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Doxorubicin (DOX), a potent anthracycline antibiotic widely used in 

cancer therapy, is notorious for inducing off-target multi-organ 

toxicities. These toxicities arise through mechanisms such as DNA 

intercalation, topoisomerase II poisoning, oxidative stress via free 

radical generation, and membrane disruption caused by altered 

sphingolipid metabolism. Mitigating these adverse effects is essential to 

improving the therapeutic index of DOX. This study investigates the 

protective potential of a diosmin-hesperidin conjugate using in silico 

and in vitro methods. The diosmin-hesperidin conjugate, derived from 

natural flavonoids, was assessed for its anti-apoptosis and antioxidant 

potential to alleviate DOX-induced toxicities. In silico analyses, 

including molecular docking and dynamic simulations, revealed high 

binding affinities of the conjugate to key oxidative stress-related 

targets, such as catalase, glutathione reductase, and apoptosis-related 

proteins (e.g., caspase-3, Hsp70, and Hsp90β). In vitro assays, including 

DPPH, NO scavenging, FRAP, H₂O₂ scavenging, lipid peroxidation 

inhibition, and total antioxidant capacity, validated the conjugate’s 

robust antioxidant activity. The computational and in vitro studies 

showed that the conjugate stabilized antioxidant enzymes and inhibited 

apoptotic pathways. Overall, by leveraging the synergistic effects of this 

flavonoid conjugate, this study highlighted the diosmin-hesperidin 

conjugate as a promising natural adjunct therapy to mitigate DOX’s off-

target oxidative stress- and apoptosis-mediated toxicities. Thus, 

providing a foundation for further preclinical and clinical evaluations, 

and contributing to the advancement of natural product-based cancer 

therapy. 
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1. Introduction 

Doxorubicin (DOX) (Figure 1), a powerhouse 

anthracycline antibiotic, remains a linchpin in the 

treatment of both solid and hematological 

malignancies, thanks to its formidable anti-cancer 

properties [1-3]. However, its clinical utility is 

significantly hampered by severe, dose-independent, 

multi-organ toxicities, most notably cardiotoxicity, 

hepatotoxicity, and nephrotoxicity, which 

collectively threaten patient outcomes [1,3-4]. DOX 

exerts its cytotoxic effects through multiple 

mechanisms, including DNA intercalation, 

topoisomerase II inhibition, mitochondrial 

dysfunction, and ROS generation, leading to 

oxidative stress and apoptotic cell death [3-4]. 

However, at the heart of these deleterious effects 

lies oxidative stress, fueled by excessive reactive 

oxygen species (ROS) generation, making the quest 

http://www.anjs.edu.iq/
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for effective protective strategies an urgent priority 

in cancer treatment [5]. 

 

 
Figure 1. The two-dimension (2-D) chemical 

structure of doxorubicin (source: 

https://pubchem.ncbi.nlm.nih.gov/compound/Doxoru

bicin)  

 

Natural antioxidants, particularly flavonoids, have 

emerged as compelling contenders in the fight 

against oxidative damage. Among them, diosmin 

and hesperidin, abundant in citrus fruits, possess 

potent antioxidant, anti-inflammatory, and 

cytoprotective properties [6]. While individually 

powerful, preclinical or pharmacokinetic studies 

have demonstrated an improved absorption, 

metabolism, or bioactivity of the diosmin-hesperidin 

conjugate over its individual components, thereby 

offering greater antioxidant and anti-inflammatory 

effects in oxidative stress-related disorders [7-9]. 

Daflon®, a micronized purified flavonoid fraction 

comprising 90% diosmin and 10% hesperidin, is 

commercially available across France, Spain, 

Malaysia, Belgium, as well as numerous African 

countries where it is widely utilized in the clinical 

management of vascular diseases such chronic 

venous insufficiency, venous ulcers, and 

hemorrhoids where it has shown impressive clinical 

efficacy. However, its role in mitigating 

chemotherapy-induced oxidative damage remains 

unexplored, necessitating further investigation. 

Also, several antioxidants, including curcumin, N-

acetylcysteine, and quercetin, have been 

investigated for their protective roles against DOX-

induced oxidative stress [10-11]. Diosmin and 

hesperidin, due to their unique pharmacokinetics 

and potent antioxidant properties, may offer 

comparable or superior cytoprotective effects, 

warranting further study (Morgan et al., 2023) [12]. 

A paradigm shift in drug discovery and toxicology 

has been catalyzed by the convergence of 

computational (in silico) and experimental (in vitro) 

methodologies. Molecular docking and dynamic 

simulations provide predictive insights into 

compound-target interactions, illuminating 

potential mechanisms of action [13-19]. Meanwhile, 

in vitro studies serve as a crucial validation tool, 

deciphering biochemical and cellular responses in 

real-world biological systems [20-22]. By harnessing 

both approaches, a holistic understanding of a 

compound’s therapeutic profile can be achieved, 

bridging the gap between theoretical promise and 

clinical applicability. With the global burden of 

cancer escalating and chemotherapy-induced 

toxicities remaining a major clinical challenge, this 

study aligns with the overarching goal of optimizing 

therapeutic efficacy while mitigating adverse effects. 

This study aims to explore the antioxidant and 

protective potential of the diosmin-hesperidine 

conjugate against DOX-induced toxicities via 

molecular docking studies of the pathways involved 

in DOX cytotoxicity. Specifically, the exploratory 

study investigates the molecular interactions and 

binding affinities of the diosmin-hesperdine 

conjugate with key antioxidant and oxidative stress-

related targets via in silico analysis; evaluates its 

ROS-scavenging capacity and ability to counteract 

oxidative damage in vitro; and assesses its 

protective effects in cellular models subjected to 

DOX-induced oxidative stress. Thus, this study 

explores the potential of the diosmin-hesperidin 

conjugate as a natural antioxidant therapy that may 

contribute to reducing DOX-induced toxicity, 

pending further preclinical and clinical evaluation. 

2. Experimental 

The workflow for investigating the molecular 

docking and in vitro antioxidant properties of a 

diosmin-hesperidin conjugate is schematically 

presented as Scheme 1. This representation 

provides a comprehensive overview of the sequential 

processes, from computational ligand-receptor 

interactions to experimental assays designed to 

elucidate the conjugate's pharmacological potential. 

 

http://www.anjs.edu.iq/
https://pubchem.ncbi.nlm.nih.gov/compound/Doxorubicin
https://pubchem.ncbi.nlm.nih.gov/compound/Doxorubicin
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Scheme 1. The workflow for the molecular docking and in vitro antioxidant properties of a diosmin-hesperidin 

conjugate in doxorubicin toxicity. 

 

2.1. Blind Molecular Docking Protocol for the 

Diosmin-Hesperidin Conjugate (Daflon®) 

2.1.1. Retrieval and preparation of target protein 3d 

structures 

The three-dimensional (3D) crystallographic 

structures of the selected protein targets (as 

specified in Table 1) were sourced from the Research 

Collaboratory for Structural Bioinformatics Protein 

Data Bank (RCSB-PDB) (https://www.rcsb.org/). 

Post-retrieval, structural refinement was carried out 

using PyMol toolkits, ensuring optimized 

visualization. The precise binding pocket 

coordinates for each protein were delineated using 

the PyRx AutoDock Vina software (version: 1.2.0), 

allowing for accurate molecular docking grid 

definition [16]. 

 
2.1.2. Acquisition and preparation of ligands 

http://www.anjs.edu.iq/
https://www.rcsb.org/
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The molecular structure files for diosmin (PubChem 

CID: 5281613), hesperidin (PubChem ID: 10621), 

and their corresponding reference inhibitors or 

activators, as detailed in Table 1, were retrieved 

from the NCBI PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/). The diosmin-

hesperidin complex was synthesized 

computationally through molecular conjugation 

using the Schrödinger merger tool (which is part of 

the broader Schrödinger software suite). Following 

this, ligand structures were converted from MOL 

SDF format to PDBQT files via Open Babel, an 

integrated function within PyRx. This conversion 

enabled the generation of atomic coordinate 

descriptors. Ligand structures were subjected to 

energy minimization using the PyRx platform's 

Open Babel toolkit, which employed the Universal 

Force Field (UFF). A total of 2500 steps were set for 

the minimization, with Kohlmann and Gasteiger 

partial charges assigned to optimize molecular 

conformation and stability [16]. 

 

2.1.3. Blind molecular docking strategy for the 

diosmin-hesperidin conjugate  

Molecular docking simulations were conducted 

using PyRx AutoDock Vina, employing an 

exhaustive search algorithm to anchor the ligand-

receptor interactions. The grid box center was set at 

least 20A˚ so as to ensure it covers all key residues 

of the binding pocket. The exhaustiveness value was 

increased from the default of 8 to 16 so as to give 

more accurate and reliable results. The docking 

process was guided by empirical scoring functions 

influenced by the Nelder-Mead Simplex 

optimization algorithm, systematically applied 

across varying grid resolutions following the 

reduction model proposed by Trott and Olson [16]. 

Blind docking was employed to conduct an unbiased, 

exploratory evaluation of a novel conjugate's binding 

propensities across a panel of diverse protein 

targets, including caspase-3, catalase, Hsp 70, Hsp 

90β, and VCAM-1. This system-agnostic approach 

enabled a comprehensive scan of entire protein 

surfaces to identify potential interactions at both 

orthosteric and allosteric sites, mitigating bias from 

preconceived binding location hypotheses. The 

strategy facilitated a comparative analysis of the 

conjugate's thermodynamically favorable binding 

poses across multiple targets, providing insight into 

its potential polypharmacological mechanisms of 

action. 

 

 

2.1.4. Protein-ligand binding affinity assessment 

and interaction visualization 

To validate the docking protocol, established 

reference ligands were first docked into their 

cognate active sites. Their binding modes were then 

comparatively analyzed against the test compounds 

using identical grid parameters to ensure 

methodological consistency. The resulting poses 

were visualized via scatter plots (Osiris Data 

Warrior) and their three-dimensional interaction 

profiles were elucidated using PyMOL. For a 

granular analysis, two-dimensional interaction 

diagrams, including hydrophobic contacts, were 

generated with BIOVIA Discovery Studio. The most 

thermodynamically stable conformation for each 

ligand, corresponding to the lowest binding energy 

pose, was selected for detailed analysis of the key 

molecular interactions. 

 

Table 1: Study Targets and their Corresponding 

Standard Modulators 

Target 

Protein 

Protein 

Data 

Bank 

(PDB) 

Identifier 

Gene 

Source 

Standard 

Ligand/Compoun

d 

BCL-2-

associated 

X Protein 

(BAX) 

MSN-125 Homo 

sapien

s 

MSN-125/I* 

Caspase-3 3KJF Homo 

sapien

s 

VRT-043198/I* 

Catalase Human 

erythrocyt

e catalase 

3-amino-

1,2,4-

triazole 

complex 

(1DGH) 

Homo 

sapien

s 

Metformin/A* 

Glutathion

e 

Reductase 

1GRE Homo 

sapien

s 

Oxiglutathione/A

* 

Vascular 

Cell 

Adhesion 

Molecule 1 

(VCAM 1) 

1VSC Homo 

sapien

s 

BDBM50105195/

I* 

I* - Inhibitor; A* - Activator 

 

 

 

 

http://www.anjs.edu.iq/
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2.2. In vitro antioxidant assays 

2.2.1 Antioxidant scavenging assay 

The antioxidant potential of the diosmin-hesperidin 

conjugate was assessed through multiple 

standardized methods, including the DPPH, nitric 

oxide (NO) scavenging, ferric reducing antioxidant 

power (FRAP), and total antioxidant capacity (TAC) 

assays. 

2.2.1.1. DPPH Radical Scavenging Assay 

The free radical scavenging capacity of the diosmin-

hesperidin conjugate was quantitatively assessed 

using the 1,1-diphenyl-2-picryl-hydrazyl (DPPH) 

assay. The assay measures the ability of a 

compound to donate a hydrogen atom, thereby 

reducing the stable DPPH radical, which results in 

a spectrophotometrically measurable decrease in 

absorbance. A 0.1 mM (100 µM) methanolic DPPH 

solution was employed, with ascorbic acid serving as 

the reference standard. The percentage inhibition of 

DPPH radical formation was determined for test 

concentrations ranging from 25 to 100 μg/mL. The 

concentration required to achieve 50% radical 

scavenging activity (IC₅₀ value) was then calculated 

by interpolating from a dose-response curve 

generated by plotting the percentage inhibition 

against the corresponding sample concentration 

[20]. 

The formula for the calculation the DPPH 

%inhibition is as follows: 

𝐷𝑃𝑃𝐻% 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  
𝐴𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑆𝑎𝑚𝑝𝑙𝑒 𝐴 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝐶𝑜𝑛𝑡𝑟𝑜𝑙

 × 100 

where Acontrol represents the absorbance of the 

DPPH solution in distilled water of 517 nm, and 

Asample corresponds to the absorbance of the diosmin-

hesperidin-DPPH reaction mixture. 

 

2.2.1.2. Nitric Oxide (NO) Scavenging Assay 

This test assessed the conjugate's capacity to 

scavenge nitric oxide radicals, which were generated 

from sodium nitroprusside. The Griess reaction 

assay was used to quantify the remaining NO levels 

[21]. 

2.2.1.3. Ferric Reducing Antioxidant Power (FRAP) 

Assay 

This assay determined the conjugate's reducing 

power by measuring its ability to reduce ferric (Fe3+) 

ions to their ferrous (Fe2+) form, following a modified 

protocol by Oyaizu [22].  

 

2.2.1.4. Quantification of Nitric Oxide (NO) Levels 

To indirectly measure and quantify nitric oxide 

levels in diosmin-hesperidin aliquots, the Griess 

reaction assay was employed, following the method 

established by Vishwakarma et al. [23]. 

 

2.2.1.5. Lipid Peroxidation Inhibition via TBARS 

Assay 

The conjugate's ability to inhibit lipid peroxidation 

was evaluated using the TBARS assay, which 

measures the formation of malondialdehyde (MDA), 

a product of lipid peroxidation as described by 

Hussen and Endalew [20]. The inhibition percentage 

was calculated using the following formula: 

% 𝐿𝑖𝑝𝑖𝑑 𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛
= 100 −  𝐴𝑆𝑎𝑚𝑝𝑙𝑒 × 100 

2.2.1.6. Hydrogen Peroxide (H₂O₂) Scavenging 

Assay 

This assay quantified the conjugate's ability to 

neutralize hydrogen peroxide by measuring the 

reduction in its concentration after reacting with the 

conjugate at various concentrations (25-100 μg/mL) 

to determine the IC50 value [20]. 

𝐻2𝑂2% 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 =  
𝐴𝐵𝑙𝑎𝑛𝑘 − 𝐴𝑆𝑎𝑚𝑝𝑙𝑒 

𝐴𝐵𝑙𝑎𝑛𝑘

 × 100 

Ablank is the absorbance of the blank and Asample is 

absorbance of either the standard drug or diosmin-

hesperidin conjugate. All experiments were 

conducted in quadruplicate to ensure statistical 

reliability. The results from these assays collectively 

provide a comprehensive profile of the diosmin-

hesperidin conjugate's antioxidant properties. 

 

2.3. Data Analysis 

Statistical analysis was performed using GraphPad 

Instat software (version 5.0, GraphPad Prism Inc., 

San Diego, CA, U.S.A.). Results were expressed as 

mean ± standard error of the mean (SEM). One-way 

ANOVA was employed to evaluate statistical 

significance across treatment groups, followed by 

Tukey’s post-hoc test for pairwise comparisons. For 

molecular docking analysis, hydrophobic 

interactions between ligand atoms and target 

protein residues, along with two-dimensional 

interaction mapping, were analyzed using BIOVIA 

Discovery Studio (version 17.2.0.16349, Dassault 

Systèmes, Vélizy-Villacoublay, France), as per the 

method described by Du et al. [18]. The docking 

protocol was first rigorously validated through 

redocking of a native crystallographic ligand, 

achieving a root-mean-square deviation (RMSD) of 

≤2.0 Å, which confirmed the accuracy of the 

parameters for pose prediction. Subsequently, the 

most energetically favorable binding conformation 

http://www.anjs.edu.iq/
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for the diosmin-hesperidin conjugate was identified 

based on the local minimum energy state and 

further validated for stability through molecular 

dynamics simulations [24]. 

 

3. Results 

3.1. In silico studies of the binding energy and 

binding pathways of diosmin,  hesperidin, 

and diosmin-hesperidin conjugate 

3.1.1 Binding energy result of diosmin, 

hesperidin, diosmin-hesperidin conjugate, and VRT-

043198 on caspase 3 following docking simulations. 

The binding affinities of the docked drugs were 

relatively higher than those of VRT-043198 (the 

standard) (-6 Kcal/mol) on caspase-3 protein, with 

diosmin-hesperidin complex exhibiting the highest 

binding affinity (Figure 2A). Diosmin binds to Arg 

164, Lys 156, and Asp 135 of caspase 3 protein with 

conventional hydrogen bond at the bond distances of 

3.24 Å, 2.77 Å, and 2.38 Å, respectively, in addition 

to Lys 137 and Phe 158 at the bond distances of 4.18 

Å and 4.96 Å, respectively, following docking of the 

compounds into caspase-3 protein (Figures 3Ai-

3Aii). Hesperidin binds to Lys 156, Thr 140, and Phe 

158 of caspase-3 protein with conventional hydrogen 

bond at the average bond distances of 2.04 Å, 2.02 

Å, and 3.42 Å respectively; Ile 159 and Ile 160 

through the Pi-Alkyl bond at the bond distances of 

4.44 Å and 5.10 Å respectively, as well as Arg 164 

through the relatively more hydrophobic Pi-Cation 

bond at the bond distance of 3.64 Å, following 

docking of the compounds into caspase 3 protein 

(Figures 3Bi-3Bii). Diosmin-hesperidin conjugate 

binds to Phe 158 and Thr 140 of caspase 3 protein 

with conventional hydrogen bond at the average 

bond distances of 2.17 Å and 2.12 Å respectively; 

Leu 136 and Lys 156 through the Pi-Alkyl bond at 

the bond distances of 5.38 Å and 5.25 Å respectively; 

Arg 164 and Glu 124 through the relatively more 

hydrophobic Pi-Anion bond at the respective bond 

distances of 4.20 Å and 3.70 Å, as well as Ile 160 

through the Pi-Donor hydrogen bond at the average 

bond distance of 3.44 Å following docking of the 

drugs into caspase 3 protein (Figures 3Ci-3Cii). 

VRT-043198 binds to Asp 135, Ala 162, Gly 125, and 

Ile 160 of caspase 3 protein with conventional 

hydrogen bond at the average bond distances of 2.13 

Å, 3.13 Å, 2.57 Å, and 2.87 Å respectively; Leu 136 

through the relatively more hydrophobic Pi-Alkyl 

bond at the bond distance of 4.66 Å, as well as Arg 

164 through the hydrophobic Pi-Cation bond at the 

bond distance of 4.21 Å, following docking of the 

compounds into caspase 3 protein (Figures 3Di-

3Dii).  

 

http://www.anjs.edu.iq/
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Figure 2. Molecular docking analysis of diosmin, hesperidin, and their conjugate against key doxorubicin 

toxicity-associated proteins. The panels present the calculated binding affinities (kcal/mol) of diosmin, 

hesperidin, and the diosmin-hesperidin conjugate to a panel of proteins implicated in doxorubicin-induced 

toxicities. (2A): Binding affinities for caspase-3, a key effector of apoptosis. The standard drug is VRT-043198; 

(2B): Binding affinities for catalase, an antioxidant enzyme that converts hydrogen peroxide to water and 

oxygen. The standard drug is VRT-043198; (2C): Binding affinities for glutathione reductase, a crucial enzyme 

in the cellular antioxidant defense system. The standard drug is oxiglutathione; (2D): Binding affinities for 

Hsp70 and Hsp90β, two molecular chaperones that regulate protein stability. The standard inhibitors are 

PubChem-137348175 and GLXC-04219, respectively. (2E): Binding affinities for VCAM-1 (Vascular Cell 

Adhesion Molecule 1), an adhesion molecule implicated in inflammation. The standard drug is 

BDBM50105195. 

 

The binding affinities were determined through molecular docking simulations, with more negative values 

indicating a stronger binding interaction. 

  

http://www.anjs.edu.iq/
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Figure 3. Binding modes and key interactions of diosmin, hesperidin, and their conjugate with caspase-3. The 

figure illustrates the molecular interactions between diosmin, hesperidin, their conjugate, and the standard 

inhibitor VRT-043198 within the active site of caspase-3, as determined by molecular docking simulations. 

(3A). Diosmin shows its interaction with the binding pocket of caspase-3; (3Ai) A pocket hydrophobicity view 

highlights the hydrophobic and hydrophilic regions of the binding site; (3Aii) A 2-D diagram shows the specific 

hydrogen bonds and hydrophobic interactions between diosmin and key amino acid residues of caspase-3. 

(3B). Hesperidin shows its interaction with the binding pocket of caspase-3: (3Bi) The hydrophobicity map of 

the binding pocket is shown; (3Bii) A 2D diagram depicts the specific interactions between hesperidin and the 

caspase-3 enzyme. (3C). The diosmin-hesperidin conjugate shows its interaction with the binding pocket of 

caspase-3; (3Ci) The hydrophobicity map of the binding pocket is shown; (3Cii) A 2D diagram depicts the 

specific interactions between the conjugate and the caspase-3 enzyme. (3D). The standard inhibitor VRT-

043198 shows its interaction with the binding pocket of caspase-3; (3Di) The hydrophobicity map of the 

binding pocket is shown; (3Dii) A 2D diagram depicts the specific interactions between the inhibitor and the 

caspase-3 enzyme. 

 

This figure provides a detailed, atomic-level view of 

how each compound fits into and interacts with the 

caspase-3 active site, helping to explain their 

potential biological activity. 

 

3.1.2. Binding energy result of diosmin, 

hesperidin, diosmin-hesperidin conjugate, and VRT-

043198 on catalase following docking simulations. 

The binding affinities of the docked compounds were 

relatively higher than those of metformin (the 

standard catalase activator) (-5.2 Kcal/mol) on 

catalase protein, with hesperidin exhibiting the 

highest binding affinity (Figure 2B). Hesperidin 

binds to Tyr 358, Arg 354, Arg 112, Ser 114, His 75, 

Arg 65 of catalase protein with conventional 

hydrogen bond at the average bond distances of 4.68 

Å, 4.72 Å, 2.39 Å, 3.25 Å, and 2.31 Å respectively. 

This is in addition to binding to Ala 357, Val 74, and 

Val 146 of the protein through the hydrophobic alkyl 

bond at the average distances of 4.58 Å, 5.37 Å, and 

4.86 Å, as well as Phe 153 and Phe 161 through the 

Pi-Pi stacked bond at the bond distance of 4.37 Å 

http://www.anjs.edu.iq/
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and 5.03 Å, following docking of the compounds into 

the catalase protein (Figures 4Ai-4Aii). Metformin 

binds to Tyr 358 and Gly 147 of catalase protein 

with conventional hydrogen bond at the average 

bond distances of 3.01 Å and 2.73 Å. This is in 

addition to binding to His 75 of the protein through 

the hydrophobic Pi-cation bond at the bond distance 

of 3.58 Å, following docking of the compounds into 

the catalase protein (Figures 4Bi-4Bii).  

 

 
Figure 4. Molecular docking analysis of hesperidin and metformin binding to catalase. This figure illustrates 

the distinct binding interactions of hesperidin and metformin with the catalytic pocket of the antioxidant 

enzyme, catalase. 4A. Hesperidin-catalase interaction; (4Ai) A hydrophobicity map of the catalase binding 

pocket, highlighting the hydrophobic and hydrophilic regions that accommodate hesperidin; (4Aii) A 2D 

schematic of the molecular interactions, showing the specific amino acid residues of catalase involved in 

binding to hesperidin and the types of bonds formed (e.g., hydrogen bonds). 

4B. Metformin-catalase Interaction. (4Bi) A hydrophobicity map of the catalase binding pocket, revealing how 

the pocket accommodates the binding of metformin; (4Bii) A 2D schematic detailing the specific molecular 

interactions between metformin and the amino acid residues within the catalase binding pocket. 

 

These representations provide key insights into the 

pharmacological binding mechanism and potential 

inhibitory effects of each compound on catalase 

function. 

3.1.3. Binding energy results of diosmin, 

hesperidin, diosmin-hesperidin conjugate, and 

oxiglutathione on glutathione reductase following 

docking simulations. The binding affinities of the 

docked compounds were relatively higher than those 

of oxiglutathione (the standard) (-7.1 Kcal/mol) on 

glutathione reductase protein, with hesperidine 

exhibiting the highest binding affinity (Figure 2C). 

Hesperidin binds to Leu 338, Asp 331, Cys 58, Cys 

63, Thr 339, Lys 66, and Lys 67 of glutathione 

reductase protein with conventional hydrogen bond 

http://www.anjs.edu.iq/
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at the average bond distances of 3.71 Å, 2.21 Å, 3.81 

Å, and 3.40 Å, 2.77 Å, 2.27 Å, 3.87 Å respectively; 

Val 64 and Pro 340 through the relatively more 

hydrophobic Pi-Alkyl bond at the bond distances of 

3.87 Å and 5.47 Å, as well as Gly 62 through the 

carbon-hydrogen bond at the bond distance of 3.34 

Å, following docking of the compounds into 

glutathione reductase protein (Figures 5Ai-5Aii). 

Oxiglutathione binds to Ser 177, Thr 57, Cys 58, Ser 

30, Lys 66, Pro 368, and Tyr 197 of glutathione 

reductase protein through the conventional 

hydrogen bond at the average bond distances of 2.68 

Å, 1.94 Å, 1.95 Å, 2.40 Å, 2.17 Å, 2.42 Å, and 2.50 Å 

respectively; Leu 338 through the relatively more 

Alkyl bond at the bond distance of 5.12 Å, as well as 

Cys 63 of the protein through the carbon-hydrogen 

bond at the bond distance of 4.28 Å, following 

docking of the compounds into glutathione reductase 

protein (Figure 5Bi-5Bii).  

 

 
Figure 5. Molecular docking analysis of hesperidin and oxiglutathione with glutathione reductase. The figure 

illustrates the binding interactions of hesperidin and the standard inhibitor, oxiglutathione, within the active 

site of glutathione reductase. (5A) Hesperidin-glutathione reductase complex. (5Ai) Pocket hydrophobicity 

view, depicting the distribution of hydrophobic and hydrophilic regions within the binding site; (5Aii) Two-

dimensional (2D) schematic representation of the specific amino acid residues involved in the interaction with 

hesperidin, including hydrogen bonds and other molecular contacts. (5B) Oxiglutathione-glutathione 

reductase complex. (5Bi) Pocket hydrophobicity view, showing the chemical environment of the binding site 

when occupied by the standard inhibitor, oxiglutathione; (5Bii) Two-dimensional (2D) schematic of the key 

amino acid residues and interactions between oxiglutathione and glutathione reductase. 

 

The images collectively provide a detailed comparison of the binding modes and molecular interactions of 

hesperidin with the enzyme, relative to the known inhibitor, oxiglutathione. 
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3.1.4. Binding energy and docking sites of diosmin, 

hesperidin, diosmin-hesperidin conjugate, and 

PubChem-137348175 on Hsp 70. The binding 

affinities of the docked compounds were relatively 

higher than those of PubChem-137348175 (the 

standard inhibitor) (-6.5 Kcal/mol) on Hsp 70, with 

diosmin exhibiting the highest binding affinity 

(Figure 2D). Diosmin binds to Ala 412, Leu 413, Arg 

416, Leu 413, Gln 424, Glu 446, and Arg 533 of Hsp 

70 through the conventional hydrogen bond at the 

average bond distances of 3.46 Å, 2.40 Å, 2.51 Å, 

2.40 Å, 2.21 Å, 1.99 Å, and 2.66 Å, respectively; Thr 

425 through the relatively stronger carbon-hydrogen 

bond at the bond distance of 3.61 Å, as well as Lys 

526 of the protein through the alkyl bond at the 

bond distance of 4.16 Å, following docking of the 

compounds into the protein (Figures 6Ai-6Aii). 

PubChem-137348175 (the standard inhibitor) binds 

to Ile 420, Ile 456, Leu 510 and Leu 486 of Hsp 70 

through the hydrophobic alkyl bond at the average 

bond distance of 1.57 Å (Figures 6Bi -6Bii). 

 

 

 
Figure 6. Binding interactions and pocket hydrophobicity of diosmin and a standard inhibitor with Hsp70. 

The figure illustrates the molecular interactions derived from docking simulations with the chaperone protein 

Hsp70. 

(6A) Diosmin-Hsp70 Interactions: (6Ai) Depicts the hydrophobicity map of the Hsp70 binding pocket occupied 

by diosmin, revealing the nature of the microenvironment surrounding the ligand; (6Aii) shows the two-

dimensional (2D) binding diagram of diosmin with Hsp70, detailing specific amino acid residues involved in 

hydrogen bonding and other key interactions. 

(6B) PubChem-137348175-Hsp70 Interactions: (6Bi) displays the hydrophobicity map of the Hsp70 binding 

pocket with the standard inhibitor, PubChem-137348175; (6Bii) shows the two-dimensional (2D) binding 

diagram of the standard inhibitor, PubChem-137348175, with Hsp70, providing a reference for comparison 

with the diosmin interactions. 

 

3.1.5. Binding energy and docking sites of diosmin, 

hesperidin, diosmin-hesperidin conjugate, and 

PubChem-137348175 on the Heat Shock Protein 90 

Beta (Hsp 90β). The binding affinities of the docked 

compounds were relatively higher than those of 

GLXC-04219 (the standard inhibitor) (-7.8 Kcal/mol) 

on heat shock protein 90β (HSP 90β) protein, with 

both diosmin and diosmin-hesperidin conjugate 

exhibiting the highest binding affinity of -10.3 

Kcal/mol (Figure 2E). Thus, this makes these drugs 

ameliorate the DOX off-target toxicity and by 

inference the potential off-target organ toxicity 
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associated with use of Hsp 90 inhibitors such as 

geldanamycin. Diosmin binds to Asp 102 and Gly 97 

of heat shock protein 90 beta (Hsp 90β) through the 

conventional hydrogen bond at the bond distance of 

3.47 Å and 2.68 Å; Trp  162, Phe 138, Tyr 139 

through the relatively hydrophobic Pi-Pi stacked 

bond at the bond distances of 7.83 Å, 4.08 Å, 5.69 Å, 

as well as Leu 107 of the protein through the 

hydrophobic Pi-sigma bond at the distance of 4.53 Å, 

as well as Met 98 and Phe 170 at the distances of 

5.42 Å and 4.71 Å following docking of the 

compounds into the protein (Figures 7Ai-7Aii). 

Similarly, diosmin-hesperidin conjugate binds to 

Trp 162, Gly 135, Asn 51, and Gly 71 on the Hsp 90β 

through the conventional hydrogen bond at the bond 

distance of 3.76 Å, 1.92 Å, 2.62 Å, and 2.21 

respectively; Phe 170, Met 98, Ile 96 through the 

relatively hydrophobic Pi-alkyl bond at the 

respective average bond distances of 4.76 Å, 4.97 Å, 

and 5.29 Å; Tyr 139 and Phe 138 of the protein 

through the hydrophobic Pi-Pi stacked bond at the 

respective distances of 5.70 Å and 4.09 Å, as well as 

Leu 107 through Pi-sigma bond at the distance of 

1.74 Å following docking of the compounds into the 

protein (Figures 7Bi-17Bii). The standard Hsp 90β 

inhibitor, GLXC-04219, also binds to Asp 93 of heat 

shock protein 90 beta (Hsp 90β) through the 

conventional hydrogen bond at the average bond 

distance of 2.66 Å. This is in addition to Leu 107 and 

Leu 103 through the relatively stronger carbon-

hydrogen bond at the respective average bond 

distances of 3.86 Å and 3.45 Å; Val 150, Ala 111, 

and Tyr 139 through the hydrophobic alkyl bond at 

the respective distances of 3.58 Å, 3.67 Å, and 3.02 

Å, as well as Phe 138 and Asn 51 through the 

Amide-Pi stacked bond at the bond distances of 3.57 

Å and 5.17 Å. GLXC-04219 also binds to Trp 162 

and Met 98 of HSP 90β protein through the 

hydrophobic Pi-sigma bond at the bond distances of 

3.83 Å and 3.89 Å following docking of the 

compounds into the protein (Figure 7Ci-7Cii).  

 

 

 
Figure 7. Molecular docking analysis of diosmin, the diosmin-hesperidin conjugate, and GLXC-04219 with 

Hsp90β. The figure illustrates the binding interactions of diosmin, its conjugate, and the standard inhibitor 

GLXC-04219 within the binding pocket of the Hsp90β protein.(7A) Interaction of diosmin with Hsp90β. (7Ai) 

depicts the hydrophobicity of the binding pocket, while (7Aii) shows a 2D schematic of the specific amino acid 

residues involved in the interaction (e.g., hydrogen bonds and hydrophobic contacts).(7B) Interaction of the 

diosmin-hesperidin conjugate with Hsp90β. (7Bi) shows the hydrophobicity of the binding pocket, and (7Bii) 

presents the 2D schematic of the ligand-protein interactions.(7C) Interaction of the standard inhibitor, GLXC-

04219, with Hsp90β. (7Ci) depicts the pocket hydrophobicity, and (7Cii) provides the 2D schematic of the 

binding interactions. 
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These visualizations provide a mechanistic insight 

into how each compound is predicted to bind to and 

potentially inhibit Hsp90β, with more hydrophobic 

regions favoring interactions with nonpolar parts of 

the ligands. 

3.1.6. Binding energy and docking sites of diosmin, 

hesperidin, diosmin-hesperidin conjugate, and 

BDBM50105195 on the Vascular Cell Adhesion 

Molecule 1 (VCAM-1) following docking simulation. 

The binding affinities of the docked compounds were 

relatively higher than those of BDBM50105195 (the 

standard inhibitor) (-5.7 Kcal/mol) on VCAM-1 

protein, with hesperidin (-7.5 Kcal/mol) displaying 

the highest binding affinity (Figure 2F). Hesperidin 

binds to Phe 91, Tyr 89, Asp 17, Gln 14, and Leu 12 

of VCAM-1 protein through the conventional 

hydrogen bond at the average bond distances of 2.51 

Å, 2.20 Å, 2.19 Å, 4.23 Å, and 2.51 Å respectively; 

Arg 187 through the relatively hydrophobic Pi-

cation bond at the bond distance of 5.12 Å; as well 

as Pro 184 and Val 19 through the Pi-alkyl bond at 

the bond distances of 5.00 Å and 4.23 Å, following 

docking of the compounds into the protein (Figures 

8Ai-8Aii). Similarly, BDBM50105195 (the standard 

VCAM-1 protein inhibitor) binds to Lys 147, His 

176, and Asp 122 of the VCAM-1 protein through 

the conventional hydrogen bond at the bond 

distances of 2.29 Å, 2.28 Å, and 2.19 Å, respectively; 

in addition to Arg 123 through the relatively 

hydrophobic Pi-alkyl bond at the bond distance of 

4.65 Å, following docking of the compounds into the 

protein (Figure 8Bi-8Bii).  

 

 
Figure 8. Molecular docking analysis of hesperidin and BDBM50105195 with VCAM-1. The figure illustrates 

the binding interactions of hesperidin and its standard inhibitor, BDBM50105195, with the active site of the 

VCAM-1 protein. (8A) Hesperidin-VCAM-1 interaction: (8Ai) Pocket hydrophobicity view: depicts the 

hydrophobic and hydrophilic characteristics of the VCAM-1 binding pocket, highlighting the environment 

where hesperidin binds; (8Aii) 2D interaction map: shows a two-dimensional schematic of the specific amino 

acid residues of VCAM-1 involved in hydrogen bonds and other molecular interactions with hesperidin. 

(8B) BDBM50105195-VCAM-1 interaction: (8Bi) Pocket hydrophobicity view: Illustrates the hydrophobic and 

hydrophilic properties of the VCAM-1 binding pocket in the context of BDBM50105195 binding; (8Bii) 2D 

interaction map: provides a two-dimensional diagram of the specific amino acid residues and types of bonds 

that BDBM50105195 forms with the VCAM-1 protein. 
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3.2. In vitro antioxidant studies of the graded 

concentrations of diosmin-hesperidin conjugate 

These results show the antioxidant and scavenging 

activity of diosmin-hesperidin conjugate and the 

standard antioxidant drug (ascorbic acid) across in 
vitro assays such as DPPH, NO scavenging, FRAP, 

nitric oxide, lipid peroxidation inhibition, H₂O₂ 

scavenging, and total antioxidant capacity (TAC).  

 
3.2.1. Effect of graded concentrations of diosmin-

hesperidin conjugate on DPPH scavenging assay 

The antioxidant activity of the diosmin-hesperidin 

conjugate was evaluated using the 2,2-diphenyl-1-

picrylhydrazyl (DPPH) free radical scavenging 

assay. The conjugate demonstrated a concentration-

dependent scavenging effect, with activity 

increasing from approximately 20% at 25μg/ml to 

65% at 100μg/ml. This dose-response relationship 

yielded an estimated IC50 value of 79.85μg/ml. For 

comparative purposes, ascorbic acid, a well-

established antioxidant standard, exhibited 

significantly higher radical scavenging potential 

across the tested concentrations, ranging from 

approximately 43% to 87%. The superior efficacy of 

ascorbic acid was quantitatively reflected in its 

lower IC50 value of 34.42μg/ml (Figure 9a). 

 

3.2.2. Effect of graded concentrations of diosmin-

hesperidin conjugate on NO scavenging assay 

This assay measures the ability to neutralize nitric 

oxide, an important reactive species. Diosmin-

hesperidin conjugate’s scavenging activity ranges 

from ~23% at 25µg/ml to ~57% as the concentration 

increases to 100µg/ml with an IC50 value of 83.09 

µg/ml. However, ascorbic acid shows a much 

stronger scavenging effect, with values from ~42% 

at 25µg/ml to ~74% at 100µg/ml and an estimated 

IC50 value of 38.86 µg/ml (Figure 9b).   

 

3.2.3. Effect of graded concentrations of diosmin-

hesperidin conjugate on ferric reducing antioxidant 

power (FRAP) 

The ferric reducing antioxidant power (FRAP) 

assay, which measures the electron-donating 

capacity by quantifying the reduction of the ferric 

tripyridyltriazine complex (Fe3+-TPTZ) to its ferrous 

form (Fe2+-TPTZ), was also performed. The diosmin-

hesperidin conjugate displayed a dose-dependent 

reducing activity, with FRAP values increasing from 

approximately 0.62 to 0.9. In contrast, ascorbic acid 

demonstrated a markedly higher reducing capacity, 

with FRAP values ranging from 1.04 to 1.63. These 

results corroborate the superior antioxidant 

potential of the ascorbic acid standard compared to 

the diosmin-hesperidin conjugate (Figure 9c). 

3.2.4. Effect of graded concentrations of diosmin-

hesperidin conjugate on lipid peroxidation inhibition 

This assay measures the ability to prevent lipid 

peroxidation, which is important in preventing cell 

membrane damage. In this study, lipid peroxidation 

inhibition increased from ~28% at 25 µg/ml to ~62% 

at 100 µg/ml (Figure 9d) and with an estimated IC50 

value of 80.55 µg/ml. However, ascorbic acid showed 

a stronger activity with inhibition ranging from 

~40% at 25 µg/ml to ~76% at 100 µg/ml (Figure 9d) 

with an estimated IC50 value of 44.64 µg/ml. 

 

3.2.5. Effect of graded concentrations of diosmin-

hesperidin conjugate on H₂O₂ scavenging assay 

Hydrogen peroxide (H₂O₂) scavenging assay 

measures the ability to neutralize hydrogen 

peroxide (H₂O₂). Diosmin-hesperidin’s scavenging 

activity increased significantly from ~33% at 

25µg/ml to ~73% at 100µg/ml, with an estimated 

IC50 value of 40.48 µg/ml. Again, in this assay, 

ascorbic acid exhibited a superior activity over 

diosmin-hesperidin conjugate in neutralizing H₂O₂ 
with its values ranging from ~74% at 25 µg/ml to 

~90% at 100 µg/ml (Figure 9e), and with an 

estimated IC50 value of 07.44 µg/ml 

 

3.2.6. Effect of graded concentrations of diosmin-

hesperidin conjugate on the total antioxidant 

capacity (TAC) 

In this assay, diosmin-hesperidin conjugate 

exhibited an increased TAC values of 130.27 mg/100 

g at 25 µg/ml to 132.24 mg/100 g at 100 µg/ml. 
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Figures 9a-9e. Activities of graded concentrations of diosmin-hesperidin conjugate of DPPH (Figure 9a), NO 

scavenging (Figure 9b), FRAP assay (Figure 9c), lipid peroxidation inhibition (Figure 9d) and hydrogen 

peroxide scavenging (Figure 9e) capabilities. 

 

http://www.anjs.edu.iq/


    

Al-Nahrain Journal of Science  
ANJS, Vol.28 (4), December, 2025, pp. 13-32 

 

 

www.anjs.edu.iq                                                                 Publisher: College of Science, Al-Nahrain University 
28 

 

 

4. Discussion 

This study evaluated the therapeutic potential of a 

diosmin-hesperidin conjugate in mitigating 

doxorubicin (DOX)-induced organ toxicities, with a 

focus on cardiac, hepatic, and renal systems. 

Utilizing integrated in silico molecular docking and 

in vitro antioxidant assays, the underlying 

protective mechanisms were systematically 

elucidated. Despite significant advances in cancer 

chemotherapy and drug delivery systems that have 

improved survival and quality of life for cancer 

patients [25], off-target toxicities, especially 

cardiotoxicity, remain a major limitation. This 

adverse effect often manifests as reduced left 

ventricular ejection fraction (LVEF) and may 

necessitate therapy discontinuation, increasing the 

risk of disease relapse and poor clinical outcomes 

[26-28]. DOX, a widely used anthracycline 

chemotherapeutic, inflicts multi-organ damage 

through mechanisms involving oxidative stress, 

topoisomerase II inhibition, and apoptosis induction 

[29,30]. Its cytotoxicity arises from DNA 

intercalation, disruption of topoisomerase II 

function, reactive oxygen species (ROS) generation, 

and activation of diverse cell death pathways 

including apoptosis, autophagy, and ferroptosis 

[2,3,31]. Organ toxicity has been specifically linked 

to inhibition of topoisomerase IIβ, highly expressed 

in healthy tissues [14,32,33], making modulation of 

these pathways a promising strategy to reduce 

DOX-induced injury [34]. Molecular docking 

revealed strong binding affinities between the 

diosmin-hesperidin conjugate and key proteins 

involved in apoptosis and oxidative stress, including 

caspase-3, catalase, Hsp70, Hsp90β, and VCAM-1. 

Heat shock proteins (Hsps), such as Hsp70 and 

Hsp90, function as molecular chaperones and are 

upregulated under cellular stress [35-37]. Hsp70 is a 

established biomarker of DOX toxicity, associated 

with myocardial inflammation, fibrosis, and adverse 

remodeling [38]. It modulates apoptosis by 

inhibiting cytochrome c release and caspase 

activation [39], making it a relevant target for 

cardioprotection. The high binding affinity of the 

conjugate to Hsp70 suggests potential anti-apoptotic 

effects. 

Conversely, Hsp90 supports oncogenic client 

proteins and is a target in anticancer therapy [40]. 

While the conjugate demonstrated high affinity for 

Hsp90, selectivity between cancerous and healthy 

isoforms remains a concern [35]. While healthy cells 

predominantly express a constitutive form of Hsp90, 

cancer cells overexpress the stress-inducible variant 

[35]. An ideal inhibitor would selectively target the 

cancer-specific form. However, further in vitro and 

in vivo studies are needed to assess whether the 

conjugate can selectively inhibit cancer-specific 

Hsp90 without affecting constitutive forms in 

normal tissues. The diosmin-hesperidin conjugate 

and its precursors exhibited consistently stronger 

binding affinities (more negative values) across all 

six protein targets compared to reference 

compounds, indicating multi-target engagement 

against apoptosis, oxidative stress, and 

inflammation. Interaction analyses revealed 

complex binding modes involving hydrogen bonding, 

hydrophobic contacts, and ionic interactions, 

supporting stable target engagement. For instance, 

caspase-3 inhibition involved key residues such as 

Thr140 and Phe158 through mixed bonding types, 

suggesting potent and specific activity. In vitro 

assays further confirmed the conjugate’s potent 

concentration-dependent antioxidant activity across 

multiple models, consistent with previous reports on 

diosmin and hesperidin [41-47]. Although ascorbic 

acid showed superior reducing power and lipid 

peroxidation inhibition in certain assays, the 

conjugate demonstrated significant radical 

scavenging and total antioxidant capacity, 

supporting its role in mitigating oxidative damage. 

Notably, while dexrazoxane, an FDA-approved 

cardioprotectant, was originally thought to act via 

iron chelation and antioxidant mechanisms, recent 

evidence points to topoisomerase IIβ inhibition as its 

primary mode of action [49,50]. Its limited efficacy 

in vascular oxidative contexts [51] contrasts with 

the broad antioxidant profile of N-acetylcysteine 

(NAC), which enhances glutathione synthesis and 

directly neutralizes ROS [52–54]. The diosmin-

hesperidin conjugate, with its multi-mechanistic 

antioxidant and anti-apoptotic properties, may offer 

a complementary or superior alternative in non-

cardiotoxicity-related ROS conditions. 

 

5. Conclusions 

The integrated computational and experimental in 
vitro findings highlight the inherent potential of the 

diosmin-hesperidin conjugate as a multi-

mechanistic agent against DOX-induced toxicities. 

The protective effects are likely mediated through a 

combination of anti-apoptotic, antioxidant, and 

endothelial protective mechanisms, highlighting the 

therapeutic potential of this fixed-dose combination 

in cancer chemotherapy. However, its 

polypharmacological profile warrants further 

investigation to confirm selective cytotoxicity and 

http://www.anjs.edu.iq/


    

Al-Nahrain Journal of Science  
ANJS, Vol.28 (4), December, 2025, pp. 13-32 

 

 

www.anjs.edu.iq                                                                 Publisher: College of Science, Al-Nahrain University 
29 

 

safety in preclinical models, particularly regarding 

Hsp90 isoform specificity and organ-specific 

protection.  

 

Acknowledgement: The authors sincerely appreciate 

the technical support provided by Dr. Temidayo O. 

Adigun of the Department of Biochemistry, 

University of Ilorin, Ilorin, Kwara State, Nigeria 

and Mr. Sunday O. Adenekan (Chief Technologist) 

of the Department of Medical Biochemistry, College 

of Medicine, University of Lagos, Idi-Araba, Lagos 

State, Nigeria, in the areas of molecular docking 

studies and in vitro antioxidant analysis, 

respectively.   

Conflicts of Interest: The authors declare no conflict 

of interest 

Funding: The authors received no financial support 

for the research, authorship, and/or publication of 

this article. 

 

Abbreviations  

 

ANOVA analysis of variance 

BAX  BCL-2-associated X Protein 

BCL-2  B cell lymphoma/leukemia type 2 

DNA  deoxyribonucleic acid 

DOX  doxorubicin 

DPPH  1, 1- diphenyl-2-picryl hydrazyl 

FRAP  ferric reducing antioxidant power

  

GSH  reduced glutathione 

H2O2  hydrogen peroxide 

Hsp 70  heat shock protein 70 

Hsp 90β heat shock protein 90 beta  

IC50  inhibitory concentration 50 

1GRE  glutathione reductase binding 

substrate 

LVEF  left ventricular ejection fraction  

MSN-125 Bax/Bak oligomerization inhibitor 

NAC  N-acetylcysteine 

NO  nitric oxide 

ROS  reactive oxygen species 

S.E.M.  standard error of the mean 

SNP  sodium nitroprusside  

TAC  total antioxidant capacity 

VCAM 1 Vascular Cell Adhesion Molecule 1  
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