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Abstract 
In recent years, ferroptosis, a new form of regulated cell death mechanism, has attracted 

significant attention in cancer therapy. This pathway is negatively regulated by an enzyme 

glutathione peroxidase 4 (GPX4). Thus, targeting this enzyme offers an innovative approach 

for cancers which are resistant to conventional treatment. This study aims to identify selected 

alkaloid compounds of Tinospora cordifolia with excellent ADMET characteristics to find 

possible GPX4 inhibitors. The alkaloids of T. cordifolia were compiled from PubChem 

database and screened for drug likeliness and ADMET properties. ADMET analysis and 

Lipinski’s rule of five showed that most of the compounds generally possess favorable 

pharmacokinetic properties. The CB Dock2 tool was used to evaluate the binding affinities of 

alkaloids with target protein GPX4. The binding free energies for berberine, palmatine, 

magnoflorine, jatrorrhizine, and tetrahydropalmatine were -7.0, -6.8, -7.1, -6.7, and -6.4 

kcal/mol, respectively. Among the selected alkaloids of T. cordifolia, magnoflorine is the most 

effective GPX4 inhibitor with a binding affinity of -7.1 kcal/mol. These findings suggest that 

magnoflorine can be considered as a potential anticancer agent by targeting emerging targets 

like GPX4 but require further in-vitro and in-vivo experimental validation. 
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1. Introduction 
Ferroptosis is a cell death regulation process that depends on iron levels and plays an 

important role in a variety of life-threatening diseases, including cancer [1]. Distinct from 

apoptosis and necrosis, ferroptosis is defined by the generation of lipid hydroperoxides 

(LOOHs) resulting from oxidative stress and the disruption of cellular antioxidant defense 

systems  [2]. The complex molecular mechanisms of ferroptosis have attracted considerable 

academic attention due to their potential as therapeutic targets for innovative cancer 

therapies to address medication resistance [3]. Ferroptosis arises from cellular damage and 

dysfunction due to the breakdown of iron homeostasis and lipid peroxidation. Accumulated 

iron triggers the Fenton reaction, which in turn generates reactive oxygen species (ROS) and 

starts lipid peroxidation [4]. This process primarily impacts cellular membrane 

polyunsaturated fatty acids (PUFAs), which disrupts membrane integrity and thereafter 

leads to cell death. Moreover, the depletion of the cellular antioxidant glutathione (GSH) 

amplifies vulnerability to lipid peroxidation [5]. 

Targeting ferroptosis in several malignancies, including non-small cell lung cancer, ovarian 

cancer, breast cancer, and colorectal cancer, has been associated with the reduction of cancer 

cell proliferation [6], [7], [8], [9]. There is increasing evidence that the stimulation of 

ferroptosis is effective in addressing chemoresistance, targeting hypoxic tumor 

microenvironments, and enhancing the efficacy of immunotherapy [10], [11]. New covalent 

inhibitors of glutathione peroxidase 4 (GPX4) have demonstrated significant effectiveness in 

inhibiting cancer cell proliferation in xenograft models of triple-negative breast cancer, while 

exhibiting negligible damage towards normal cells [12]. 

Nature-Antioxidants obtained from diverse sources exhibit significant bioactivities with 

extensive applications in the prevention and/or treatment of disorders associated with 

oxidative stress. The mechanism of action of bioactive compounds is comprehensive and 

notably encompasses the reduction and scavenging of ROS, the prevention of lipid 

peroxidation, and the chelation of free metal ions. Moreover, numerous investigations have 

shown that various natural substances can modulate ferroptosis and may serve as potential 

therapeutics for ferroptosis-associated disorders [13], [14], [15]. 

Tinospora cordifolia (also known as Giloy or Guduchi) is a highly regarded medicinal herb in 

Ayurveda, Siddha, Unani, and traditional Chinese medicine. Numerous phytochemical studies 

have shown that T. cordifolia contains a variety of phytochemicals, including steroids, 

phenolics, glycosides, alkaloids, and carbohydrates [16]. The presence of phytochemicals 

supports the multiple pharmacological properties of T. cordifolia. Recent investigations 

reaffirm the anticancer efficacy of T. cordifolia across several carcinomas [17]. Although T. 

cordifolia is well recognized as a prolific source of bioactive phytochemicals with anticancer 

activity, a significant gap persists in understanding the molecular-level properties and 

interactions of its primary constituents, mainly alkaloids. Although, previous research has 

documented cytotoxic effects and preliminary findings, a thorough investigation focusing on 

novel developing cell death mechanisms, such as ferroptosis, has yet to be conducted [18]. 

Furthermore, a comprehensive assessment of binding interactions with ferroptosis-
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associated targets, including GPX4, is yet to be conducted. This study systematically assesses 

the inhibitory efficacy of alkaloids phytoconstituents against the critical target GPX4 using 

molecular docking analyses, aiming to elucidate mechanistic insights and identify viable 

candidates for integrative cancer therapy. 

2. Materials and Methods 

2.1 Study design 
This work examined the inhibitory effects of T. cordifolia alkaloids berberine, palmatine, 

magnoflorine, jatrorrhizine, and tetrahydropalmatine on a key ferroptosis molecular target. 

GPX4 is selected as a molecular target that is known for its role in facilitating cancer 

progression by inhibiting ferroptotic cell death. The present study evaluated the 

pharmacokinetics, binding interactions, and toxicity profiles of selected alkaloids to assess 

their therapeutic potential using in-silico methods such as molecular docking, Lipinski's rule 

of five, and ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) analysis. 

In order to screen potential new drugs more efficiently and with less financial outlay, 

computational methods are being considered as an alternative to expensive experimental 

research. Additionally, it enables precise prediction of these compounds' medicinal potential 

and drug-likeness by providing atomic-level insights into chemical interactions. Figure 1 

shows a schematic illustration of the impact of selected bioactive chemicals against the GPX4, 

a molecular target of ferroptosis. 

 

 

 

Figure 1. A schematic illustration of study design from bioactive compounds selection to in-

silico analysis. 
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2.2 Target protein selection 
Out of several important targets of ferroptosis in cancer progression, we have selected the 

highly studied protein GPX4 for present study. Inhibition of GPX4 resulted in ferroptosis 

induction through multiple mechanisms including ROS generation, lipid peroxidation and 

disruption of cell integrity. Thus, direct inhibition of GPX4 is one of the important methods to 

induce ferroptotic cell death in cancer. The three-dimensional structure of the GPX4 was 

obtained from Protein Data Bank (PDB) in the .pdb file format (PDB ID: 5H5Q). 

2.3 Selected bioactive compounds as ligands 
A total of five potent alkaloids from T. cordifolia were selected based on their potential 

anticancer activity, as evidenced by previous literature demonstrating their role in the 

modulation of oxidative stress mediated cell signaling pathways. The 3D structures of 

compounds were downloaded from the PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/) and saved in sdf files. 

2.4 Drug likeliness and ADMET analysis 
The ADMET properties of five alkaloids extracted from Tinospora cordifolia (berberine, 

palmatine, magnoflorine, jatrorrhizine, and tetrahydropalmatine) were assessed using the 

PkCSM tool (https://biosig.lab.uq.edu.au/pkcsm/) with the specific one-line canonical 

simplified molecular-input line-entry system (SMILES) for each phytocompound [19]. This 

parameter highlights the medicinal characteristics of selected compounds, which could lead 

to their advancement as anticancer medicines. Parameters, including the logarithm of the n-

octanol/water partition coefficient (LogP), molecular weight (MW), hydrogen bond 

acceptors (HBAs), hydrogen bond donors (HBDs), molecular polar surface area (PSA), and 

the number of rotatable bonds (RotBs), were analyzed in accordance with Lipinski’s rule of 

five and the Veber rule. 

2.5 Molecular Docking 
The Cavity detection-guided Blind Docking-2 (CB-Dock-2) tool (https://cadd.labshare.cn/cb-

dock2/) was used to examine the interactions between the GPX4 protein and the alkaloids of 

T. cordifolia, specifically berberine, palmatine, magnoflorine, jatrorrhizine, and 

tetrahydropalmatine [20]. This online tool finds protein cavities automatically and figures 

out the centers and sizes of the top N cavities, where n=5 is the usual number of cavities. The 

lowest Vina score (kcal/mol) was picked for each ligand. The interactions involving the 

largest cavity and the ligand exhibiting the lowest Vina score are generally displayed at the 

top. 
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3. Results  

3.1 Target protein and phytochemicals identification 

For this study, an important target of ferroptosis pathway, GPX4, was selected and retrieved 

from the PDB. Additionally, five anticancer phytochemicals berberine, palmatine, 

magnoflorine, jatrorrhizine, and tetrahydropalmatine derived from T. cordifolia were 

identified for further investigation from PubChem (https://pubchem.ncbi.nlm.nih.gov/) 

(Table 1) (Figure 2). 

 

Table 1: Target protein and phytochemicals (ligands) with their respective identification. 

Target 

Protein 
PDB ID Alkaloids PubChem CID 

GPX4 5H5Q 

Berberine 2353 

Palmatine 19009 

Magnoflorine 73337 

Jatrorrhizine 72323 

Tetrahydropalmatine 72301 

 

 

Figure 2.  2D structures of selected alkaloids of T. cordifolia 

https://pubchem.ncbi.nlm.nih.gov/
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3.2 Drug likeliness and ADMET investigation 
Using Lipinski's Rule of Five and ADME characteristics, the selected alkaloids of Tinospora 

cordifolia were examined. Initially, the PkCSM tool was used to determine whether the 

selected compounds comply with Lipinski's Rule of Five, a preliminary criterion for 

evaluating a chemical as a prospective therapeutic candidate. All identified compounds 

complied with Lipinski’s Rule of Five without violating any condition (Table 2). Subsequently, 

the compounds were evaluated for their ADMET qualities using the PkCSM program to 

elucidate their pharmacokinetic characteristics. Comprehensive ADMET characteristics data 

for the compounds is provided in Tables 3-7. The investigation revealed that the chosen 

alkaloids fulfilled the criteria and had promising drug-like characteristics. 

Table 2. Lipinski’s Rule of Five analysis of selected alkaloids. 

S. No. Ligand Molecular 
Weight 

(≤500Da) 

cLogP 
(≤5) 

H-Bond 
Donor 
(≤5) 

H-Bond 
Acceptor 
(≤10) 

Rotatable 
Bonds 
(≤10) 

1. Berberine Yes Yes Yes Yes Yes 
2. Palmatine Yes Yes Yes Yes Yes 
3. Magnoflorine Yes Yes Yes Yes Yes 
4. Jatrorrhizine Yes Yes Yes Yes Yes 
5. Tetrahydropalmatine Yes Yes Yes Yes Yes 

 

Table 3.  Absorption properties of selected alkaloids. 

S. 
No. 

Alkaloids Water 
Solubili
ty (Log 
mol/L) 

Caco2 
Permeabil

ity (log 
Papp in 

10-6 
cm/s) 

Intestinal 
Absorption 

(Human) 
(% 

Absorbed) 

Skin 
Permeab
ility (log 

Kp) 

P-
Glucoprote

in 
Substrate 

P-
Glucoprote

in-I 
Inhibitor 

P-
Glucoprotei

n-II 
Inhibitor 

1. Berberine -3.973 1.734 97.147 -2.576 Yes No Yes 
2. Palmatine -4.194 0.863 97.084 -2.554 Yes Yes Yes 
3. Magnoflorine -3.924 1.575 96.107 -2.758 Yes No Yes 
4. Jatrorrhizine -3.871 1.234 94.465 -2.741 Yes No Yes 
5.  Tetrahydrop

almatine 
-3.049 0.679 93.104 -2.84 Yes Yes Yes 

Table 4. Distribution properties of selected alkaloids. 

S. No. Ligand VDss 
(Human) (log 

L/kg) 

Fraction Unbound 
(Human) (log 

L/kg) 

BBB Permeability 
(log BB) 

CNS Permeability 
(logPS) 

1. Berberine 0.58 0.262 0.198 -1.543 
2. Palmatine 0.641 0.245 -0.112 -1.535 
3. Magnoflorine 1.211 0.105 -0.651 -2.101 
4. Jatrorrhizine 0.539 0.182 -0.15 -2.142 
5. Tetrahydropalmatin

e 
1.024 0.313 0.173 -1.827 
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Table 5. Metabolic properties of selected alkaloids. 

S. No. Ligand CYP-2D  
Substrat

e 

CYP-3A4 
Substrat

e 

CYP1A2 
Inhibitor 

CYP2C19  
Inhibitor 

CYP2C9  
Inhibitor 

CYP2D6  
Inhibitor 

CYP3A4 
Inhibitor 

1. Berberine No Yes Yes No No Yes Yes 
2. Palmatine No Yes Yes No No Yes No 
3. Magnoflorine No Yes Yes No No No No 
4. Jatrorrhizine No Yes Yes No No Yes No 
5. Tetrahydropalmatin

e 
No Yes Yes No No Yes No 

Table 6. Excretion properties of selected alkaloids. 

S. No. Ligand Total Clearance 
(log ml/min/kg) 

Renal OCT2 
Substrate 

1. Berberine 1.27 No 
2. Palmatine 1.246 No 
3. Magnoflorine 1.083 No 
4. Jatrorrhizine 1.222 No 
5. Tetrahydropalmatine 1.123 No 

 

Table 7. Toxicity prediction of selected alkaloids. 
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1. Berberine Yes 0.144 No No 2.571 1.89 Yes No 0.354 -0.277 
2. Palmatine Yes 0.231 No Yes 2.551 1.536 Yes No 0.388 -0.313 

3. 
Magnoflorin
e 

No 0.198 No Yes 2.274 1.748 No No 0.659 0.954 

4. Jatrorrhizine No -0.613 No No 2.494 2.122 No No 0.286 2.725 

5. 
Tetrahydrop
almatine 

No 0.175 No Yes 2.445 1.356 Yes No 0.385 0.177 

 

3.3 Molecular docking-driven investigation of alkaloids-GPX4 

interactions 
The GPX4 protein and selected alkaloids from T. cordifolia were docked blindly utilizing the 

web-based CB-Dock platform, which is based on the Auto-Dock-vina-algorithm. The three-

dimensional structure of the GPX4 protein was individually deposited and docked with the 
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three-dimensional structure of each alkaloid. The best pose was chosen based on the Vina 

score, cavity size, grid map, and other factors. The CB-Dock results were obtained from the 

possible pose configurations of the GPX4 (receptor) and alkaloids (ligands). An interaction 

model was developed by projecting the predicted binding energies of alkaloids and GPX4 

protein using a curvature-dependent surface-area model. Results from the binding energy 

calculations (vina score) were used to identify the interaction with the lowest binding energy 

(Table 8). The GPX4 protein displayed the lowest Vina score with magnoflorine at -7.1 

kcal/mol whereas berberine, palmatine, jatrorrhizine and tetrahydropalmatine displayed 

lower Vina values of -7.0, -6.8, -6.7 and -6.4 kcal/mol, respectively (Fig. 3-7). 

Table 8. Vina score and interacting amino acid residues facilitating interaction of alkaloids 

with GPX4 (assessed by CB-Dock2 tool). 

Compound/Ligand 
GPX4 (PDB ID: 5H5Q) 

Vina score 
(kcal/mol) 

Amino acid residues 

Berberine 
PubChem CID:2353 

-7 
Chain A: TRP35, LYS47, SER131, LYS132, ILE133, GLU134, 

ASP138, ASP139, ALA140, HIS141, PRO142, LYS145 
Chain B: LEU905, GLN906 

Palmatine  
PubChem CID:19009 

-6.8 

Chain A: ASP34, TRP35, SER45, LYS47, MET53, SER102, ASN103, 
GLN104, LYS107, SER131, LYS132, ILE133, GLU134, ASP138, 

ASP139, ALA140, HIS141, PRO142, LYS145 
Chain B: ARG902, VAL903, ASP904, LEU905, GLN906, GLY907, 

TRP908, ARG910 

Magnoflorine 
PubChem CID:73337 

-7.1 
Chain A: PRO151, LYS152, GLY153, LYS154, GLY155, ILE156, 

LEU157, GLY158, ASN159, ALA160, LYS162, THR166, VAL177, 
LYS178, ARG179, TYR180, GLY181, PRO182, MET183, GLU184 

Jatrorrhizine 
PubChem CID:72323 

-6.7 

Chain A: ASP34, TRP35, LYS47, ASN103, SER131, LYS132, ILE133, 
GLU134, VAL135, ASP138, ASP139, ALA140, HIS141, PRO142, 

LYS145, 
Chain B: LEU905, GLN906, GLY907, TRP908 

Tetrahydropalmatine 
PubChem CID:72301 

-6.4 
Chain A: LYS75, LYS154, GLY155, ILE156, LEU157, GLY158, 

ALA160, ILE161, LYS162, TRP163, THR166, LYS178, ARG179, 
TYR180, GLY181, PRO182, MET183, GLU184 
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Figure 3. Molecular interaction of berberine with GPX4 by CB-Dock2 molecular docking 

analysis. 

 

Figure 4. Molecular interaction of palmatine with GPX4 by CB-Dock2 molecular docking 

analysis. 
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Figure 5. Molecular interaction of magnoflorine with GPX4 by CB-Dock2 molecular docking 

analysis. 

 

Figure 6. Molecular interaction of jatrorrhizine with GPX4 by CB-Dock2 molecular docking 

analysis. 
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Figure 7. Molecular interaction of tetrahydropalmatine with GPX4 protein by CB-Dock2 

molecular docking analysis. 

4. Discussion 
In recent years, significant progress has been made in treating various types of carcinomas 

by using different approaches. However, chemotherapy resistance and toxic adverse 

reactions are still serious problems that influence the prognosis of cancer patients [21]. It is 

imperative to develop novel strategies and therapies for cancer treatment. Ferroptosis, an 

innovative form of cell death characterized by iron-dependent lipid peroxidation, has 

emerged as a viable therapeutic approach [22]. Plant-derived natural products, recognized 

for their bioactive constituents that engage various targets and exhibit low adverse effects, 

serve as significant sources for the discovery of anticancer agents [23]. Consequently, it is 

highly important to investigate naturally occurring pharmacological compounds capable of 

inducing ferroptosis in cancer. T. cordifolia is a plant whose phytocomponents exhibit 

therapeutic efficacy against various disorders, including cancer. The bioactive 

phytochemicals of T. cordifolia comprise alkaloids, glycosides, steroids, aliphatic compounds, 

essential oils, a blend of fatty acids, calcium, phosphorus, proteins, and polysaccharides [24]. 

These phytocomponents elicited anticancer effects through mitochondrial-mediated 

apoptosis, cytotoxicity, mutagenicity, tumor size reduction, induction of reactive oxygen 

species, diminished gene expression related to the cell cycle, and effective inhibition of cancer 

proliferation [25], [26], [27]. This work aims to examine the anticancer potential of T. 

cordifolia's alkaloids by targeting the GPX4 protein inside the ferroptotic pathway through an 

in-silico approach. 

The ADMET analysis indicated that the alkaloids generally complied with Lipinski's rule of 

five and exhibited favorable absorption, distribution, metabolism, excretion, and toxicity 

properties. However, some compounds were predicted to inhibit specific cytochrome P450 

isoforms, particularly CYP1A2 and CYD2D6 and certain alkaloids showed potential toxicity 

alerts including AMES positivity and hepatotoxicity. While computation analysis supports the 
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potential translation relevance of these alkaloids, further in-vitro and in-vivo studies are 

necessary to comprehensively validate their pharmacokinetics and safety profiles before 

therapeutic utilization. The results of this work align with previous publications, indicating 

that computational screening of natural chemicals revealed various anticancer properties 

[28], [29].  

Analysis of the CB dock indicated that alkaloids bind proficiently within the functional pocket 

of the ferroptotic pathway protein, GPX4. Among the selected alkaloids, magnoflorine 

exhibits greater binding affinity for GPX4 proteins. Stable protein-ligand interactions were 

enabled by low binding energies and many non-covalent interactions among critical amino 

acid residues of target proteins. These interactions suggest that these phytocompounds may 

operate as ferroptosis inducers, impairing anti-apoptotic signaling and facilitating apoptotic 

cell death. While these in-silico approaches exhibit potential molecular compatibility, they 

are inadequate to guarantee biological efficacy. Consequently, further experimental 

validation employing in-vitro techniques is essential. Comparable research has likewise 

highlighted the function of many natural compounds as inhibitors of GPX4 protein [30], [31]. 

5. Conclusion 
In summary, this study provides a preliminary report of targeting a crucial enzyme of 

ferroptosis, GPX4, by plant derived bioactive compounds which could represent a promising 

cancer treatment strategy. The present work included in-silico analysis including ADMET, 

drug-likeness, and CB Dock2 molecular docking approach. The results demonstrated that out 

of five selected alkaloids, magnoflorine was recognized as a potent natural inhibitor of GPX4 

with high binding affinity. However, this study was only based upon in-silico-based 

investigations, thus in-vitro and in-vivo studies are required to validate the repressive 

potential of magnoflorine against GPX4. This study will help future researchers in identifying 

novel targets to develop new generation therapeutics for chemo resistant tumors. 
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