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A B S T R A C T

Objectives.
In silico techniques are a highly efficient, cost-effective, and rapid approach to identify potent herbal lead

compounds with therapeutic potential against cancer. Phytochemicals are abundant in plants and may represent
a promising cancer prevention and treatment approach. The plant species Oxalis corniculata has long been
employed in traditional medicine to treat various diseases. Indeed, previous studies have demonstrated the anti-
cancer properties of the crude extract obtained from this plant. However, further research is essential to elucidate
precisely the underlying molecular mechanisms responsible for these activities.
Methods.
The study investigated the potential of bioactive compounds from O. corniculata to bind with different targets

of anti-cancer drugs. Employing molecular docking and drug-likeness, 19 bioactive compounds from the plant
were tested as potential anti-cancer leads. Compounds that exhibit both favorable drug-likeness and binding
energies comparable to those of standard drugs like curcumin, doxorubicin, and paclitaxel were selected for
further evaluation of their pharmacokinetic properties.
Results and Conclusions.
Among the 19 selected phytoconstituents of O. corniculata, compounds 15 and 16 exhibited the most effective

binding energy (− 8.68, − 8.22 and − 8.70, − 8.22, − 8.52 kcal/mol, respectively) with key cancer targets
including Programmed death-ligand 1 (PDB: 7bea), B-Raf proto-oncogene, serine/threonine kinase (PDB: 8c7y)
and poly (ADP-ribose) polymerase (PDB: 7kk4). Pharmacokinetic and toxicity analysis provided additional in-
sights into the potential of these compounds as anti-cancer drugs. The computational analysis holds promise in
accelerating the development of novel drug therapies aimed at treating various cancer types.

1. Introduction

Plants have emerged as a rich reservoir of medicinal compounds that

have played a crucial role in developing many modern medicines. The
medicinal potency of plants stems from their intricate chemical
composition, which includes a wide array of phytochemicals such as
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terpenoids, alkaloids, flavonoids, phenols, glycosides, and various sec-
ondary constituents (Zahra et al., 2023; Shah et al., 2023; Riaz et al.,
2023). natural alkaloids like berberine, evodiamine, and matrine are
among the phytochemicals identified for their medicinal properties
(Gaikwad & Srivastava, 2021). Medicinal plants contain bioactive
compounds with potential anti-cancer properties, targeting cancer
through diverse mechanisms (Newman & Cragg, 2020). However,
challenges in standardization and clinical validation persist, necessi-
tating interdisciplinary research efforts to fully unlock their potential in
cancer treatment.Phytochemicals effectively treat anaplastic thyroid,
breast, and other cancers by modulating tumor aggressiveness and
acting as potent anti-cancer agents.Oxalis corniculata, a creeping wood
sorrel native to Europe, has attracted attention for its potential phar-
macological activities, including anti-cancer properties (Groom et al.,
2019). Studies show that an ethanol extract from the leaves of this plant
induces apoptosis in human MCF-7 breast cancer cells (Gholipour et al.,
2022). This plant shows promising pharmacological activities and has
potential as an anti-cancer agent due to its bioactive compounds,
including flavonoids and phenolic compounds, which have antioxidant
and anti-inflammatory properties.

Computational methods like virtual screening and molecular dock-
ing have been used to identify potential anti-cancer lead molecules and
pharmaceutical targets, such as p21-activated kinase 1 (PAK1) (Yao
et al., 2020), and analysis of large phytochemical datasets using com-
puter programs can reliably identify active compounds for use as drugs.
Cancer continues to be a major global health challenge, affecting mil-
lions of people. Targeted therapies have proven to be promising in-
terventions to combat various types of cancer. Inhibitors of programmed
death-ligand 1 (PDL-1), poly (ADP-ribose) polymerase (PARP), and B-
Raf proto-oncogene serine/threonine kinase (BRAF) can revolutionize
cancer treatment by unleashing anti-tumor immune responses. PDL-1
inhibitors are effective in metastatic breast cancer, liver cancer, and
colorectal Cancer (Reck et al., 2016), while PARP inhibitors exploit DNA
repair vulnerabilities in cancer cells (Knelson, 2021). BRAF inhibitors
target aberrant MAPK signaling in cancer cells, with some patients
responding to them in certain subtypes (Arora et al., 2021). Challenges
in treatment resistance, biomarker identification, and patient stratifi-
cation necessitate ongoing research and clinical trials to advance pre-
cision medicine in cancer treatment (Al-Nour et al., 2021).

In the present study, we sought to investigate the potent anti-cancer
properties of phytocompounds extracted from O. corniculata against
PDL-1, PARP, BRAF, and other receptors associated with various cancer
types (Table 1) using in silico methods. We examined the binding af-
finities, drug-likeness, ADME/T, and molecular interactions of the
selected phytochemicals for specific biological receptors from five
different cancer types, which play a crucial role in cell growth, cell cycle,
and DNA replication.

2. Materials and methods

The methodological approach consists of five discrete steps: (i)
Phytochemical ligand library construction, (ii) Druggable cancer target
selection, (iii) Molecular docking, (iv) Physicochemical analysis, and (v)
ADME/T profiling. The overall data processing and analysis workflow is
illustrated in Fig. 1, and detailed descriptions of the different steps are
provided in the sections below. This methodological approach employs a
systematic and rigorous process to identify potential anti-cancer com-
pounds from a traditional plant source, ensuring the accuracy and reli-
ability of results throughout the process.

2.1. Phytochemical ligand library construction

The chemical ligand classes are based on diverse scaffolds of Oxalis
corniculata, which are traditionally used for treating cancer and related
ailments (Khan, 2014). A herbal-based ligand library was constructed,
comprising 19 ligands belonging to the above chemical classes (Table S2

− S6). The two-dimensional structure of each ligand was created using
ChemDraw 9.0 software using their canonical SMILES from the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov/), followed by their
energy minimization with the MM2 force field of the Chem3D tool to
generate their three-dimensional shape for computational evaluation
(Naveed et al., 2024; Zahra et al., 2023).

2.2. Druggable cancer target selection

Cancer types and their potential drug targets were selected for mo-
lecular docking, and their structural models for the selected macromo-
lecular targets were taken from the Protein Data Bank (https://www.
rcsb.org/) and converted into monomeric nascent receptors by delet-
ing other chains and complex ligands. The resulting monomeric receptor
was prepared for docking analysis by adding polar hydrogens and
assigning a uniform distribution of Gasteiger charge to the macromo-
lecular residues.

2.3. Molecular docking studies

All targets included in the current docking analysis were redocked
with the Autodock software using individual reference ligands (Gupta
et al., 2022). A focused grid box was created for molecular docking of all
target receptors considered in the current study, covering both the
extended conformations of the reference ligand and the interacting
macromolecular residues. Docking parameters for each target were
assessed by comparing conformation and chemical similarity between
the reference ligand and active site of macromolecule, then used for
computational screening against anti-cancer targets (Mujwar, 2021).

Table 1
Cancer types and their possible drug targets selected for molecular docking.

Cancer Types Drug Targets References

Cervical Cancer
PD-L1 (Huang et al., 2022)
HER2 (Taja-Chayeb et al., 2020)
EGFR (Krishna et al., 2023))
mTOR (Kim et al., 2010)
PARP (Tomao et al., 2020)

Liver Cancer
Annexin A3 (Pan et al., 2015)
CDK9 (Yao, 2021)
EGFR (Fang et al., 2017)
PD1 (Zeng et al., 2023)
PD-L1 (Zeng et al., 2023)

Colorectal Cancer
EGFR (Chan et al., 2017)
mTOR (Kim & Eng, 2012)
PD1 (Yang et al., 2022)
PD-L1 (Yang et al., 2022)
BRAF (Grassi et al., 2021

Breast Cancer
Akt (Martorana et al., 2021)
CDK4 (Dean et al., 2010)
CDK6 (Dean et al., 2010)
COX-2 (Sahu et al., 2023)
EGFR (Li et al., 2022)
mTOR (Ortega et al., 2020)
NF-Kb (Sampepajung et al., 2021)
p53 (Marvalim et al., 2023)
PARP (Tung & Garber, 2022)
PD-L1 (Vranic et al., 2021)

Lung Cancer
BRAF (Yan et al., 2022)
EGFR (Tian et al., 2022)
PD-1 (Yang et al., 2020)
PD-L1 (Yang et al., 2020)
mTOR (Sui et al., 2021)
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2.4. Screening of drug-likeness and ADME/T prediction

Evaluating the drug-likeness properties of drug candidates acceler-
ates drug discovery and development progress. All 19 molecules were
subjected to a virtual screening process to assess their drug-likeness,
pharmacokinetic, and associated toxicity. The physicochemical and
ADME/T properties of compounds were calculated using SwissADME
(https://www.swissadme.ch/), DataWarrior 6.0 software, and an online
platform PkCSM (https://biosig.lab.uq.edu.au/pkcsm/prediction).
Molsoft, an online tool (https://molsoft.com/mprop/), was also
employed to calculate drug-likeness in the form of a metric called
’Molsoft Score’ by evaluating the drug-like properties of chemical
compounds, including the number of hydrogen bond acceptors (HBA),
the number of hydrogen bond donors (HBD), the molecular weight, the
water partition coefficient (MolLogP), the water solubility (MolLogS),
molecular polar surface area (MolPSA), molecular polar surface volume
(MolVol), acid dissociation constant (pKa) and blood–brain barrier
(BBB) assessment. The analysis of BOILED-Egg conducted by Swis-
sADME (Shabbir et al., 2023) was subsequently utilized to validate the
drug-likeness through passive gastrointestinal absorption and brain
permeability evaluation based on physicochemical descriptors such as
WLOGP and TPSA.

3. Results

3.1. Macromolecular target selection and preparation

Macromolecular targets involved in the pathophysiology of diverse
cancer types such as cervical, liver, colorectal, breast, and lung cancer
were reviewed with reference to recent literature, and essential targets
were shortlisted (Table 1) for further analysis due to their direct
involvement in cancer progression (Sarnik et al., 2021). A molecular
docking study of phytochemical ligands against described anti-cancer
targets and a three-dimensional form of the macromolecular targets
were retrieved from the Protein Data Bank (Berman et al., 2002) and

prepared for docking analysis by removing the complex ligands, addi-
tion of polar hydrogen, and ADT (AutoDockTool) atom type. The final
shortlisted ligands based on low binding energy, high binding affinity,
and other parameters discussed in this study, shown in Fig. 2, might lead
the way to discovering a potent anti-cancer agent.

3.2. Screening of drug-likeness and ADME/T prediction

A virtual screening was performed of 19 phytoconstituents from
Oxalis corniculata, taking into account drug similarity, Lipinski’s “rule of
five” and toxicity parameters. Among the 19 phytochemicals screened,
two compounds, acacetin and luteolin, performed well in all the
screening parameters. The physicochemical properties of these 2 com-
pounds are computed and shown in Table 2 using tools SwissADME and
Data Warrior 6.0. These identified phytochemicals had satisfactory
spectrum with a molecular weight of less than 500 Dalton, less than 10
hydrogen bond acceptors, less than 5 hydrogen bond donors, and logP
values of less than 5. Their pharmacokinetic parameters, such as ab-
sorption, partition coefficient, and solubility, were also predicted and
found to be important factors, as shown in Table 3. The drug-likeness
scores of the two compounds were computed using Molsoft, an online
tool. The compounds exhibiting positive scores are considered to be in
the drug-like range. As illustrated in Fig. 3A, acacetin and luteolin, along
with standard drugs (curcumin, doxorubicin, and paclitaxel), were
predicted to have positive scores of 0.20–0.97, suggesting that they seem
drug-like. Further BOILED-Egg analysis from SwissADME predicts pas-
sive gastrointestinal absorption and brain access using WLOGP and
TPSA physicochemical descriptors. The white area represents the
physicochemical domain where the gastrointestinal tract most likely
absorbs molecules, and the yellow area signifies the physicochemical
space where molecules are most likely to penetrate the brain. It is
important to note that the yolk and white regions are not completely
separate. BOILED-Egg analysis of standard drugs doxorubicin and
paclitaxel showed neither to be absorbed nor permeant to the blood–-
brain barrier (BBB); their prediction did not fall in the range of the plot

Fig. 1. Schematic illustration of steps involved in the computational screening of phytoconstituents against druggable targets of various cancer types.
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with a TPSA of 206.07 Å2, 221.29 Å2 and a WLOGP of − 0.32, 3.41
respectively while proposed phytochemicals acacetin, luteolin, and
curcumin (control) fall within the range (Fig. 3B). These results suggest
that acacetin and luteolin are promising leads for the development of an
anti-cancer drug for different forms of cancer.

3.3. Molecular docking

The docking protocol used for each macromolecular target investi-
gated in this study was verified by redocking each reference ligand. The
validated docking parameters, including the screening criteria, were
further evaluated for screening a previously generated herbal-based
ligand library against all anti-cancer targets implicated in different
cancer types. The finalized grid parameters considered in the current
study for molecular docking of the respective targets are tabulated in
Table S1. After virtual evaluation, the lead receptors PD-L1, PARP, and
BRAF were shortlisted depending on their minimum binding score
(Table 4 and Fig. 4) in different types of cancer. The binding scores for
various macromolecular targets analyzed in the present study are
documented in Table S2 − S6. This comprehensive analysis highlights
the potential of specific phytochemicals in targeting key receptors
involved in cancer progression.

3.4. The binding affinities of the phytocompounds

Docking analysis revealed that acacetin and luteolin are active and
non-toxic phytoconstituents from O. corniculata and exhibit anti-cancer
potential against various types of cancer. These phytochemicals exert
their therapeutic effects via targeting multiple therapeutic targets,
including PD-L1, BRAF, and PARP. The highest binding affinities of
acacetin and luteolin were observed against PD-L1 and BRAF receptors.
The binding affinities of the phytocompounds and their interactions in
two dimensions and the binding mode in three dimensions are shown in
Fig. 5 (A − E). Various binding interactions observed in docking studies
indicate that acacetin and luteolin can form complexes with amino acid
residues inside the binding pockets of the targets (Table 5). These
findings underscore the potential of these compounds as multi-target
anti-cancer agents.

4. Discussion

This work aimed to use a combination strategy of molecular docking
and virtual screening to examine the structural interactions of bioactive
chemicals from O. corniculata with important molecular targets impli-
cated in cancer etiology. Herbal medicines, such as curcumin, are pop-
ular due to their low side effects and proven efficacy in cancer treatment
(Gaikwad & Srivastava, 2021). These natural sources have undergone
extensive preclinical and clinical testing, leading to the belief that

Fig. 2. Structural representation of shortlisted phytochemicals acacetin and luteolin.

Table 2
Physicochemical properties of acacetin and luteolin.

Name MW cLogP cLogS HBA HBD (TPSA) Mutagenic Tumorigenic Reproductive Effective Irritant RB

Acacetin 284.266 2.6114 − 3.17 5 2 79.90 none none None none 2
Luteolin 286.238 1.99 − 2.56 6 4 111.13 none none None none 1

MW − Molecular weight, cLogP − Partition coefficient between water and n-octanol, cLogS − Water solubility at 25̊ and pH=7.5, HBA − Hydrogen bond acceptor,
HBD − Hydrogen bond donor, TPSA − Topological polar surface area (Å2), RB − Rotatable bond.

Table 3
ADME/T Properties of acacetin and luteolin.

Properties Acacetin Luteolin

Molecular weight 284.267 286.239
TPSA 79.90 111.13
LogP 2.8798 2.2824
H-bond acceptor 5 6
H-bond donor 2 4
Absorption
Water solubility (log mol/L) − 3.284 − 3.094
P-Glycoprotein substrate Yes Yes
P-Glycoprotein I inhibitor No No
P-Glycoprotein II inhibitor No No
Caco2 permeability (log Papp in10-6 cm/s) 1.137 0.096
Intestinal absorption (human) (% Absorbed) 94.318 81.13
Skin permeability (log Kp) 2.737 − 2.735
Distribution
VDss (human, log L/kg) 0.346 1.153
BBB permeability (logBB) 0.196 − 0.907
CNS permeability (log PS) − 2.159 − 2.251
Fraction unbound (human) (Fu) 0.08 0.168
Metabolism
CYP3A4-substrate Yes No
CYP2D6-substrate No No
CYP2C19-inhibitor Yes No
CYP1A2-inhibitor Yes Yes
CYP2D6-inhibitor No No
CYP2C9-inhibitor Yes Yes
CYP3A4-inhibitor Yes No
Excretion
Renal OCT2 substrate No No
Total clearance (log ml/min/kg) 0.663 0.495
Toxicity
Hepatotoxicity No No
hERG I inhibitor No No
hERG II inhibitor No No
AMES toxicity No No
Skin sensitization No No
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medicinal plants can provide innovative anti-cancer therapies that could
transform the oncology sector. Oxalis corniculata is reported for different
pharmacological activities, including anti-cancer activities, but precise
mechanisms underlying the anti-cancer properties remain incompletely
elucidated. However, as far as we know, this is the first report where in
silico screening has been performed to identify potential anti-cancer
compounds from this plant. Secondary metabolites, including flavo-
noids and quassinoids, are linked to its anti-cancer potential (Gupta
et al., 2022), and due to its antioxidative properties and ability,

O. corniculata crude extract induces apoptosis in cancer cell lines
(Gholipour et al., 2022).

Chemical compounds exhibit activity and selectivity but may not
possess all the properties essential for the selectivity of a viable drug
candidate. In silico analysis based on various scaffold structures of
phytochemicals from this plant, a ligand library of 19 ligands from
different chemical classes was generated (Table S2 − S6). Suitable
therapeutic targets involved in cancer progression for various cancer
types (Table 1) were identified, and the corresponding molecular

Fig. 3. Drug-likeness representation of acacetin and luteolin. (A.) Using MolSoft (B.) BOILED-Egg analysis of acacetin and luteolin compared with FDA-approved
anti-cancer drugs.
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binding sites for docking experiments were prepared. The three-
dimensional structures of selected protein targets were extracted from
the Protein Data Bank and converted into individual receptors for
docking analysis.

Molecular docking serves as a crucial computational instrument
within the realm of pharmaceutical research to identify the potential
compounds and evaluate the interaction between protein and ligand
entities at the specific binding site (Zahra et al., 2023). The molecular
docking procedure includes verifying the docking protocol for each
macromolecular target studied and screening the previously prepared
herbal-based ligand library against PDL-1 (Reck et al., 2016), BRAF
(Arora et al., 2021), PARP (Knelson, 2021), and all five different targets
implicated in various cancer types. The lead molecules were shortlisted
based on minimum binding energy and maximum analyzed binding
interactions with the macromolecular target. Among the 19 phytocon-
stituents identified in O. corniculata, acacetin, and luteolin demonstrate

binding energies of − 8.68, − 8.22, and − 8.70, − 8.22, − 8.52 kcal/mol,
respectively, when interacting with cancer-related targets such as PDL-
1, BRAF and PARP (Table 4). Five stabilizing interactions were observed
(Table 5): van der Waal, conventional hydrogen bond, pi-sigma, pi-pi
stacked, and pi-alkyl helped stabilize these complexes (Fig. 5A-E). These
findings highlight the potential of these compounds in developing novel
therapeutic agents for cancer treatment. The result suggests these
compounds could formulate multi-target therapeutics derived from
plants, capable of exerting inhibitory effects across different types of
cancer.

Furthermore, acacetin and luteolin exhibited favorable properties
such as appropriate molecular weight, hydrogen bond acceptors and
donors, and logP values. Their pharmacokinetic parameters aligned with
Lipinski’s rule of five. Drug-likeness and absorption analyses of these
two compounds, alongside positive controls (doxorubicin, paclitaxel,
and curcumin), confirmed their suitability using the MolSoft online
platform and Boiled-Egg analysis, falling within an acceptable range.
This indicates their potential as promising starting points for anti-cancer
drug development. In view of these findings, the two selected com-
pounds emerge as promising candidates for cancer therapeutics. Their
demonstrated interactions with therapeutic targets, favorable drug-like
properties, and ADME/T profiles underline their potential efficacy.
Nevertheless, comprehensive exploration and validation of their in vitro
and in vivo activities across various cancer types are imperative for
advancing these compounds toward clinical applications.

5. Conclusion

We utilized virtual screening and molecular docking techniques to
investigate the interactions between bioactive compounds from Oxalis
corniculata and cancer-associated targets. Our findings revealed that
compounds acacetin and luteolin exhibited significant affinity towards
PD-L1, BRAF, and PARP, indicating their potential as versatile multi-
target pharmaceutical agents. Notably, these compounds lacked muta-
genic or carcinogenic properties and displayed favorable bioactivity,
pharmacokinetics, and ADME/T characteristics. Despite these promising
attributes, further research is imperative to validate their therapeutic
efficacy in clinical settings.

Table 4
The binding energy of shortlisted leads against macromolecular targets from
different cancer types.

Sr.
No.

Cancer Types Molecules Binding Energy (kcal/mol)

PD-L1
(PDB:
7bear)

PARP
(PDB:
7kk4)

BRAF
(PDB:
8c7y)

1 Cervical
Cancer

Acacetin − 8.68 − −

Luteolin − 8.70 − 8.52 −

2 Liver Cancer Acacetin − 8.68 − −

Luteolin − 8.70 − −

3 Colorectal
Cancer

Acacetin − 8.68 − − 8.22
Luteolin − 8.70 − − 9.03

4 Breast Cancer Acacetin − 8.68 − −

Luteolin − 8.70 − 8.52 −

5 Lung Cancer Acacetin − 8.68 − − 8.22
Luteolin − 8.70 − − 9.03

6 Standard
Drugs

Curcumin − 8.62 − 8.33 − 8.78
Doxorubicin − 8.09 − 9.56 − 6.7
Paclitaxel − 5.10 − 7.38 − 4.88

7 − Reference
ligand

− 8.36 − 7.89 − 7.86

Fig. 4. Schematic representation of the shortlisted phytochemicals acacetin and luteolin from Oxalis corniculata and their possible targets from different cancer types.
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