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A B S T R A C T   

Silymarin was shown to enhance diclofenac toxicity by inducing the loss of mitochondrial membrane perme-
ability (MMP) in Caco-2 cells, independent of endoplasmic reticulum stress. This study employed in silico mo-
lecular docking to further investigate the potential interaction between silymarin and specific mitochondrial 
proteins involved in the loss of mitochondria integrity, aiming to elucidate the underlying mechanism of 
potentiation. The target proteins for our docking analysis included mitochondrial complex I and III, voltage- 
dependent anion-selective channel (VDAC), and cyclophilin D (CypD). Our results indicated that diclofenac 
could bind to both mitochondrial complex I and III. In contrast, silymarin exhibited a strong interaction with 
mitochondrial complex I with the binding energy (ΔG) − 7.74 kcal/mol and the inhibition constant (Ki) 2.12 µM, 
while not showing significant interaction with mitochondrial complex III. Additionally, silymarin had the po-
tential to induce the opening of mitochondrial permeability transition pore by binding with VDAC in the outer 
mitochondrial membrane with ΔG − 6.08 kcal/mol and Ki 34.94 µM. However, silymarin did not exhibit sig-
nificant interaction with CypD in the inner mitochondrial membrane. Therefore, mitochondrial complex I and 
VDAC could be the potentiation targets of silymarin, resulting in the disruption of mitochondria integrity and 
enhancing the toxicity of diclofenac.   

1. Introduction 

Diclofenac is a non-selective inhibitor of cyclooxygenase (COX) 
commonly used for relieving pain and inflammation. Its notable adverse 
effect has been related to gastrointestinal damage which, in part, occurs 
from its inhibition against mitochondrial complex I activity and pro-
duction of stress-induced apoptotic cell death [1–3]. Recently, we 
demonstrated that some natural antioxidants with ability to suppress 
endoplasmic reticulum (ER) stress such as epigallocatechin, quercetin 
and rutin could prevent diclofenac-induced apoptosis in Caco-2 cell, 
which is a widely accepted cell model for intestinal absorption, as well 
as in intestinal rat tissue [4,5]. Their “key” protective mechanisms 
involve inhibition of PERK-CHOP ER sensor activation, and maintaining 
mitochondrial permeability and function [4]. 

On the other hand, certain antioxidants such as phyllanthin and 
silymarin increased diclofenac toxicity in Caco-2 cells through sup-
pression of survival responses and/ or increase of apoptosis [5]. For 
example, the potentiation effect of phyllanthin was caused by down-
regulating the expression of p-Nrf-2/HO-1 proteins, activating 

PERK-CHOP proteins, disrupting mitochondrial membrane permeability 
(MMP), and inducing apoptosis [4]. Silymarin, a known hep-
atoprotective compound in milk thistle, enhanced apoptosis of 
diclofenac-treated Caco-2 cells possible through MMP disruption 
without generating ER stress [5]. It has been suggested that reduction of 
MMP could result from inhibition of mitochondrial complex I and III 
activities and opening of mitochondrial permeability transition pore 
(mPT pore) [6–10]. The mPT pore opening could occur due to the 
dissociation between a voltage-dependent anion channel (VDAC) in 
outer membrane and adenine nucleotide translocase (ANT) and cyclo-
philin D (CypD) in the mitochondrial matrix [11,12]. Thus, interference 
with these mitochondrial proteins could disrupt the integrity of mito-
chondria, leading to apoptosis induction. To date, the potentiation 
mechanism of silymarin targeting mitochondria integrity in relation to 
diclofenac toxicity has not been fully elucidated. 

In this study, we applied in silico molecular docking to investigate 
potential interaction between silymarin and specific mitochondrial 
proteins responsible for the loss in MMP in order to gain better under-
standing of its sensitizing effect on diclofenac toxicity. The 
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protein–ligand recognition with the best binding poses of diclofenac and 
silymarin within sites of mitochondrial proteins particularly mitochon-
drial complexes I and III, VDAC, ANT, and CypD was analyzed. Our 
findings suggested that silymarin might exacerbate diclofenac-induced 
apoptosis by binding to mitochondrial complex I and VDAC. This 
binding interaction could lead to increased mitochondria dysfunction 
through the opening of mPT pore, which potentially contributes to the 
increased cytotoxicity of diclofenac. This in silico evidence provides a 
mechanistic insight into the specific targets of diclofenac toxicity asso-
ciated with the loss of mitochondrial integrity. 

2. Materials and methods 

2.1. Ligand preparation 

The chemical structures of diclofenac (PubChem CID: 3033) and 
silymarin (PubChem CID: 5213) were retrieved from NCBI the PubChem 
chemical database (https://pubchem.ncbi.nlm.nih.gov/). The SDF 
format files of both compounds were converted to 3D chemical structure 
with PDB format files by using discovery studio 2021 Client (BIOVIA, 
San Diego, CA, USA). Two PDB files of compounds were converted to 
PDBQT file with AutoDoc Suite 4.2.6 (TSRI, La Jolla, CA, USA). 

2.2. Protein preparation 

RCSB Protein Data Bank (RCSB PDB) (https://www.rcsb.org/) was 
used to download the crystallographic structure of mitochondrial pro-
teins of human respiratory complex I (PDB: 5XTD), human respiratory 
complex III (PDB: 5XTE), a VDAC (PDB: 6TIR) and CyPD (PDB: 4ZSC). 
The proteins were saved to PDB file. Each protein structure was removed 
the water molecules, added with the polar hydrogens and neutralized 
with Kollman united atom charges. The protein structure was saved 
again to PDB file and converted to PDBQT format files. 

2.3. Docking simulation 

Docking studies of diclofenac and silymarin interacting with mito-
chondrial proteins were performed using AutoDoc Suite 4.2.6 (TSRI, La 
Jolla, CA, USA) with PDBQT format files. The grid box measuring 60 ×
60 × 60 Å with 0.375 Å spacing between points was generated to define 
docking site. Interactions between each ligand and mitochondrial pro-
teins were run with Lamarckian genetic algorithm at 100 rounds, and 
the command was provided in Appendix A Supplementary data. 

2.4. Analysis 

After docking simulation was done, the highest ligand binding with 
mitochondrial proteins was observed according to binding energy (ΔG) 
and inhibition constant (Ki) (Appendix B. Supplementary data). The 
two-dimensional (2D) and three-dimensional (3D) intermolecular in-
teractions were visualized using discovery studio 2021 Client. 

3. Result and discussion 

According to our previous study, the potential underlying mecha-
nism by which silymarin potentiated diclofenac-induced apoptosis in 
Caco-2 cells involved the loss in MMP and mitochondrial integrity [5]. 
In our previous study, we demonstrated that when silymarin was present 
at a noncytotoxic concentration of 100 μM, the viability of 
diclofenac-treated Caco-2 cells significantly decreased from approxi-
mately 52–5 % after 72 h of exposure. Furthermore, the 
co-administration of silymarin and diclofenac led to a reduction in MMP 
from approximately 57–18 %, compared to diclofenac treatment alone 
[5]. In the present study, we demonstrated that both silymarin and 
diclofenac could inhibit mitochondrial complex I, but not mitochondrial 
complex III, based on in silico molecular docking predictions. In 

addition, silymarin was able to interact with VDAC proteins in outer 
mitochondrial membrane, but not with CypD in inner mitochondrial 
membrane. These findings further provided insight into the interaction 
between silymarin and target mPT pore architecture. 

Mitochondria play key roles in activating apoptosis in mammalian 
cells [13]. Inhibition of mitochondrial respiratory complex I and III is a 
common cause that induces apoptotic cell death by disrupting the pro-
duction of ATP and accumulation of reactive oxygen species (ROS), 
which subsequently results in mitochondria dysfunction [7,14,15]. Our 
docking results showed that both silymarin and diclofenac were able to 
bind with human mitochondrial complex I protein with binding affinity 
ΔG − 7.74 kcal/mol and − 5.77 kcal/mol, respectively (Fig. 1 and  
Table 1). Due to the higher binding affinity, silymarin might be 27-fold 
more potent in inhibiting this enzyme than diclofenac, with the pre-
dicted inhibition constant (Ki) of 2.12 µM and 58.69 µM, respectively. 
Apparently, both silymarin and diclofenac could form bonds with 
various amino acids in the NADH dehydrogenase flavoprotein of the 
mitochondrial complex I protein [16]. As shown in Fig. 1 and Table 1, 
the residue GLY207 of the protein formed Pi-donor hydrogen bond with 
silymarin, while it formed an H-bond with diclofenac. In addition, both 
silymarin and diclofenac bonded to GLY121 through Pi-anion interac-
tion. Unlike diclofenac, silymarin interacted with additional amino acid 
residues, including GLY90 ASP118, GLU121, ASP127, ASN244 through 
H-bond, GLU119 and GLU 121 through Pi-donor hydrogen bond, 
GLY120 through Unfavorable donor-donor bond. It was possible that the 
binding of diclofenac and silymarin to these amino acid residues has the 
potential to interfere with NADH dehydrogenase activity of mitochon-
drial complex I protein. It has been reported that decreased NADH de-
hydrogenase activity leads to the suppression of proton movement 
across the inner mitochondrial membrane, resulting in a decline in 
proton-driven ATP synthesis [10,13,17]. Consequently, this may 
contribute to the loss of MMP, followed by apoptotic cell death. 

In addition to mitochondrial complex I, we also investigated the 
interaction between silymarin or diclofenac and mitochondrial complex 
III. It was reported that diclofenac was able to inhibit mitochondrial 
complex III [6]. As shown in Fig. 2 and Table 2, our docking results 
indicated that diclofenac exhibited a 2-fold higher binding affinity than 
silymarin, with respective values of ΔG at − 8.78 kcal/mol and 
− 4.62 kcal/mol. Furthermore, diclofenac demonstrated a significantly 
higher inhibitory potency compared to silymarin against this enzyme, 
with the predicted inhibition constant (Ki) values of 0.364 µM and 
413.02 µM, respectively, representing a 1236-fold difference. Addi-
tionally, our findings indicated that silymarin exhibited a higher level of 
selectivity as an inhibitor against mitochondrial complex I compared to 
mitochondrial complex III. Both diclofenac and silymarin had the ability 
to form bonds with multiple amino acids found in the catalytic domain 
of cytochrome b-c1 complex within the mitochondrial complex III [16]. 
Specifically, they could form H-bond with MET383 and Pi-alkyl bond 
with ILE247. In addition, diclofenac could also bind to ALA385 with 
H-bond, PHE251 and LEU347 with Pi-alkyl bond, PHE344 with Pi-Pi 
stacked bond, TYP379 with Pi-cation bond and TYR379 with Unfavor-
able donor-donor bond. On the other hand, silymarin could bind to 
LEU246 and ALA385 with Alkyl and Pi-sigma bonds, PHE68, VAL70 and 
TYR379 with Pi-donor hydrogen bond and GLY384 with Unfavorable 
donor-donor bond. Inhibition of mitochondrial complex III can disrupt 
the proton gradient across the mitochondrial inner membrane, which 
results in the loss of MMP and the opening of mPT pore [18]. Conse-
quently, the cellular production of ROS increases, while ATP synthesis 
decreases. These events may lead to apoptotic cell death [6,18]. Hence, 
our findings indicate that diclofenac induces apoptosis, partly by 
inhibiting mitochondrial complex III through its ability to bind with 
catalytic domain of cytochrome b-c1 complex. In addition, silymarin is 
able to enhance diclofenac toxicity by interfering with mitochondrial 
complex I. 

The mPT pore is critical in maintaining the integrity and function of 
this organelle [11,12]. The mPT pore increases under cellular oxidative 
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stress and other certain pathological conditions such as skeletal muscle 
atrophy, diabetes and cardiovascular disease [12,19]. The opening of 
the mPT pore increases the permeability of the mitochondrial mem-
brane, allowing the release of small molecules such as Ca2+ and cyto-
chrome C into the cytoplasm. Consequently, this leads to a loss of MMP 
and ultimately triggers apoptosis [2]. The major components of mPT 
pore include VDAC, located on the outer mitochondrial membrane, as 
well as ANT and CypD, located on the inner mitochondrial membrane 

[11,12]. It has been demonstrated that both VDAC and CypD contribute 
to the sensitivity of mPT pore opening during cellular stresses [20]. 
According to our docking results, silymarin elicited a good binding af-
finity (ΔG − 6.08 kcal/mol) and the predicted inhibition constant (Ki) of 
34.94 µM, when binding to human VDAC (Fig. 3 and Table 3). In 
contrast, diclofenac did not show significant binding to VDAC protein. 
The interaction between silymarin and VDAC involves the formation of 
bonds with specific amino acid residues. These include H-bonds with 

Fig. 1. Binding patterns and interaction of silymarin (A) or diclofenac (B) with mitochondrial complex I (PDB: 5XTD). The three-dimensional diagrams (left) showed 
the binding conformation of silymarin or diclofenac (green) with NADH dehydrogenase domain of mitochondrial complex I. The two-dimensional diagrams (right) 
displayed amino acid residues that may interact with the compounds. 

Table 1 
Docking results of silymarin and diclofenac with mitochondrial complex I.  

Mitochondrial complex I Compounds  

Silymarin Diclofenac 

Docking Parameters   
Binding affinity (kcal/mol) -7.74   -5.77   
Ki (µM) 2.12   58.69   
Type of interactions n- 

bonds 
Average distance (Å) Interacting amino acid n- 

bonds 
Average distance (Å) Interacting amino acid 

H-bond 6 12.62 GLY90, ASP118, GLU121, ASP127, ASN244 2 3.90 GLY207 
Pi-anion 1 3.93 GLU121 2 7.90 GLU121 
Pi-alkyl    1 4.10 TYR204 
Pi-donor hydrogen 3 9.49 GLU119, GLU121, GLY207    
Unfavorable donor-donor 1 1.28 GLY120     
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LEU10, ASN156 and SER193, Pi-Alkyl bonds with ALA14, ARG139 and 
ALA141, Pi-sigma bonds with ARG15, Carbon hydrogen bonds with 
ASN183, and unfavorable donor-donor bonds with ASN156 (Fig. 3). 
These amino acids are located in the VDAC N-terminal helices of which 
this segment involves in the opening of mPT pore [21]. The binding of 
silymarin to these residues might induce the change of VDAC confor-
mation, leading to subsequent opening of the mPT pore. It was reported 

that 2-methyl-5 (or 8)-hydroxy-furanonaphthoquinone (FNQ13) bound 
with VDAC and opened the mPT pore in HeLa cell line [22]. Conse-
quently, the cytochrome C releases mediated cell apoptosis. Our results 
further demonstrated that neither silymarin nor diclofenac was able to 
interact with CypD protein (Fig. 4 and Table 4). Taken together, sily-
marin could target the mPT pore through interaction with VDAC, but not 
CypD proteins. The interaction between silymarin and the mPT pore 

Fig. 2. Binding patterns and interaction of silymarin (A) or diclofenac (B) with mitochondrial complex III (PDB: 5XTE). The three-dimensional diagrams (left) 
showed the binding conformation of silymarin or diclofenac (green) with mitochondrial complex III at the catalytic domain of cytochrome b-c1 complex. The two- 
dimensional diagrams (right) displayed amino acid residues that may interact with the compounds. 

Table 2 
Docking results of silymarin and diclofenac with mitochondrial complex III.  

Mitochondrial complex III Compounds  

Silymarin Diclofenac 

Docking Parameters   
Binding affinity (kcal/mol) -4.62   -8.78   
Ki (µM) 413.02   0.364   
Type of interactions n-bonds Average distance (Å) Interacting amino acid n-bonds Average distance (Å) Interacting amino acid 
H-bond 3 7.59 VAL64, MET383 2 7.81 MET383, ALA385 
Pi-alkyl 1 3.71 ILE247 4 19.96 ILE247, PHE251, LEU347, MET383 
Alkyl 2 10.66 LEU246, ALA385    
Pi-sigma 2 7.49 LEU246, ALA385    
Pi-donor hydrogen 3 9.98 PHE68, VAL70, TYR379    
Pi-Pi stacked    1 5.36 PHE344 
Pi-cation    1 6.39 TYR379 
Unfavorable donor-donor 1 2.06 GLY384 1 5.24 TYR379  
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could lead to an increase in the loss of MPP and disrupt mitochondria 
integrity. These events could, in part, enhance diclofenac-mediated 
apoptosis. However, the concrete mechanisms underlying silymarin- 
and diclofenac-induced mitochondrial dysfunction still need experi-
mental verification. 

4. Conclusion 

Silymarin and diclofenac have the potential to disrupt the integrity of 

mitochondria through direct interaction with mitochondrial complex I, 
III and VDAC proteins, as illustrated in Fig. 5. Diclofenac could disrupt 
electron transport chain at mitochondrial complex I and III, while sily-
marin exerted its disrupting effect at mitochondrial complex I. More-
over, by binding with the VDAC protein, silymarin could increase the 
opening of the mPT pore, which leads to the loss of mitochondrial 
integrity and enhance diclofenac -mediated apoptosis. 

Fig. 3. Molecular docking of silymarin (A) or diclofenac (B) with voltage-dependent anion channel (VDAC) (PDB: 6TIR). The three-dimensional diagrams (left) 
showed the binding conformation of silymarin (green) with VDAC on the major binding site (red). No interaction between diclofenac and VDAC was observed. The 
two-dimensional diagrams (right) displayed amino acid residues that may interact with silymarin. 

Table 3 
Docking results of silymarin and diclofenac with voltage-dependent anion channel (VDAC).  

Voltage-dependent anion channel (VDAC) Compounds 

Silymarin Diclofenac 

Docking Parameters   
Binding affinity (kcal/mol) -6.08   N.D.   
Ki (µM) 34.94   N.D.   
Type of interactions n-bonds Average distance (Å) Interacting amino acid n-bonds Average distance (Å) Interacting amino acid 
H-bond 3 6.62 LEU10, ASN156, SER193    
Pi-alkyl 3 15.33 ALA14, ARG139, ALA141    
Pi-sigma 

Carbon hydrogen 
1 
1 

4.68 
2.76 

ARG15 
ASN183    

Unfavorable donor-donor 1 2.83 ASN156    

N.D.; Not detection 
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Table 4 
Docking results of silymarin and diclofenac with cyclophilin D (CypD).  

Cyclophilin D (CypD) Compounds  

Silymarin Diclofenac 

Docking Parameters   
Binding affinity (kcal/mol) N.D.   N.D.   
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Figure legends 

Fig. 5. Proposed interaction of silymarin with the specific mitochondrial pro-
teins (i.e., Mitochondrial complex I and VDAC), contributing to its potentiation 
on diclofenac toxicity. 
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