
3.52, 3.77, 3.30, 

3.19, 3.37 

π-Stacking interactions HIS52 3.57 

alpha-tocopherol 

H-bonds LYS66 3.66 

Hydrophobic interactions 

LYS66, TYR197, LEU338, 
PRO368 (2), THR369, 
VAL370 (2), PHE372, 

GLN445 

3.80, 3.47, 3.27, 
3.45, 3.74, 3.15, 
3.78, 3.41, 3.54, 

3.47 
 

 
 

 
Figure Figure Figure Figure 9999.... Best docking poses for glutathione reductase interacting with ��.__TPPH��o-methyl�, 
��

._
_TbPPH� and alpha-tocopherol illustrating H-bonds, hydrophobic, and π-stacking interactions 

 
The table reveals that, apart from hydrophobic interactions, all compounds formed with glutathione 

reductase (GR) have only one hydrogen bond. The binding free energy and inhibitory concentration obtained 
from the molecular docking study for the compounds ��

._
_TPPH��o-methyl� and ��

._
_TbPPH�, and alpha-

tocopherol are summarized in Table 8. 
 
Table 8.Table 8.Table 8.Table 8. Binding free energies and inhibitory concentration obtained from molecular docking study 

AdductAdductAdductAdduct    >?
._._._._

_TPPTPPTPPTPPHHHH?�oooo----methylmethylmethylmethyl�    >?
._._._._

_TbPPTbPPTbPPTbPPHHHH?     alphaalphaalphaalpha----tocopheroltocopheroltocopheroltocopherol    
ΔG (kJ mol-1) -7.019 -8.459 -8.019 
IC50 (μM) 7.09 0.63 1.31 

 
Based on the robust results obtained from our antioxidant study and molecular docking simulations, it 

is compellingly evident that TbPPH� exhibits remarkable antioxidant properties. The compound 
demonstrated not only the highest antioxidant activities but also the lowest binding free energy, indicative of 
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its strong interaction with the target enzyme, glutathione reductase. Despite possessing a weaker binding 
affinity towards glutathione reductase compared to TPPH��o-methyl� and alpha-tocopherol, TbPPH� still 
exhibited a substantially high inhibitory concentration of 0.63 μM against the enzyme reaction. 

Moreover, molecular docking studies have gained increasing popularity in predicting ligand-protein 
interactions accurately. The utilization of molecular docking simulations in our study further strengthens the 
reliability of our results, providing valuable insights into the molecular mechanisms underlying the antioxidant 
activity of TbPPH�. 

Our findings align with previous studies that have investigated the antioxidant potential of porphyrin-
based compounds. For instance, Boutarfaia et al. (2019; 2020). reported similar trends in antioxidant activity, 
highlighting the promising role of porphyrins in combating oxidative stress-related disorders. Additionally, 
recent works by Ahmed et al. (2020). and Abu‐Melha et al. (2019). corroborate our findings, emphasizing the 
importance of exploring novel antioxidants for therapeutic interventions. 

 
Docking validation 
The docking procedure was validated by redocking of the co-crystalized ligand (FLAVIN-ADENINE 

DINUCLEOTIDE) to the binding site of glutathione reductase using the same methodology that was used 
previously in the docking process. The ligand was separated from the protein structure and saved as a pdb file. 
Water molecules and co-factors, which did not affect the binding site, were removed. Hydrogen atoms were 
added. The ligand was then re-docked into the active site using the same protocol including the grid parameters. 
The re-docked complex was then superimposed on to the reference co-crystallized complex, Figure 10 presents 
a superimposed view of the re-docked conformation (purple colour) and the original ligand (green colour), and 
the RMSD value between them is 0.9792 Å. The clear superimposed between both ligands and also the RMSD 
value less than 2 indicates the efficiency of the AutoDock algorithms to perform molecular docking protocol 
with confidence. 

 

 
Figure Figure Figure Figure 10101010.... Comparison between the re-docked pose and original ligand; (purple: docked pose; green: 
original ligand) with an RMSD value of 0.9792 Å 
 
ADME study 
In silico ADME study was carried out to predict the adverse metabolic effects of oral administration of 

TPPH��o-methyl� and TbPPH� as drug candidate, as well as their half-life in the organism and excretion route 
(Silvino et al., 2016). Cytochrome P450 isoenzymes (CYP450) are oxidases that interact with drugs in order 
to decrease their plasma concentration and reduce the risks of toxicity by metabolic activation (Al-Darraji et 
al., 2022; Rasheed et al., 2023), as well as making them more water soluble for elimination (Eitrich et al., 2007; 
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LANEZ et al., 2023). Thus, a drug candidate should not inhibit cytochrome CYP450 isoenzymes because 
inhibition may increase the plasma concentration (Zahno et al., 2011; Terkeltaub et al., 2011).  

Table 9 shows that both the studied porphyrins derivatives TPPH��o-methyl� and TbPPH� and the 
standard alpha-tocopherol are not inhibitors of CYP450 IA2, 2C19, 2C9, 2D6, 3A4 isoenzymes which 
suggests a decrease in their plasma concentrations and a rapid elimination route. 

 
Table Table Table Table 9999.... Metabolism and excretion by the CYP450 isoenzymes inhibition of the ��.__TPPH��o-methyl� 
and ��.__TbPPH� and the standard alpha-tocopherol 

CompoundCompoundCompoundCompound    IA2IA2IA2IA2    2C192C192C192C19    2C9 2C9 2C9 2C9     2D62D62D62D6    3A4 3A4 3A4 3A4     
TPPH?�o-methyl� No No No No No 
TbPPH? No No No No No 
alpha-tocopherol No No No No No 

 
The absence of metabolic interactions between TPPH��o-methyl�, TbPPH�, and alpha-tocopherol 

with key cytochrome P450 enzymes suggests a favorable safety profile regarding drug metabolism. These 
findings provide valuable insights for further exploration of these compounds in both preclinical and clinical 
settings. However, comprehensive in vivo studies are warranted to confirm these predictions and ensure the 
safe and effective use of these compounds in therapeutic applications. Additionally, considering the dynamic 
nature of drug metabolism, ongoing monitoring of potential interactions with other metabolic pathways is 
recommended to mitigate any unforeseen adverse effects. 

    
    
ConclusionsConclusionsConclusionsConclusions    
 
This study conducted both in vitro and in silico evaluations to assess the scavenging activity against O�._ 

and the antioxidant activity of two novel compounds: meso-tetramethophenyl-porphyrin (TPPH2(o-methyl)) 
and meso-tetrabiphenyl-porphyrin (TbPPH2). Cyclic voltammetry assays were employed to measure the 
decrease in anodic peak current density, providing insights into the binding parameters of the interaction of 
O�._	with TPPH2(o-methyl) and TbPPH2. 

The systematic decrease in anodic peak current density with increasing concentrations of TPPH2(o-
methyl) and TbPPH2 indicated strong interactions with the O�._ radicals, attributing antiradical activity to the 
added compounds. The IC50 values, antioxidant activity coefficients, and binding constants suggested 
comparable antiradical activity and binding affinity for both compounds. Negative values of binding free energy 
indicated spontaneous and electrostatic interactions dominating the binding of O�._ with TPPH2(o-methyl) 
and TbPPH2. 

Evaluation of diffusion coefficients using the Randles-Sevcik equation highlighted the slower diffusion 
of the bounded ��.__TPPH��o-methyl� and ��.__TbPPH� compared to free O�._  radical, indicating the 
formation of a slower-diffusing product. 

Molecular docking studies revealed that meso-tetrabiphenyl-porphyrin (TbPPH2) exhibited more 
inhibitory activity against glutathione reductase enzyme, with an inhibitory concentration of 0.63 μM and a 
docking score of -35.36 kJ/mol, making it the most promising antioxidant candidate. The congruence between 
in vitro and in silico results provides valuable insights for designing novel antioxidant porphyrin derivatives 
with reduced activity against glutathione reductase. 
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