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Introduction

Cancer remains the leading cause of mortality 
worldwide. According to GLOBOCAN statistics, in 2022, 
there were approximately 20 million new cancer cases and 
9.7 million cancer-related deaths [1]. It is projected that the 
global incidence of cancer will rise to 35 million cases by 
2050 [1]. The high mortality rate associated with cancer 
has underscored drug development as a central focus in 
the fight against this disease. Despite extensive efforts and 
the availability of multiple treatment modalities, including 
radiotherapy, chemotherapy, and surgical resection, their 
efficacy remains limited due to tumor heterogeneity, 
the emergence of drug-resistant cell populations, and 
complex tumor–microenvironment interactions [2-4]. 
Cancer development is a highly complex process involving 
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multiple signaling pathways that regulate and control 
cellular function. One critical factor is the accumulation 
of unrepaired DNA mutations, leading to the expression 
of dysfunctional proteins that disrupt normal cellular 
physiology [5]. This results in the loss of cell cycle 
regulation, ultimately causing uncontrolled proliferation 
and tumor formation [6]. Apoptosis is a highly conserved 
mechanism of programmed cell death in eukaryotic 
organisms [7]. This process allows the elimination of 
defective cells in an orderly manner, thereby preventing 
unwanted inflammatory responses [7]. However, cancer 
cells can evade apoptosis, enabling their uncontrolled 
division and survival. Consequently, the induction of 
apoptosis in cancer cells has become a fundamental 
strategy and a key target in clinical cancer therapy [8]. 

Apoptosis is a highly regulated cellular process 
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involving multiple signaling pathways. One of the key 
mechanisms governing apoptosis through the intrinsic 
mitochondrial pathway is controlled by the B cell 
lymphoma 2 (Bcl-2) protein family [9]. This family 
comprises approximately 20 members, categorized into 
two groups: anti-apoptotic proteins (e.g., Bcl-2, Bcl-w, 
A1, Mcl-1, Bcl-xL, …) and pro-apoptotic proteins (e.g., 
Bax, Bak, Bok, Bim, Bad, Bid, …) [10]. The balance 
between pro-apoptotic and anti-apoptotic members of 
the Bcl-2 family ultimately determines cell fate [11, 12]. 
Overexpression of anti-apoptotic members suppresses 
apoptosis by directly binding to pro-apoptotic proteins 
via a characteristic hydrophobic groove [13]. Specifically, 
Bcl-xL, an anti-apoptotic protein, can directly interact 
with Bax or Bak, preventing them from forming large 
membrane pores in the outer mitochondrial membrane. 
This inhibition blocks the release of cytochrome c from 
mitochondria, thereby halting the apoptotic cascade [13, 
14]. The overexpression of Bcl-xL is strongly associated 
with cancer progression and tumor metastasis [15]. As a 
result, therapeutic agents targeting Bcl-xL are actively 
being developed to inhibit this protein and reactivate the 
apoptotic pathway [16, 17].

Conventional cancer treatments such as chemotherapy 
often lead to severe and undesirable side effects [18]. 
Consequently, the search for novel anticancer agents 
remains a critical and ongoing challenge for researchers. 
Natural compounds with pharmaceutical properties 
have garnered significant attention as alternatives to 
conventional chemotherapeutic agents due to their ability 
to target various cancer growth mechanisms, including cell 
proliferation, evasion of apoptosis, replicative immortality, 
invasion and metastasis, angiogenesis, and tumor-
promoting inflammation [19]. Moreover, utilizing plant-
derived natural compounds can reduce research timelines 
and lower the costs associated with cancer treatment. 
To date, numerous medicinal plants have demonstrated 
broad-spectrum anticancer properties [20-22]. Therefore, 
bioactive compounds derived from medicinal plants 
represent a valuable and effective resource for cancer 
therapy [20]. 

Andrographis paniculata (Burm. f.) Wall. ex Nees, 
a member of the Acanthaceae family, is a medicinal 
plant widely used in traditional medicine across Asia, 
the Americas, and Africa [23]. It is native to India 
and Sri Lanka and is commonly cultivated in various 
South and Southeast Asian countries, including China, 
Bangladesh, Cambodia, Indonesia, Laos, Malaysia, 
Myanmar, Thailand, Vietnam, and the Caribbean [24, 
25]. A. paniculata has been recognized for its therapeutic 
potential in treating various conditions, including cancer, 
diabetes, high blood pressure, ulcers, leprosy, bronchitis, 
skin diseases, flatulence, colic, influenza, dysentery, 
dyspepsia, and malaria [23]. Furthermore, the World 
Health Organization has included A. paniculata in its 
monographs on widely used medicinal plants, highlighting 
its importance in quality control and herbal medicine 
applications [26]. Extensive research in Asia has identified 
that A. paniculata contains bioactive compounds such 
as labdane diterpenoid lactones and flavonoids, which 
exhibit broad-spectrum pharmacological properties 

[27, 28]. With advancements in bioinformatics tools 
and molecular biology, herbal medicine is increasingly 
recognized as a potential multi-target therapy due to the 
complex interactions between plant-derived compounds 
and various target proteins. Therefore, in this study, we 
systematically identified natural compounds from A. 
paniculata that exhibit strong binding affinity to the Bcl-
xL protein, aiming to inhibit its function and subsequently 
trigger apoptosis, thereby preventing cancer cell survival. 

Materials and Methods

Protein and Ligands preparation
The crystal structure of the Bcl-xL protein, resolved 

at a high resolution of 1.60 Å, was obtained from the 
Protein Data Bank (PDB ID: 6VWC) [29]. The Bcl-xL 
structure was prepared by the Maestro software (academic 
version). Hydrogen atoms were added, and partial charges 
were precisely calculated using the Gasteiger method in 
AutoDock Tools [30]. 

Natural compounds of A. paniculata were retrieved 
from the LOTUS database [31]. Data collection was 
conducted using in-house software developed in Python. 
Compounds from the LOTUS database that exhibited a 
Lipinski’s rule of five failure value of 0 or 1 were retained 
for further analysis. In total, 193 eligible compounds from 
A. paniculata were collected. The 3D structures of these 
compounds were generated using Chem3D Pro version 
12.0 (Cambridge Soft, USA) in the MM2 force field until 
they reached an energy-minimized state. Each molecular 
structure was further minimized using the MMFF94 
force field, and up to 32 conformers were generated per 
compound by Open Babel software [32]. A total of 5,728 
molecular structures were used for virtual screening. 

Molecular docking 
The ligand binding pocket on Bcl-xL was identified, 

providing the foundation for establishing our docking 
system to screen new compounds within this site. Docking 
simulations were performed using AutoDock GPU [33]. 
The docking grid was centered at coordinates x = 1.768, y 
= -1.392, and z = 11.868, with a grid box size of 70 × 70 × 
70 and a spacing of 0.375 Å. Each ligand underwent 100 
docking runs (n_run = 100), and the binding conformation 
with the lowest predicted free energy was recorded for 
each compound. The top three compounds with the 
highest binding affinity to Bcl-xL were selected for further 
analysis. The interactions between each ligand and Bcl-
xL were subsequently analyzed using the Protein-Ligand 
Interaction Profiler (PLIP) server [34]. 

In silico pharmacokinetics and toxicological properties
The physicochemical and pharmacokinetic properties 

of the top compounds were assessed using the SwissADME 
server [35]. Toxicity profiles of the top hit compounds 
were predicted via the ProTox 3.0 server [36] and pkCSM 
server [37]. Anticancer activity predictions for the top 
compounds were conducted using the PASS server [38]. 

Molecular dynamics simulation
Classical molecular dynamics (MD) simulations of 
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Results

Molecular docking
The docking results revealed that three compounds 

of A. paniculata, LTS0160672, LTS0039075, and 
LTS0214223, exhibit high binding affinities to the Bcl-
xL protein, with binding energies recorded at -17.00 
(Kcal/mol), -16.89 (Kcal/mol), and -16.69 (Kcal/mol), 
respectively (Table 1). The compound LTS0160672 
belongs to the diterpenoids chemical class, while both 
LTS0039075 and LTS0214223 are classified as flavonoids 
chemical class (Table 1). Docking analysis showed that all 
three compounds precisely bind within the hydrophobic 
pocket of the Bcl-xL protein (Figure 1). The interacting 
amino acids were also identified, with all three compounds 
forming hydrophobic interactions and hydrogen bonds 
with key amino acids of Bcl-xL, including 102ARG, 
105PHE, 106SER, 108LEU, 130LEU, 139ARG, 146PHE, 
and 142ALA (Figure 1) (Table 2). These amino acids are 
crucial for the inhibition of pro-apoptotic proteins [44] 
and are key targets for interactions with other drugs [29]. 
Therefore, the stable interactions of the ligands within 
this hydrophobic pocket contribute to the inhibition of 
Bcl-xL protein activity.

Upon further investigation of other compounds, we 
observed that several other compounds from A. paniculata 
exhibit binding affinities almost identical to those of 
LTS0039075 and LTS0214223 (Figure 2). A common 
feature among these compounds is that they belong 
to the flavonoid chemical class, specifically flavonoid 
glycosides. This group consists of three flavonoid rings 
linked to hexose sugar via an O-glycosidic bond (Figure 2). 
The difference between these flavonoid glycosides lies in 
the substitution of functional groups on the flavonoid 
tricyclic (Figure 2). Upon querying the LOTUS database, 
we found that these compounds are characteristic of A. 
paniculata and do not appear in any other plant species. 
Our survey revealed that these compounds belong 
to the andrographidine of A. paniculata. Therefore, 
we hypothesize that andrographidine may represent 
a promising chemical with strong binding affinity to 
the hydrophobic pocket of the Bcl-xL protein. The top 
three compounds (LTS0160672, LTS0039075, and 
LTS0214223) were selected for further analysis.

In silico pharmacokinetics and toxicological properties
Extraction from LOTUS molecular profiles identified 

the top hits were performed using GROMACS version 
2023.5 [39]. Ligands were prepared using the CHARMM 
force field provided by the SwissParam server [40]. The 
simulation systems were parameterized based on the 
CHARMM36 force field [41]. Solvation was carried 
out using the TIP3P water model with 0.15 M NaCl 
concentration. The systems were relaxed through energy 
minimization until reaching an energy-stable state. 
Subsequently, each system underwent NVT and NPT 
equilibration for 100 ps at 300 K and 1 atm, employing 
the V-rescale thermostat with a time constant of 0.1 ps 
and the C-rescale barostat with a time constant of 2 ps. 
The production phase of the simulation was performed for 
100 ns with a time step of 2 fs. Long-range electrostatic 
interactions were computed using the Particle Mesh Ewald 
method with a Coulomb cutoff of 1.2 nm, while short-
range van der Waals interactions were truncated at 1.2 nm. 
The LINCS algorithm was applied to maintain holonomic 
constraints, and trajectory sampling was conducted every 
10 ps. Post-simulation analysis was performed using built-
in GROMACS utilities. Principal component analysis 
(PCA) was carried out to examine the convergence of 
ligand movements within each system using the MDTraj 
software package [42]. 

Binding free energy calculation
The free energy estimation of ligand binding to the 

Bcl-xL protein was performed using gmx_MMPBSA 
software [43]. The MM/GBSA algorithm was applied 
with default parameters, where the MM/GBSA equation 
was calculated as follows:

Each component of the total free energy was calculated 
using the following formula:

where ΔGEletrostatic, and ΔGvdW represent electrostatic 
and Van der Waals interactions energies between protein 
and ligand, respectively, while ΔGGB and ΔG(Non-polar) 
account for the polar and non-polar solvation free energy 
contributions. The decomposition of free energy per 
residue between the protein and ligand was performed to 
identify key interacting amino acids. 

∆𝐺𝑀𝑀 𝐺⁄ 𝐵𝑆𝐴= ∆𝐺𝐶𝑜𝑚𝑝𝑙𝑒𝑥 − ∆𝐺𝑃𝑟𝑜𝑡𝑒𝑖𝑛 − ∆𝐺𝑙𝑖𝑔𝑎𝑛𝑑

𝛥𝐺 = 𝛥𝐺𝑣𝑑𝑊 + 𝛥𝐺𝐸𝑙𝑒𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 + 𝛥𝐺𝐺𝐵 + 𝛥𝐺𝑁𝑜𝑛−𝑝𝑜𝑙𝑎𝑟

LOTUS ID Pubchem ID Free energy of binding IUPAC Name Chemical class Organism source

LTS0160672 85261364 -17.00 (Kcal/mol) [6-[[1,4a-dimethyl-6-methylidene-5-[2-(5-oxo-
2H-furan-4-yl)ethyl]-3,4,5,7,8,8a-hexahydro-
2 H - n a p h t h a l e n - 1 - y l ] m e t h o x y ] - 3 , 4 , 5 -
trihydroxyoxan-2-yl]methyl acetate

Diterpenoids Andrographis 
paniculata 
Potamogeton 
natans

LTS0039075 13963764 -16.89 (Kcal/mol) 2 - ( 4 - h y d r o x y - 2 , 3 - d i m e t h o x y p h e n y l ) -
7,8-dimethoxy-5-{[3,4,5-tr ihydroxy-6-
(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-
4-one

Flavonoids Andrographis 
paniculata

LTS0214223 13963768 -16.69 (Kcal/mol) 2-(2,3-dimethoxyphenyl)-7,8-dimethoxy-5-
{[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-
yl]oxy}-4H-chromen-4-one

Flavonoids Andrographis 
paniculata

Table 1. Top Hit Compounds of A. paniculata Interact with Bcl-xL Protein
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Figure 1. The Interaction of Top Hits in the Activity Pocket of Bcl-xL Protein

Figure 2. The Compounds of A. paniculate had High Affinity for Bcl-xL Protein

three compounds that violate only 1 Lipinski’s rule of five, 
and ADME analysis indicates that these compounds are 
highly soluble in water, have good bioavailability, and do 
not cross the blood-brain barrier (Table 3). This suggests 
that these compounds are capable of entering cells and 
can potentially be developed as oral drugs. Toxicity 
profile analysis revealed that these compounds are not 

hepatotoxic, carcinogenic, mutagenic, and do not cause 
skin sensitization (Table 4). However, they may cause 
cardiac irritation, though the analysis was inconclusive 
as these compounds did not simultaneously inhibit both 
hERG I and hERG II receptors (Table 4). The use of A. 
paniculata extracts at the recommended dosage has shown 
safety and good tolerance, with no reported adverse effects 
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Compounds Hydrophobic interactions Hydrogen bonds π-Stacking π-Cation Salt Bridges

LTS0160672 97PHE, 102ARG, 105PHE, 107ASP, 
108LEU, 129GLU, 130LEU, 142ALA

102ARG, 107ASP, 108LEU - 139ARG 139ARG

Total: 12 Total: 3 Total: 1 Total: 1

LTS0039075 105PHE, 108LEU, 139ARG, 142ALA 107ASP, 108LEU, 136ASN, 139ARG, 
145SER

105PHE - -

Total: 5 Total: 5 Total: 1

LTS0214223 97PHE, 102ARG, 108LEU, 130LEU, 
142ALA, 146PHE

107ASP, 108LEU, 132ARG, 133ASP, 
134GLY, 139ARG

105PHE - 132ARG

Total: 6 Total: 7 Total: 1 Total: 1

Table 2. Protein-Ligand Interaction Residues Profiles

Figure 3. Root-Mean-Square Deviation and Radius of Gyration of Bcl-xL Protein in MD Simulations. (A. RMSD 
of Bcl-xL protein in complex with each top hit. B. Radius of gyration value of Bcl-xL in complex with different 
compounds. LTS0160672 (blue color); LTS0160672 (organge color); LTS0214223 (brown color)). 

LTS0160672 LTS0039075 LTS0214223
Formula C28H42O9 C25H28O13 C25H28O12

Molecular weight 522.63 g/mol 536.48 g/mol 520.48 g/mol
Number of heavy atoms 37 38 37
Number of aromatic heavy atoms 0 16 16
Number of rotatable bonds 9 8 8
Number of H-bond acceptor 9 13 12
Number of H-bond donor 3 5 4
LogP 2.71 0.53 0.91
TPSA 131.75 Å² 186.74 Å² 166.51 Å²
Lipinski’s rule of five failures 1 1 1
Water solubility Soluble Soluble Soluble
GI absorption High Low Low
BBB permeant No No No
P-gp substrate Yes Yes Yes
Bioavailability Score 0.55 0.17 0.17

Table 3. Drug Likeness Property Analysis of Top Hits  

in many studies [45-48]. Except for LTS0160672, which 
is predicted to have a low LD50 of 9 mg/kg and belongs 
to Toxicity Class 2, the other two compounds have high 
tolerance levels and belong to Toxicity Class 5, which is 

considered relatively safe (Table 4). Analysis of oral rat 
LD50 values indicates acceptable average values for all 
three compounds (Table 4), and Tetrahymena pyriformis 
toxicity > -1 suggests that these compounds are safe 
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Figure 4. Root-Mean-Square Deviation of Ligand Fit on Bcl-xL Protein in MD Simulations. (A. RMSD of compound 
LTS0160672 (blue color). B. RMSD of compound LTS0160672 (organge color). C. RMSD of compound LTS0214223 
(brown color))

LTS0160672 LTS0039075 LTS0214223
Hepatotoxicity Inactive Inactive Inactive
(Probability) (0.92) (0.82) (0.82)
Cardiotoxicity Active Active Active
(Probability) (0.79) (0.92) (0.92)
Carcinogenicity Inactive Inactive Inactive
(Probability) (0.71) (0.93) (0.93)
Mutagenicity Inactive Inactive Inactive
(Probability) (0.91) (0.78) (0.78)
Cytotoxicity Active Active Active
(Probability) (0.74) (0.58) (0.58)
AMES toxicity No No No
hERG I inhibitor No No No
hERG II inhibitor No Yes Yes
Skin Sensitisation No No No
Predicted Toxicity Class 2 5 5
Predicted LD50 9mg/kg 5000mg/kg 5000mg/kg
Oral Rat Acute Toxicity (LD50) 2.643 mol/kg 2.623 mol/kg 2.807 mol/kg
Tetrahymena pyriformis toxicity 0.285 Log (μg/L) 0.285 Log (μg/L) 0.285 Log (μg/L)

Table 4. Toxicity Prediction of Top Hits

(Table 4). Therefore, A. paniculata compounds should 
be used at the recommended dosages to ensure safety.

We conducted an in silico evaluation of the anticancer 
activity of LTS0160672, LTS0039075, and LTS0214223. 
The results indicate that LTS0160672 exhibits 
anticarcinogenic, antineoplastic, and antimetastatic 
activity, with Pa > 0.5 (Table 5). This compound also 
demonstrates potential as an apoptosis inducer, as it 
is predicted to be an apoptosis agonist with Pa > 0.5. 
Meanwhile, the two andrographidine derived compounds, 
LTS0039075 and LTS0214223, exhibit most of the key 
anticancer properties assessed in Table 5 with high 

confidence values (Pa > 0.5). These findings suggest that 
andrographidine compounds identified through in silico 
prediction possess strong anticancer potential. Therefore, 
LTS0160672, LTS0039075, and LTS0214223 were further 
evaluated for their ability to stably bind to the Bcl-xL 
protein.

Molecular dynamics simulation
The MD simulations of the three systems corresponding 

to the binding of LTS0160672, LTS0039075, and 
LTS0214223 with the Bcl-xL protein were conducted for 
100 ns to evaluate the stability of protein-ligand interactions. 
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Figure 5. Cartesian Coordianate Principal Component Analysis of each Compound in 100 ns Simulation. 

LTS0160672 LTS0039075 LTS0214223

Pa

TP53 enhancer 0.311 0.915 0.895

Anticarcinogenic 0.672 0.952 0.927

Apoptosis agonist 0.549 0.830 0.800

Antineoplastic 0.890 0.864 0.839

Antimetastatic 0.552 0.433 0.458

Cytostatic 0.264 0.869 0.832

Antimutagenic - 0.767 0.652

Antioxidant 0.323 0.814 0.773

Myc inhibitor 0.475 0.508 0.520

Table 5. Anticancer Activities Prediction of Top Hits. 

LTS0160672 LTS0039075 LTS0214223

ΔGvdw -46.97 ± 4.91 -58.07 ± 3.58 -49.08 ± 4.51

ΔGEletrostatic -18.64 ± 9.83 -19.07 ± 5.10 -25.25 ± 12.12

ΔGGb 35.52 ± 6.95 39.59 ± 3.99 42.25 ± 9.29

ΔGNon-polar -6.57 ± 0.59 -7.20 ± 0.30 -6.51 ± 0.52

ΔGMM/GBSA -36.66 ± 6.21 -44.74 ± 3.81 -38.60 ± 5.10

Table 6. Total Binding Free Energy and Components of 
each Compound and Its Components (Kcal/mol). 

Figure 6. Amino Acid Interaction Energy Analysis of Each Compound with Bcl-xL in 100 ns Simulation. 

Analysis of the simulation trajectories revealed that the 
backbone of Bcl-xL protein maintained stable fluctuations 

throughout the 100 ns, with RMSD values for the Bcl-
xL + LTS0160672, Bcl-xL + LTS0039075, and Bcl-xL 
+ LTS0214223 systems recorded as 0.243 ± 0.023 nm, 
0.211 ± 0.017 nm, and 0.212 ± 0.017 nm, respectively 
(Figure 3A). The radius of gyration analysis of Bcl-xL 
in these simulations indicated that the protein remained 
stably folded without significant structural perturbations, 
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with values of 1.456 ± 0.008 nm, 1.437 ± 0.007 nm, and 
1.444 ± 0.007 nm for the Bcl-xL + LTS0160672, Bcl-xL 
+ LTS0039075, and Bcl-xL + LTS0214223 systems, 
respectively (Figure 3B). Overall, the simulations reached 
equilibrium, and no drastic conformational changes in the 
target protein were observed upon ligand binding.

Next, it is crucial to evaluate the binding stability 
of the ligands within the Bcl-xL protein’s hydrophobic 
groove. Therefore, RMSD analysis of the ligand fit on 
the protein was performed to assess the ligands’ dynamic 
stability during their interaction with Bcl-xL. Analysis 
of the Bcl-xL + LTS0160672 system showed that the 
LTS0160672 molecule underwent minor repositioning 
from its predicted docking pose due to initial fluctuations 
during the early phase of the simulation (0 ns to 20 ns). 
However, it subsequently stabilized, maintaining an 
average RMSD value of 0.469 ± 0.069 nm (Figure 4A). 
In contrast, LTS0039075 and LTS0214223 exhibited 
stable binding within the hydrophobic groove of Bcl-xL 
throughout the 100 ns simulation, with RMSD values 
of 0.269 ± 0.037 nm (Figure 4B) and 0.325 ± 0.065 nm 
(Figure 4C), respectively.

PCA was conducted to assess the structural variations 
of the ligands during their interaction with Bcl-xL and 
their convergence behavior. Our analysis revealed that 
LTS0160672 underwent multiple structural changes 
between 0 ns and 20 ns (Figure 5A). However, from 
20 ns to 100 ns, it exhibited positively correlated 
motion and structural convergence, indicating that it 
had stabilized (Figure 5A). The simulation trajectory of 
LTS0039075 displayed an undefined orientation, as no 
clear directionality was observed along either PC1 or PC2 
(Figure 5B). Toward the end of the simulation, the collected 
structures tended to resemble the initial conformation, 
suggesting that the structural deviations throughout 
the simulation were minimal (Figure 5B). Meanwhile, 
LTS0214223 experienced initial structural rearrangements 
but later exhibited positively correlated motion in both 
PC1 and PC2, indicating structural convergence and 
overall ligand stability (Figure 5C). Thus, through RMSD 
and PCA analyses over the 100 ns simulation, we observed 
that the three compounds, LTS0160672, LTS0039075, 
and LTS0214223, demonstrated the ability to form stable 
chemical interactions and maintain strong structural 
correlations within the hydrophobic groove of the Bcl-xL 
protein (Figures 4 and Figures 5).

Binding free energy and decomposite analysis
The binding affinity of the ligands to the target 

protein is reflected by the binding free energy (BFE). 
Therefore, we computed this value using the MM/
GBSA approach throughout a 100 ns simulation. Our 
analysis indicated that the BFE values remained stable 
throughout the simulation for all three compounds, with 
mean values of -36.66 ± 6.21 kcal/mol, -44.74 ± 3.81 
kcal/mol, and -38.60 ± 5.10 kcal/mol for LTS0160672, 
LTS0039075, and LTS0214223, respectively (Table 
6). Among the contributing forces, van der Waals and 
electrostatic interactions played a predominant role in 
stabilizing the ligand-protein interactions (Table 6). 
Further analysis of amino acid residues forming stable 

interactions with the studied compounds identified 
key residues within the hydrophobic groove of Bcl-
xL, specifically 97PHE, 101TYR, 102ARG, 105PHE, 
108LEU, 130LEU, 139ARG, 142ALA, and 146PHE, 
which maintained negative and stable binding energies 
with the ligands (Figure 6). Consequently, our findings 
suggest that LTS0160672, LTS0039075, and LTS0214223 
effectively interact with critical residues within the active 
site of Bcl-xL, potentially inhibiting its interaction with 
pro-apoptotic proteins and thereby interfering with its 
anti-apoptotic function. 

Discussion

Cancer is one of the most severe diseases claiming 
millions of lives each year. Despite advancements in 
modern therapeutic strategies, drug resistance and severe 
side effects remain significant challenges, particularly 
for patients with compromised health. Therefore, the 
incorporation of plant-derived natural extracts presents a 
promising alternative, offering greater accessibility and 
tolerability for a broader range of patients. Medicinal 
plants have long been regarded as a rich and diverse 
source of novel therapeutic agents, with an extensive 
repertoire of bioactive compounds exhibiting anticancer 
properties [49]. As a result, drug discovery and research 
organizations are increasingly focusing on computational 
and analytical approaches to develop natural compound 
libraries in the hope of identifying promising candidates 
for specific diseases [50, 51]. Notably, a study conducted 
by the National Cancer Institute (NCI) screened more than 
150,000 compounds derived from various natural sources, 
including animals, plants, and microorganisms. This 
large-scale screening effort targeted all key members of 
the anti-apoptotic protein family, including Bcl-2, Bcl-W, 
Bcl-xL, Bcl-B, Mcl-1, and Bfl-1, in search of potential 
inhibitors [52]. 

A. paniculate is well known for its diterpenoid 
compound, andrographolide, which is characterized by an 
extremely bitter taste and exhibits significant anticancer 
properties [53, 54]. Numerous studies have reported the 
anticancer activity of andrographolide from A. paniculate, 
demonstrating its ability to inhibit the cell cycle, induce 
apoptosis, and regulate lipid-dependent cancer pathways 
[55-58]. In this study, we have, for the first time, identified 
flavonoid compounds from A. paniculate that exhibit 
strong and highly stable binding within the hydrophobic 
pocket of the Bcl-xL protein. Flavonoid compounds are 
known to inhibit cell proliferation and promote apoptosis 
via mitochondrial and endoplasmic reticulum pathways 
[59-61]. Some flavonoids have also been reported to 
reduce the synthesis of Bcl-2 and Bcl-xL proteins [59]. By 
extracting data from the LOTUS and OSADHI databases 
[62], we identified some andrographidine compounds are 
flavonoids (Figure 2), which are characteristic constituents 
of the Andrographis genus. This highlights the valuable 
pharmacological properties of this plant family. Through 
in silico predictions, we have demonstrated that two 
of the andrographidine compounds (LTS0039075, and 
LTS0214223) in this study not only exhibit anticancer 
activity but also form stable interactions with the active 
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site of the Bcl-xL protein. Similarly, we have identified a 
novel diterpenoid, LTS0160672, with potential for Bcl-
xL inhibition and significant anticancer properties. This 
suggests that these compounds may serve as promising 
candidates for apoptosis-targeted cancer therapy.

Despite its limitations, our study significantly 
contributes to the research on Bcl-xL inhibitors. A 
notable finding of our research is the identification 
of natural compounds andrographidine which belong 
to A. paniculate as promising candidates for cancer 
treatment—beyond the well-known andrographolide. 
Although MD simulations can only partially capture the 
complex biological characteristics of Bcl-xL protein and 
its ligands, our study demonstrates that the investigated 
compounds exhibit strong binding affinity and possess 
favorable pharmacokinetic properties for potential oral 
drug development. An extended in silico study to evaluate 
these compounds against other anti-apoptotic targets 
would be an intriguing research direction that could 
significantly contribute to the advancement of targeted 
cancer therapies. Further in vitro, in vivo and eventual 
clinical investigations will be necessary to fully assess 
their therapeutic potential.

In conclusion, A. paniculate has attracted significant 
interest from researchers due to the potent anticancer 
properties of Andrographolide. In this study, we collected 
compounds extracted from A. paniculate available in 
the LOTUS database and identified andrographidine 
derivatives-LTS0039075, LTS0214223, and LTS0160672-
belonging to the diterpenoid class, which exhibit strong 
and stable binding within the hydrophobic pocket of 
Bcl-xL. In silico pharmacokinetic and anticancer activity 
analyses indicate that all three compounds possess 
favorable properties as potential anticancer agents. 
They comply with Lipinski’s rule of five, suggesting 
their suitability for oral drug development. However, 
to translate the findings of this study into clinical trials 
and drug development, further in-depth experimental 
investigations are required.
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