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ABSTRACT 
Elevated telomerase expression is a hallmark of many human malignancies. Targeting telomerase 

represents a promising therapeutic strategy, as it is largely absent in normal cells. However, the limitations and 
side effects of synthetic chemical inhibitors remain a challenge for sustained treatment. Consequently, the 
exploration of alternative remedies derived from medicinal plants, particularly as combination therapies, may help 
minimize adverse effects. Andrographis paniculata (AP) has long been employed in traditional medicine for 
cancer treatment. Among its constituents, Andrographolide is recognized as the principal compound underlying 
its anticancer activity. Nevertheless, the mechanism by which Andrographolide and its derivatives modulate 
telomerase activity has not been clearly elucidated. In this study, we screened Andrographolide and its derivatives 
from AP for their ability to bind the telomerase pocket using molecular docking and molecular dynamics 
simulations. Simulation results over 200 ns revealed that Andrographolide and two derivatives, LTS0109188 and 
LTS0004521, established stable and effective interactions with telomerase. Binding affinity evaluation through 
free energy analyses indicated that these compounds exhibited stronger affinity than the reference inhibitor 
BIBR1532. Accordingly, we report that Andrographolide, LTS0109188, and LTS0004521 may inhibit telomerase 
activity in a manner comparable to BIBR1532. Furthermore, pharmacological profiling demonstrated that these 
compounds fulfill most drug-likeness criteria, supporting their suitability for oral drug development. Toxicity 
assessment and anticancer bioactivity prediction further highlighted the potential of Andrographolide, 
LTS0109188, and LTS0004521 as promising candidates for cancer therapy. 
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INTRODUCTION 

Cancer remains a leading cause of mortality 
worldwide, accounting for millions of deaths annually, 
as reported by GLOBOCAN1. Among the most 
prevalent malignancies are lung cancer, breast cancer 
in women, colorectal cancer, prostate cancer, and 
gastric cancer1. The immortality of cancer cells is 
largely attributed to telomerase activation, which 
stabilizes and elongates chromosomal telomeres2. 

Numerous studies have demonstrated a close 
association between aberrant telomerase activity and a 
wide range of cancers, including breast, renal, 
colorectal, cervical, lung, hepatic, pancreatic, thyroid, 
prostate, and bladder cancers3,4,5. Indeed, excessive 
telomerase expression is implicated in approximately 
90% of human malignancies6,7. Thus establishing 
telomerase as an ideal therapeutic target for broad-
spectrum cancer treatment8,9. Importantly, while 
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telomerase is minimally expressed in most normal 
cells, it serves as a hallmark of tumor cells10. This 
differential expression underscores the potential for 
telomerase-targeted therapies to selectively affect 
cancer cells while reducing side effects relative to 
conventional chemotherapy and radiotherapy.  

Telomerase is a ribonucleoprotein composed 
of two essential components: the telomerase reverse 
transcriptase (TERT) and the telomerase RNA 
component (TERC) 2,11. TERT functions as a reverse 
transcriptase responsible for elongating chromosomal 
ends and maintaining genome integrity12, whereas 
TERC provides the RNA template for telomeric repeat 
addition during terminal extension2. Strategies to 
inhibit telomerase have shown that strong inhibition of 
TERT can trigger progressive telomere shortening, 
ultimately leading to cancer cell death13. Consequently, 
multiple approaches, including the use of small 
molecules, have been employed to inhibit telomerase 
activity through direct interaction with TERT14. Among 
these, the small-molecule inhibitor BIBR1532 was 
specifically developed to target TERT activity15. 
Extensive studies have demonstrated its tumor-
suppressive potential, making it a promising candidate 
for cancer therapy16,17,18. In addition to synthetic 
inhibitors, naturally derived plant compounds have 
emerged as a promising avenue in cancer treatment19. 
Many natural products are incorporated into diets, 
offering high safety profiles and broad acceptance in 
cancer management20. Beyond telomerase inhibition 
via TERT, natural compounds can also induce 
apoptosis, activate p53 expression, and suppress tumor 
growth and metastasis21,22,23. Given the vast diversity of 
medicinal plants, the search for bioactive compounds 
with telomerase-inhibitory potential remains a critical 
endeavor in the development of novel anticancer 
therapies. 

Andrographis paniculata (Burm. f.) Wall. ex 
Nees, a member of the Acanthaceae family, has 
attracted increasing attention over the past decade for 
its diverse secondary metabolites24. Native to India and 
Sri Lanka, the plant is widely distributed across 
Southeast Asian countries, including Vietnam, China, 
Indonesia, Thailand, Malaysia, Myanmar, and the 
Philippines25,26,27. A. paniculata (AP) is one of the most 
important and extensively used herbs in traditional 
medicine28. Almost all parts of the plant are employed 
in folk remedies across Asia and Europe27,29. The 
pharmacological potential of AP, particularly its 
anticancer activity, has been intensively 
investigated30,31,32,33. Phytochemical studies have 
identified numerous constituents of AP34,35 with 
Andrographolide recognized as its principal bioactive 

compound36,37. Owing to its unique biological 
activities, Andrographolide has been commercialized 
in various products, and its purified form holds 
significant economic value, estimated at approximately 
USD 100,000 per kilogram38. Extensive studies have 
demonstrated that Andrographolide suppresses 
multiple cancer types by modulating diverse signaling 
pathways39,40,41. Recent reports have suggested that 
Andrographolide may inhibit telomerase activity42,43. 
However, the molecular mechanism underlying this 
inhibition remains insufficiently characterized44. Here, 
we provide mechanistic insights into the telomerase-
inhibitory potential of Andrographolide and its 
derivatives, revealed through molecular dynamics 
simulations. Our findings establish a molecular 
framework that links this widely used medicinal 
compound to telomerase inhibition, highlighting its 
promise as a natural scaffold for anticancer drug 
development.  
MATERIALS AND METHODS 
Molecular docking system construction with 
telomerase 

Natural compounds from A. paniculata (AP) 
were retrieved from the LOTUS database, as described 
in our previous study21. The structures of these 
compounds were optimized and converted into 
appropriate formats using OpenBabel45 for virtual 
screening. 

The crystal structure of telomerase in complex 
with BIBR1532 (PDB ID: 5CQG) was obtained from 
the Protein Data Bank and used as a reference model 
for docking simulations15. The telomerase protein 
structure was prepared and optimized using Maestro 
(Academic version). Docking input files were 
generated with AutoDock Tools46, where the 
BIBR1532-binding site was defined as the docking 
pocket for AP compounds. A grid box of 50 × 50 × 50 
Å with a spacing of 0.375 Å was centered at coordinates 
x = 1.768, y = –1.392, and z = 11.868. Docking 
simulations were performed using AutoDock GPU47, 
with 1000 iterations for each compound. Protein–
ligand interactions were analyzed using the Protein–
Ligand Interaction Profiler (PLIP) server48.  
Physicochemical properties, pharmacokinetics, 
toxicity, and anticancer activity 

Physicochemical and pharmacokinetic 
properties were evaluated using the SwissADME 
server49, while toxicity profiles were predicted using 
pkCSM50 . Compounds that satisfied drug-likeness 
criteria (Lipinski’s rule of five) and exhibited non-toxic 
profiles were subjected to further analysis. Their 
anticancer-related bioactivities were predicted using 
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the PASS server51, with a probability of activity (Pa) ≥ 
0.3 considered indicative of anticancer potential. 
Molecular dynamic simulations 

Molecular dynamics simulations (MDS) were 
employed to evaluate the stability of compounds within 
the telomerase binding pocket. Ligand topology files 
were generated using the SwissParam server52 based on 
the CHARMM force field. The simulation systems 
were constructed and executed in GROMACS53. using 
the CHARMM36 force field54 , with recommended 
interaction parameters. Specifically, the LINCS 
algorithm was applied for bond constraints; a Coulomb 
cutoff of 1.2 nm was used; short-range van der Waals 
interactions were truncated at 1.2 nm; and long-range 
electrostatics were treated with the Particle Mesh 
Ewald (PME) method. Protein–ligand complexes were 
solvated in a cubic box with a minimum distance of 1.0 
nm from the box edge, filled with TIP3P water 
molecules, and neutralized with 0.15 M NaCl. Energy 
minimization was performed until the system reached 
its lowest-energy state. Equilibration was carried out in 
two phases: NVT and NPT ensembles, each for 100 ps, 
using a V-rescale thermostat at 300 K and a C-rescale 
barostat at 1 atm. Production simulations were 
performed for 200 ns with a time step of 2 fs, and 
trajectories were recorded every 10 ps. Post-simulation 
analyses included root mean square deviation (RMSD), 
radius of gyration (Rg), and number of protein–ligand 
contacts, calculated using the built-in rms, gyrate, and 
mindist functions in GROMACS. Residue-level 
interactions between telomerase and ligands in MDS 
were further examined using an in-house Python script 
based on PLIP. 
Binding free energy analysis 

The binding affinity of compounds to 
telomerase during MDS was quantified using binding 
free energy calculations. These values were estimated 
via the MM/GBSA approach, widely applied to 
protein–ligand systems55,56,57. In this study, the 
gmx_MMPBSA tool58 was employed to compute 
binding free energy from GROMACS trajectories 
according to Equation (1): 
∆𝐺!!/#$%& = ∆𝐺'()*+,- − ∆𝐺./(0,12 − ∆𝐺+13425 	(1) 
Each free energy component was estimated as shown 
in Equation (2): 

𝛥𝐺 = 𝛥𝐺657 + 𝛥𝐺8+,0/(90401: + 𝛥𝐺#$ + 𝛥𝐺;(2<*(+4/	(2) 
here, 𝐺8+,0/(90401:, and 𝛥𝐺657 represent the van der 
Waals and electrostatic interaction energies between 
the protein and ligand, respectively, while 𝛥𝐺#$ and 
𝛥𝐺;(2<*(+4/ denote the polar and non-polar 
contributions to solvation free energy. 
RESULTS 

Molecular screening 
The docking protocol was first validated by re-

docking the reference inhibitor BIBR1532 into the 
telomerase binding pocket (Figure 1). The root-mean-
square deviation (RMSD) between the re-docked pose 
and its crystallographic conformation was 0.71 Å, with 
a binding affinity of –10.02 kcal/mol, confirming the 
reliability of the docking setup. Subsequent virtual 
screening of AP compounds identified 
Andrographolide (LTS0072631) and two derivatives, 
LTS0109188 and LTS0004521, as strong binders to the 
telomerase pocket, showing binding modes comparable 
to BIBR1532 (Figure 1). Binding energy analysis 
revealed that LTS0109188 (–11.74 kcal/mol), 
LTS0004521 (–11.72 kcal/mol), and Andrographolide 
(–11.60 kcal/mol) all exhibited stronger affinities 
toward telomerase than BIBR1532 (–10.02 kcal/mol) 
(Table 1). Phyto-origin tracing confirmed that all three 
compounds belong to the diterpenoid class and are 
characteristic constituents of A. paniculata, as 
annotated in the LOTUS database (Table 2). 
Table 1: Chemical structures of Andrographolide and 

its derivatives bound to telomerase. 

LOTU
S ID 

Commo
n name 

Molecular structure 

Bin
din
g 

free 
ene
rgy 

LTS0
10918

8 
- 

 

-
11.
74 

LTS0
00452

1 
- 

 

-
11.
72 

LTS0
07263

1 

Androgr
apholide 

 

-
11.
60 
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Figure 1: Binding poses of A. paniculata compounds 
within the telomerase pocket. (The figure illustrates 

binding positions and key interactions for BIBR1532, 
LTS0109188, LTS0004521, and Andrographolide.) 
Table 2: Chemical class and biological origin of 

Andrographolide and its derivatives, as annotated in 
the LOTUS database. 

LOTUS 
ID 

Wikidat
a ID 

Chemic
al 

supercl
ass 

Class Organis
m 

source 

LTS010
9188 

Q10511
5613 

Diterpe
noids 

Labdan
e 

diterpe
noids 

Androgr
aphis 

panicula
ta 

LTS000
4521 

Q10496
6409 

Diterpe
noids 

Labdan
e 

diterpe
noids 

Androgr
aphis 

panicula
ta 

LTS007
2631 

Q10493
9270 

Diterpe
noids 

Labdan
e 

diterpe
noids 

Androgr
aphis 

panicula
ta 

 
Physiochemical and pharmacokinetics profiling 

We next evaluated the pharmacological and 
toxicity properties of Andrographolide and its two 
derivatives. Pharmacokinetic predictions using 
SwissADME are summarized in Table 3. All three 
compounds strictly complied with major drug-likeness 
criteria, including Lipinski’s rule of five, Ghose, Veber, 
Egan, and Muegge filters. They were predicted to be 
water-soluble with high gastrointestinal absorption 
(Table 3), suggesting that Andrographolide and its 
derivatives are suitable for oral administration. To 
further assess safety, potential toxicities were examined 
using the pkCSM web server. Predictions indicated that 
the compounds are non-mutagenic (negative AMES 
test), do not inhibit cardiac hERG I or hERG II 
receptors, and are neither hepatotoxic nor skin irritants 
(Table 4). Collectively, these findings support a 

favorable safety profile. Based on pharmacokinetic 
(Table 3) and toxicity assessments (Table 4), 
Andrographolide and its derivatives emerge as 
promising candidates for future drug development. 

Table 3: Molecular properties and pharmacological 
profiles of the investigated compounds. 

 LTS01091
88 

LTS00045
21 

Andrographo
lide 

Formula C20H28O
6 

C21H30O
5 

C20H30O5 

Molecul
ar 

weight 

364.43 
g/mol 

362.46 
g/mol 

350.45 g/mol 

Number 
of 

heavy 
atoms 

26 26 25 

Number 
of 

aromati
c heavy 
atoms 

0 0 0 

Number 
of 

rotatabl
e bonds 

5 4 3 

Number 
of H-
bond 

acceptor 

6 5 5 

Number 
of H-
bond 
donor 

4 2 3 

TPSA 115.06 Å² 75.99 Å² 86.99 Å² 
Water 

Solubili
ty 

Soluble Soluble Soluble 

GI 
absorpti

on 
High High High 

Lipinski 
rule 

Yes Yes Yes 

Ghose Yes Yes Yes 
Veber Yes Yes Yes 
Egan Yes Yes Yes 

Muegge Yes Yes Yes 
 
Table 4: Predicted toxicity profiles of the compounds 

obtained using the pkCSM server. 
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Properties LTS0109
188 

LTS0004
521 

Andrograph
olide 

AMES 
toxicity No No No 

hERG I 
inhibitor 

No No No 

hERG II 
inhibitor 

No No No 

Hepatotoxi
city No No No 

Skin 
Sensitisati

on 
No No No 

 
Importantly, we explored their potential 

anticancer activities. PASS predictions indicated that 
all three compounds exhibited high probability (Pa) 
values for antineoplastic, anticarcinogenic, apoptosis 
agonist, anti-inflammatory, Myc inhibitor, and TP53 
expression enhancer activities—properties highly 
relevant to multi-cancer inhibition. Notably, 
antineoplastic potential was predicted across multiple 
cancers, including breast, lung, and melanoma. 
Compound-specific associations were also observed: 
LTS0109188 with cervical cancer, Andrographolide 
with ovarian cancer, and both LTS0109188 and 
LTS0004521 with brain cancer. Colorectal and colon 
cancers were linked to a combined effect of 
LTS0004521 and Andrographolide. These results 
suggest that, beyond their broad antitumor potential, 
individual compounds may exert cancer-type–specific 
activities. Thus, combinatorial application of these 
diterpenoids could be particularly advantageous for 
cancer therapy. 

Table 5: Predicted anticancer activities of the 
compounds based on the PASS server. 

Properties 
LTS0109

188 
LTS0004

521 
Andrograph

olide 

Pa 

Antineoplast
ic 0,897 0,891 0,949 

Antineoplast
ic (breast 
cancer) 

0,405 0,570 0,416 

Antineoplast
ic (brain 
cancer) 

0,403 0,335 - 

Antineoplast
ic (lung 
cancer) 

0,582 0,623 0,772 

Antineoplast
ic 

(colorectal 
cancer) 

- 0,362 0,547 

Antineoplast
ic (colon 
cancer) 

- 0,350 0,538 

Antineoplast
ic (cervical 

cancer) 
0,298 - - 

Antineoplast
ic 

(melanoma) 
0,504 0,503 0,648 

Antineoplast
ic (ovarian 

cancer) 
- - 0,333 

Anticarcino
genic 

0,570 0,337 0,475 

Apoptosis 
agonist 0,860 0,299 0,909 

Antiinflamm
atory 

0,765 0,798 0,845 

Myc 
inhibitor 

0,555 0,465 0,471 

TP53 
expression 
enhancer 

0,628 0,436 0,520 

 
Molecular dynamics simulations (MDS)  
Telomerase conformational dynamics in MDS 
 To further investigate binding stability, 200-
ns molecular dynamics simulations (MDS) were 
performed for each compound in complex with 
telomerase. The root mean square deviation (RMSD) of 
the Cα backbone was used to evaluate conformational 
fluctuations. Low and stable RMSD values generally 
indicate tight ligand binding and strong affinity59. As 
shown in Figure 2A–D, telomerase bound to the 
reference inhibitor BIBR1532 displayed broad 
fluctuations across the 200-ns trajectory, with a 
dispersed RMSD distribution and a mean of 0.425 ± 
0.068 nm (Figure 2A). In contrast, complexes with the 
AP compounds (LTS0109188, LTS0004521, and 
Andrographolide) were markedly more stable (Figure 
2B–D). Among these, LTS0109188 and LTS0004521 
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showed the greatest stability, with tightly clustered 
RMSD distributions and means of 0.289 ± 0.041 nm 
and 0.273 ± 0.045 nm, respectively (Figure 2E). The 
telomerase–Andrographolide complex exhibited higher 
fluctuation toward the end of the simulation but 
maintained a lower average RMSD (0.337 ± 0.067 nm) 
than BIBR1532 (Figure 2E).  

 
Figure 2: Root-mean-square deviation (RMSD) of 

telomerase during 200 ns MDS. 
((A) Telomerase + BIBR1532 (blue). (B) Telomerase 

+ LTS0109188 (orange). (C) Telomerase + 
LTS0004521 (green). (D) Telomerase + 

Andrographolide (red). (E) Distribution of RMSD 
values across systems represented as violin plots.) 

 We next assessed the influence of ligand 
binding on overall protein compactness using the radius 
of gyration (Rg). This parameter reflects the root mean 
square distance of protein atoms from the center of 
mass and provides insight into folding stability during 
MDS 60. Lower Rg values typically correspond to more 
compact, stable protein conformations and potentially 
stronger ligand interactions61,62. Rg distributions over 
200 ns are shown in Figure 3A–D. For the reference 
system, telomerase+BIBR1532 exhibited fluctuations 
with a mean Rg of 2.972 ± 0.026 nm. In comparison, 
the AP compounds promoted more compact 
conformations, with average Rg values of 2.923 ± 
0.032 nm (LTS0109188), 2.920 ± 0.030 nm 
(LTS0004521), and 2.961 ± 0.034 nm 
(Andrographolide) (Figure 3E). Notably, the 
telomerase–LTS0004521 complex displayed the most 
stable Rg profile (Figure 3C), while LTS0109188 and 
Andrographolide showed higher fluctuations and a 
tendency toward expansion during the final 50 ns 
(Figure 3B,D). These results indicate that 
Andrographolide and its derivatives significantly 
modulate telomerase conformational dynamics, with 
LTS0004521 in particular enhancing structural 
stability. 

 
Figure 3: Radius of gyration of telomerase during 200 

ns MDS. 
((A–D) Telomerase bound to BIBR1532 (blue), 
LTS0109188 (orange), LTS0004521 (green), or 

Andrographolide (red). (E) Distribution of Rg values 
summarized by violin plots.) 

Ligand stability during MDS 
 A critical aspect of MDS is to assess whether 
ligands remain stably accommodated within the 
binding pocket rather than drifting away. This was 
examined by monitoring the RMSD of ligands fitted on 
the protein backbone, which reflects positional 
deviation relative to the initial docking pose. As shown 
in Figure 4A–D, the reference inhibitor BIBR1532 
underwent substantial displacement within the first 25 
ns, before stabilizing in a new position for the 
remainder of the 200-ns simulation (Figure 4A). By 
contrast, LTS0109188 rapidly adapted during the 
equilibration phase and subsequently maintained a 
stable binding mode throughout the trajectory (Figure 
4B). LTS0004521 exhibited marked fluctuations until 
100 ns, after which it achieved a stable configuration 
for the final 100 ns (Figure 4C). Andrographolide 
displayed moderate fluctuations within the telomerase 
pocket without dissociation (Figure 4D). All 
compounds remained confined within the binding 
pocket. Importantly, the AP compounds exhibited 
lower ligand RMSD values compared to BIBR1532, 
with averages of 0.753 ± 0.062 nm (LTS0109188), 
0.635 ± 0.105 nm (LTS0004521), and 0.662 ± 0.118 
nm (Andrographolide), versus 0.852 ± 0.165 nm for 
BIBR1532 (Figure 4E). 
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Figure 4: Ligand RMSD relative to the telomerase 

backbone across MDS. 
((A–D) Telomerase complexes with BIBR1532 (blue), 

LTS0109188 (orange), LTS0004521 (green), and 
Andrographolide (red). (E) Comparative RMSD 

distributions presented as violin plots.) 
Protein–ligand contact analysis 
 Ligand–protein contacts are a key metric for 
assessing the strength and persistence of molecular 
interactions. In the present MDS systems, the number 
of atomic contacts between telomerase and ligands was 
quantified and is shown in Figure 5A–D. The reference 
inhibitor BIBR1532 exhibited relatively unstable 
interactions, characterized by strong fluctuations 
throughout the 200-ns simulation (Figure 5A). By 
contrast, the AP-derived compounds LTS0109188 and 
LTS0004521 maintained highly stable contact numbers 
across the trajectory (Figure 5B,C). Andrographolide 
also exhibited persistent binding, though with moderate 
fluctuations between 100–200 ns compared to the 
initial phase of the simulation (Figure 5D). Quantitative 
analysis revealed that all three AP compounds 
established significantly higher contact numbers than 
BIBR1532, with averages of 50 ± 3, 52 ± 3, and 51 ± 3 
contacts for LTS0109188, LTS0004521, and 
Andrographolide, respectively, compared with only 36 
± 3 contacts for BIBR1532. These results indicate 
stronger and more consistent engagement of the AP 
compounds with the telomerase binding pocket, 
thereby underscoring their potential as effective 
telomerase inhibitors. 

 
Figure 5: Number of contacts formed between ligands 

and telomerase during 200 ns MDS. 
((A–D) Interaction profiles for BIBR1532 (blue), 
LTS0109188 (orange), LTS0004521 (green), and 

Andrographolide (red). (E) Mean contact numbers 
per system, summarized as bar plots.) 

Protein–ligand interaction patterns 
Characterizing the interaction profiles 

between ligands and telomerase residues provides 
critical insights into how compounds are anchored 
within the binding pocket. Interaction mapping from 
the MDS trajectories is shown in Figure 6A–D. The 
reference inhibitor BIBR1532 was stably positioned in 
a hydrophobic cavity formed by LEU485, VAL491, 
PHE494, ILE497, and ILE550, and further stabilized 
by two salt bridges with ARG486 and ARG69 (Figure 
6A). LTS0109188 engaged hydrophobic residues 
PHE494, ILE497, and ILE550, complemented by 
hydrogen bonding interactions with MET482, 
ARG486, and GLU549 (Figure 6B). LTS0004521 
demonstrated the most extensive binding profile, 
forming persistent hydrophobic interactions with 
LEU485, VAL491, PHE494, and TYR551, together 
with multiple hydrogen bonds involving VAL491, 
TYR551, LEU554, and GLY553 (Figure 6C). In 
contrast, Andrographolide was anchored by strong 
hydrogen bonding to ASN492, a salt bridge with 
ARG486, and hydrophobic contacts with VAL491, 
PHE494, ILE497, ILE550, and TYR551 (Figure 6D). 
Collectively, these analyses highlight ARG486, 
VAL491, PHE494, ILE497, and ILE550 as key 
anchoring residues mediating stable ligand binding 
within the telomerase pocket. 
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Figure 6: Interaction profiles between telomerase 

residues and ligands in MDS. 
(Stacked bar plots show interaction types: 

hydrophobic (grey), hydrogen bonds (green), salt 
bridges (yellow), π–stacking (pink), and π–cation 

interactions (orange). (A) BIBR1532. (B) 
LTS0109188. (C) LTS0004521. (D) Andrographolide.) 
Binding free energy analysis 

Ligand-binding affinity, reflected by binding 
free energy (BFE), is a crucial parameter for evaluating 
inhibitory potential toward a target protein63. More 
negative BFE values indicate stronger ligand–protein 
binding. Among computational approaches, 
MM/GBSA is widely employed due to its balance of 
accuracy and computational efficiency in ranking 
inhibitors64. In this study, snapshots from the 
equilibrated phase of each MDS trajectory (100–200 
ns) were used for BFE estimation. Results revealed that 
BIBR1532 exhibited a mean BFE of –19.090 ± 5.740 
kcal/mol. The AP-derived compound LTS0109188 
showed a comparable affinity (–20.493 ± 2.209 
kcal/mol). Remarkably, LTS0004521 and 
Andrographolide (LTS0072631) displayed 
significantly stronger binding, with BFEs of –32.770 ± 
2.969 kcal/mol and –23.315 ± 4.078 kcal/mol, 
respectively. These findings suggest that the AP 
compounds, particularly LTS0004521 and 
Andrographolide, bind telomerase more tightly than the 
reference inhibitor. This reinforces their potential as 
novel telomerase-directed scaffolds for anticancer drug 
development.  

 

Figure 7: Average binding free energy of ligands 
bound to telomerase calculated by MM/GBSA. 

DISCUSSION 
A. paniculata and its bioactive constituents 

stand out for their tumor-suppressive properties, 
highlighting their considerable potential in cancer 
therapy. Inhibition of telomerase activity by 50–80% 
has been shown to compromise the viability of cancer 
cells severely65. Previous studies have reported that 
crude extracts of AP suppress telomerase activity, 
thereby impeding tumor progression42. However, the 
specific compounds within AP responsible for this 
activity have not been fully elucidated. Phytochemical 
surveys suggest that, in addition to Andrographolide, 
its derivatives also contribute significantly to the 
anticancer activity of AP extracts66. This has led to the 
hypothesis that Andrographolide and its derivatives 
play a central role in the bioactivity of AP against 
cancer67,66. Moreover, several studies have indicated 
that Andrographolide may regulate telomerase 
expression through signaling pathways such as 
PI3K/AKT/mTOR68 or NF-𝜅B/MAPK69. Nevertheless, 
direct evidence linking Andrographolide to telomerase 
inhibition remains inconclusive, underscoring the need 
for dedicated studies to clarify the molecular 
mechanism of Andrographolide and its derivatives43,44. 

In this study, molecular docking and dynamic 
simulations revealed that Andrographolide can stably 
occupy the catalytic pocket of telomerase. Placement of 
the compounds at the same anchoring site as BIBR1532 
suggests a comparable binding mode. Strikingly, the 
investigated compounds exhibited stronger binding 
affinities toward telomerase than BIBR1532. We 
therefore propose that Andrographolide and its 
derivatives inhibit telomerase activity via a mechanism 
analogous to BIBR1532, supported by the conservation 
of key anchoring residues within the pocket (Figure 6). 
These findings provide a mechanistic rationale for the 
development of novel telomerase inhibitors and inform 
predictions regarding mutations that may alter ligand 
binding. 

Among the compounds, the derivative 
LTS0004521 demonstrated superior binding compared 
to Andrographolide (Figure 7). This observation is 
consistent with prior hypotheses suggesting that the 
combined action of Andrographolide and its derivatives 
may converge on telomerase regulation. Expanding 
these investigations to assess the collective interactions 
of AP-derived compounds with proteins involved in 
TERT activation may present a promising avenue 
toward targeted anticancer therapies with minimal 
adverse effects.  
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CONCLUSION 
Compounds derived from A. paniculata, 

including Andrographolide and its two derivatives with 
LOTUS accession numbers LTS0109188 and 
LTS0004521, were identified to engage telomerase 
with high affinity, as revealed by molecular docking 
and dynamic simulations. These compounds exhibited 
stronger binding compared to the reference inhibitor 
BIBR1532. Pharmacological profiling, toxicity 
assessments, and anticancer activity analyses 
collectively support their potential as safe and orally 
effective therapeutic candidates. Further exploration of 
Andrographolide derivatives in AP, alongside 
experimental validation of these computational 
findings, will be crucial for advancing their 
development as telomerase-targeted anticancer agents. 
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