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ABSTRACT

Objectives: Hypercholesterolemia is a significant risk factor for cardiovascular disease and dyslipidemia. In 33–58% of individuals, current 
medications targeting 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR) and low-density lipoprotein (LDL) receptor do not intend to reduce 
LDL cholesterol. Pancreatic lipase, responsible for cholesterol absorption, can be a potential target in hypercholesterolemia. The current study aims 
to conduct virtual screening and molecular dynamics of compounds derived from ethanolic extract of Tiliacora acuminata leaves (TAL-EE) with 
pancreatic lipase, evaluate cell viability with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) assay, assess lipase inhibition, perform 
lipid accumulation assessment (Oil Red O staining) and measure cholesterol and triglycerides (TG) in HepG2 cells.

Methods: Docking was carried out using AutoDock tools, and interaction analysis was performed with PyMOL 2.0. Para-nitrophenyl butyrate and 
porcine pancreatic lipase were used to test TAL-EE for lipase inhibition. Viability analysis (MTT test, IC50), Oil Red O staining, and measurements of 
total cholesterol (TC) and triglyceride (TG) levels were conducted using HepG2 cells treated with TAL-EE.

Results: 5α-Androstan-16-one and cyclic ethylene mercaptole were identified through virtual screening to have the highest docking score 
(−9.4 kcaL/moL) for pancreatic lipase, exhibiting stability in dynamic studies. The IC50 for the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
(MTT) assay reported 20 µg/mL. After 48 h at lower doses, TAL-EE exhibited a 67% reduction of lipase activity and increased TG and TC levels in the 
medium of HepG2 cells, indicating reduced intracellular cholesterol levels.

Conclusion: TAL-EE showed significant pancreatic lipase inhibition and lipid modulation, suggesting potential as an antihypercholesterolemic agent.
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INTRODUCTION

Plants are a significant source of many modern medicines, and recent 
studies have increasingly examined the medicinal properties of various 
plant species [1]. There is a relationship between people and plants, and 
the study is termed ethnobotany [2]. The significance of biodiversity 
in the research and development of novel medicines is emphasized by 
ethnobotany, as over 700,000 plant species were found for therapeutic 
purposes [3]. Moreover, it promotes more efficacious and safe 
medicines [4] and ensures that traditional knowledge is backed by 
scientific research [5]. It emphasizes the integration of holistic concepts 
into modern medicine by promoting sustainable practices [6].

The Tiliacora acuminata (Lan) Hook. F and Thomas (Fig. 1) is a member 
of the Menispermaceae family. It is known as Bagmushda in Hindi, 
Perungattukodi in Tamil, and Krishnavetra in Sanskrit. It is a liana 
traditionally used for cancer management [7,8]. It is defined as a large, 
woody climber with cinereous, striate branches. The Menispermaceae 
family of plants contains yellow, elongated, lax, axillary, racemose 
panicles and long, oblong, acuminate, cordate, truncate, or rounded 
leaves. It is considered an antidote for snake bites in Ayurvedic 
medicine. It is found along river banks in many Indian states, including 
Tamil Nadu [9]. It has antibacterial, antidiarrheal, antioxidant, antiulcer, 
anti-inflammatory, antitumor, and immunostimulatory properties [10].

The cell membrane or plasma membrane consists of cholesterol, and 
it works as the immediate precursor for bile acids, steroid hormones, 
vitamin D, ubiquinol, and heme A [11]. Dyslipidemia is mainly due to 
hypercholesterolemia, characterized by high low-density lipoprotein 

(LDL) cholesterol, leading to an increased risk of cardiovascular diseases 
(CVD) [12,13]. Atherosclerosis also causes cholesterol accumulation 
in blood vessels and narrows arteries, leading to an increased risk of 
CVD and stroke [14]. It is essential to control cholesterol levels. Current 
treatments such as Statins and PCSK9 inhibitors are used for the 
management of dyslipidemia. Pancreatic lipase inhibitors are used in 
the management of obesity, which indirectly helps in the management 
of dyslipidemia. However, a considerable number of patients, about 
33% to 58%, fail to achieve the desired LDL levels, and 5–30% of 
patients suffer from statin intolerance [15,16].

Moreover, current therapies using Statins primarily reduce cholesterol 
synthesis or absorption and cause elevated liver enzymes and drug 
interactions [17], while PCSK9 inhibitors like evolocumab and 
aliromumab modulate LDL receptors by an increase in excretion of 
LDL cholesterol from the bloodstream, but their higher costs and 
injectable form limit accessibility. Pancreatic lipase inhibitors like 
orlistat reduce lipid absorption and produce significant gastrointestinal 
side effects [11]. However, these therapies may not fully address the 
underlying causes of hypercholesterolemia [18]. Despite lowering the 
risk of CVD, these medications long-term effectiveness, tolerance, and 
metabolic differences underscore the importance of adopting a more 
comprehensive strategy.

The HepG2 cell lines generated from human liver cancer were used to 
study lipid metabolism and hypercholesterolemia. It expresses LDL 
receptors, helps to study lipid metabolism and cholesterol synthesis, 
and is used for testing lipid-modulating agents. HepG2 cell research 
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has improved our understanding of the mechanisms involved in liver 
metabolism disorders and helps in the assessment of possible therapies 
[19]. While prior studies [9] highlight the free radical scavenging 
and inflammatory reducing properties of the ethanolic extract of 
T. acuminata leaves, this research evaluates its pancreatic lipase 
inhibition and lipid modulation properties using HepG2 cells through 
in silico and in vitro approaches.

METHODS

Institutional Ethical Committee approved the study (CSP-MED/24/
APR/i03/158). The study was conducted in the Department of 
Pharmacology of Sri Ramachandra Medical College and Research 
Institute, SRIHER, Chennai, Tamil Nadu, from June to August 2024.

Plant collection and validation
The leaves required for the study were obtained and validated by the 
Xavier Research Foundation at St. Xavier’s College, Palayamkottai, Tamil 
Nadu, under certification number XCH-40567.

Study procedure
Molecular docking
A study of the ethanolic extract of T. acuminata leaves showed 13 
components [9]. The component structures were acquired from 
the PubChem database, while the pancreatic lipase (1LPB) three-
dimensional structure was purchased from the Protein Data Bank. 
Auto Dock Vina 1.1.2 is used for docking evaluation, and Auto Dock 
Tools 1.5.7 for protein and ligand preparation [20]. Ligand-protein 
interactions were displayed using PyMOL and the discovery studio 
visualizer [21]. After the virtual screening, the compound with the best 
docking score was picked, and its dynamic interactions with pancreatic 
lipase were explored using PyMOL 2.0.

Molecular dynamics (MD)
The structure’s topology and coordinate parameters were created 
using the AMBERff19SB force field [22] and the LEAP module from 
the AmberTools22 package [23]. OPENMM software is used for MD 
simulation for 100 nanoseconds(ns) [24]. For neutralization of the 
complex, the structure was submerged using the TIP3P water model 
with a 10 Å buffer, and Na+/Cl− ions were introduced. Following 10,000 
steps of energy minimization utilizing conjugate gradient and steepest 
descent techniques, the system was adjusted for 2 ns at 298 K and 1 atm 
in an NPT ensemble. The period of MD simulation for ligand-protein 
complexes was raised to 100 ns while maintaining the temperature at 300 
K, the pressure at 1 bar, and the time step at 10 femtoseconds. Root Mean 
Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF) 
studies were done to assess conformational changes and intermolecular 
interactions. Principal Component Analysis (PCA) and Dynamic Cross-
Correlation Matrix (DCCM) plots were generated using C++ trajectory 
analysis (CPPTRAJ) [25]. PyMOL (2.0, Schrödinger LLC) and Discovery 
Studio Visualizer (BIOVIA) served as tools in interaction experiments. 
Amber tool 22 was used to find the binding free energy.

Tiliacora acuminata leaves ethanolic extraction (TAL-EE)
The leaves of T. acuminata were extracted using ethanol using a Soxhlet 
system [26]. For 24 h, 100 g of dried T. acuminata leaf powder (Fig. 2a) 
was extracted using 250 mL of ethanol. After that, the extract (Fig. 2b) 
was dried and concentrated for use [9].

Determination of lipase inhibition
Porcine pancreatic lipase and para-nitrophenyl butyrate were purchased 
from Sigma Aldrich in the United States to assess lipid inhibition. The 
assay combination contained porcine pancreatic lipase prepared 
in 200 µl of 5  mg/ml enzyme preparation, 2 mM para-nitrophenyl 
butyrate, and 1 mL of distilled water with 50 mM sodium phosphate 
buffer (pH 8). After 30 min of incubation at 37°C, the reaction ended 
with 1  mL of sodium carbonate (10  mg/mL), and the assay mixture 
was measured at 430 nm [27]. Lipase activity was determined in the 
enzyme solution made in the buffer for inhibition tests following a 1/2-

h incubation period. The kinetics of lipase inhibition were evaluated 
using para-nitrophenyl butyrate at doses ranging from 1 mm to 3 mm, 
both with and without MCT oil. The Dixon plots were used to calculate 
the inhibitory constant (Ki), and the Lineweaver-Burk (LB) plots were 
utilized to describe the kind of inhibition [28,29].

MTT assay for the evaluation of cell viability
For this study, the HepG2 cell line was sourced from the National Centre 
for Cell Science, Pune. Sub-culture was done every 3  days with 5% 
Carbon dioxide and 18–20% Oxygen at 37°C on a minimum essential 
medium containing 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic solution [30] and used for MTT analysis to evaluate 
cytotoxicity and cell proliferation. Dulbecco’s modified Eagle’s Medium 
from Himedia Pvt Limited, dimethyl sulfoxide (DMSO) from Sigma-
Aldrich, and FBS were used. The controls included were a negative 
control (cells devoid of the test chemical) and a medium control (no 
cells). To account for this interference, the same medium was utilized 
for both the control and test wells. A  96-well plate was seeded with 
20,000 cells and incubated for 24 h. Test agents (1.25–40 µg/mL) were 
added. After which, another 24-h incubation was done with 5% carbon 
dioxide at 37°C. MTT reagent (0.5 mg/mL) was added for 3 h, formazan 
crystals were dissolved in DMSO, and an absorbance of 570  nm was 
measured [31-33]. Cell viability was calculated as follows:

Percentage of cell viability
Mean absorbance treated cells

Mean
=

( )

aabsorbance untreated cells
x

( )
100

Lipid accumulation evaluation in HepG2 cells on TAL-EE
A 12-well plate was seeded with 1000 μL of cell suspension (20,000 cells/
well) and cultivated for 24  h to reach 70% confluence to evaluate lipid 
accumulation in HepG2 cells. The test agent was administered with 0.1 mm 
oleic acid (OA) at doses of 2, 4, and 8 µg/mL. The cells were maintained for 

Fig. 1: Tiliacora acuminata (Lan) Hook. F and Thomas

Fig. 2: (a) Tiliacora acuminata leaves dry powder. (b) Tiliacora 
acuminata leaves ethanolic extract
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an additional 48 h in 5% carbon dioxide at 37°C. The cells were incubated 
for 1 h and then fixed with a 4% paraformaldehyde solution in a phosphate-
buffered saline (PBS). The samples were rinsed twice with PBS and treated 
with 60% isopropanol for 5 min. Following a 10-min incubation at room 
temperature with 1 mL of Oil Red O working stain, the samples were rinsed 
with distilled water and dried. Adding 100% isopropanol and gently swirling 
the liquid for 10 min eluted the Oil Red O stain color. The following formula 
was used to measure absorbance at 500 nm to quantify lipid accumulation:

Percentage of

Lipid accumulation
Mean ODof compound OA treated

M
�

� �
eean ODof treated nm

X
@500

100

Where: Optical density measures absorbance in treated (compound-
exposed) and untreated (control) cells [34].

Estimation of total cholesterol (TC) and triglyceride (TG) in 
HepG2 cells treated with TAL-EE
To achieve 70% confluence, a 12-well plate was seeded with 1000 μL of 
cell suspension (20,000 HepG2 cells per well) and cultured for 24 h. After 
adding testing agents of 2, 4, and 8 µg/mL, the plates were incubated for 
48 h in 5% carbon dioxide at 37°C. The TC and TG estimation kit was 
used to measure the levels of TC and TGs in the media [34].

Statistical analysis
Data were presented as mean±standard deviation. Statistical analysis 
was performed using Tukey’s post hoc analysis, and a one-way analysis 
of variance was carried out using GraphPad Prism 8. p<0.05 were 
considered statistically significant.

RESULTS

In silico docking evaluation
To evaluate the binding affinity to the pancreatic lipase enzyme, 13 
compounds derived from the ethanolic extract of T. acuminata leaves 

identified from a previous study were selected [9]. The molecular 
docking analysis revealed varying binding affinities towards the 
enzymatic protein pancreatic lipase (Table 1). Through virtual screening, 
5α-Androstan-16-one and cyclic ethylene mercaptole (ACEM) showed 
the highest binding score of −9.4 kcaL/moL, which prompted further 
dynamic studies to evaluate its stability and interaction with the target 
enzyme, pancreatic lipase.

The interaction analysis of ACEM and pancreatic lipase using docking 
and MDs simulations, illustrated in Fig.  3 and Table  2, yielded 
valuable insights. Docking revealed significant hydrogen bonds 
with residues such as Ala259, Arg256, and Asp79  (2.9–3.9 Å) and 
hydrophobic interactions with Phe215, His151, and Tyr114  (3.9–5.7 
Å). MD simulations revealed hydrogen bonds with Asp80, Arg257, and 
Trp253 (2.9–3.9 Å), as well as hydrophobic interactions involving Ile79, 
Ala260, and Phe216 (4.3–5.1 Å).

Molecular Mechanics Generalized Born Surface Area (MMGBSA) 
(Table  3) evaluated the binding free energy (-25.63 kcal/mol) of 
the ACEM-Pancreatic lipase complex, indicating a stable and strong 
binding interaction. The Van der Waals interactions (VdW) contributed 
significantly with  -31.1 kcal/mol, and electrostatic interactions (EEL) 
were favorable at -1.24 kcal/mol. Although the desolvation effect (EGB) 
was positive at 10.57 kcal/mol, the negative surface area solvation 
energy (ESURF) of  -3.86 kcal/mol helped to mitigate the effects. The 
Gas-phase free energy (∆Ggas) of  -35.35 kcal/mol further reinforced 
the strong binding.

To enhance the significance of MDs, the key parameters like The RMSD 
(Fig. 4a) stabilized between 1.5 Å and 2.0 Å after an initial equilibration 
phase, with a prominent peak at 1.5 Å, confirming structural stability 
throughout the simulation. The 2D-RMSD plot (Fig.  4b) displayed 
uniform deviations over time, indicating consistent structural 
similarity throughout the analysis. The RMSF analysis (Fig.  4c) 
showed low fluctuations below 1.5 Å for most residues, indicating 

Table 1: Ligands that bind to the protein pancreatic lipase exhibit varying binding energies

S. No. Drug Pancreatic 
lipase 
(kcaL/moL)

S. No. Drug Pancreatic lipase 
(kcaL/moL)

1 3,7,11,15‑Tetramethyl‑2‑ hexadecen‑1‑ol −5.5 8. 9,12,15‑Octadecatrienoic 
acid, (Z, Z, Z)

−5.8

2 Cyclopentaneundecanoic acid, methyl ester −6.0 9. 1‑Iodo‑2‑methylundecane −5.3
3 Hexadecanoic Acid, Ethyl Ester −5.6 10. 1‑Iodo‑2‑methylnonane −4.8
4 9,12‑Octadecadienoic Acid, Methyl Ester, −5.5 11. Heptadecane, 2,6‑dimethyl‑ −6.2
5 9,12,15‑Octadecatrienoic acid, methyl ester, (Z, Z, Z)‑ −5.5 12. Squalene −7.9
6 9,12,15‑Octadecatrienoic acid, methyl ester, (Z, Z, Z)‑ −6.2 13. 5α‑Androstan‑16‑one, cyclic 

ethylene mercaptole (ACEM)
−9.4

7. 9,12‑Octadecadienoic acid (Z, Z) −6.1

Table 2: Intermolecular interactions in 5α‑Androstan‑16‑one, cyclic ethylene mercaptole ‑Pancreatic lipase complex

Protein/ligand 
complex

Docking/MD Interacting amino acid residues (Distance Å)

Hydrogen bond Hydrophobic interaction
ACEM‑ Pancreatic 
lipase complex

Docking Ala259 (3.9), Arg256 (3.9), Asp79 (3.1), Phe77 (2.9) Phe215 (3.9), His151 (5.7), His263 (5.4), Ile78 (4.9), 
Ala260 (4.5), Leu264 (4.6), Phe77 (4.7), Tyr114 (4.5)

Molecular 
dynamics

Asp80 (2.9), Arg257 (3.4), Phe78 (3.1), Trp253 (3.9) Ile79 (4.6), Arg257 (4.3), Ala260 (4.9), Ala261 (4.8), 
Phe216 (4.7), Trp253 (5.1)

Table 3: Molecular mechanics generalized born surface area binding free energy of 
5α‑Androstan‑16‑one, cyclic ethylene mercaptole‑ lipase complex

Protein/ligand complex VdW EEL EGB ESURF Δ Ggas Δ Gsolv Δ G Bind
ACEM‑pancreatic lipase complex −31.1 −1.24 10.57 −3.86 −35.35 6.71 −25.63
ACEM: 5α‑Androstan‑16‑one and cyclic ethylene mercaptole
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rigidity. At the same time, peaks in the flexible regions, such as loops 
and termini, highlighted their dynamic nature. The radius of gyration 
(Fig. 4d) remained stable, ranging from 25.2 Å to 26.6 Å, with a peak 
at 25.8 Å, demonstrating that the structure maintained compactness. 
The dynamic cross-correlation matrix (Fig.  4e) displayed strong self-
correlations (purple diagonal) and off-diagonal clusters of positive 
(purple) and negative (green) correlations, indicating coordinated 
and anti-coordinated motions between residue pairs. PCA (Fig.  4f) 
further revealed that the system explored a confined conformational 
space with minimal large-scale changes, supporting the overall stability 
observed. The unimodal distributions of PC1 and PC2 indicated smooth 
transitions and minimal large-scale conformational changes, reflecting 
structural stability during the simulation.

Determination of pancreatic lipase inhibition of TAL-EE
An overview of the pancreatic lipase enzyme inhibition study result is 
given in Table  4. TAL-EE demonstrated dose-dependent inhibition of 
lipase activity (Fig. 5), a 67% reduction was observed at a concentration 
of 2 mg/mL. The IC50 value of TAL-EE against pancreatic lipase was found 
to be 1.47 mg/mL. The LB plot (Fig. 6) revealed that TAL-EE inhibited 
lipase through a non-competitive mechanism, and the Dixon plot (Fig. 7) 
showed that the inhibition constant (Ki) for TAL-EE was 828.46 µg/mL.

MTT-based cell viability evaluation
The MTT test results (Table  5 and Fig.  8) showed a concentration-
dependent reduction in cell viability. At 1.25  µg/mL, viability was 
97.14%, indicating minimal impact. Viability declined with increasing 
concentrations, reaching 71.79% at 10 µg/mL and 50.53% at the IC50 
value of 20 µg/mL. At 40 µg/mL, viability dropped significantly to 15.78%. 
These results indicated low cytotoxicity at lower concentrations, with 
increasing effects at higher doses. Microscopic observations of TAL-EE-
treated cells after 24 h (Fig. 9) further highlighted the compound’s impact.

Lipid accumulation evaluation in HepG2 cells on TAL-EE
HepG2 cell lines treated with varying concentrations of TAL-EE (2, 4, and 
8 µg/mL) for 24 h showed a significant reduction in lipid accumulation 
induced by OA. This reduction was observed to increase with higher 
concentrations, as illustrated in Fig.  10 and Table  6. Additionally, Oil 
Red O staining revealed a noticeable decrease in lipid deposition with 
an increase in concentration, providing clear visual evidence of the 
extract’s lipid-modulating effects (Fig. 11).

TC and TG estimation
Treatment of HepG2  cells for 48  h with TAL-EE has enhanced the 
secretion of TGs and TC into the extracellular medium from HepG2 cells 
with an increase in the concentration of the TAL-EE extract. This 
indicates a potential modulatory effect of TAL-EE on lipid metabolism 
in HepG2 cells, as illustrated in (Fig. 12a and b) and Table 7.

DISCUSSION

Management of hypercholesterolemia is very crucial as it is not 
only a major risk factor for CVD but also genetic disorders (familial 
hypercholesterolemia) and other metabolic disorders. Current 
therapies can lead to adverse effects and treatment failures. 
Additionally, the variability in patient responses due to factors 
such as genetics, age, and lifestyle presents an opportunity for new 
management approaches [35].

Table 4: Overview of results obtained for pancreatic 
lipase inhibition

Enzyme activity IC50 (mg/mL) Type of inhibition Ki (µg/mL)
Lipase 1.47 Non‑competitive 828.46

Fig. 3: (a) 3-D Ribbon structure of 5α-Androstan-16-one, cyclic ethylene mercaptole (ACEM) binding to pancreatic lipase 
(b) Intermolecular interactions of ACEM-lipase enzyme complex at the end of docking and molecular dynamics (MD) simulation. The 

Superimposed structure of ACEM-Lipase complex of docking is depicted in blue and MDs are depicted in cyan green

b

a



Fig. 6: Lineweaver-Burk plot of pancreatic lipase inhibition by 
Tiliacora acuminata leaves ethanolic extraction
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Fig. 5: Inhibition of pancreatic lipase by Tiliacora acuminata 
leaves ethanolic extraction. Statistical values are expressed as 

mean±SD and converted to percentages

T. acuminata is known for its medicinal properties, as mentioned 
in [7-9,36-38]. The hypocholesterolemic properties of T. acuminata 
have been underexplored. This study was initiated because Tiliacora 
triandra, belonging to the same family, has shown significant pancreatic 
lipase inhibitory activity and lipid modulation [39,40]. Various plant-
based compounds have also been identified as pancreatic lipase 
inhibitors like Panax ginseng saponin extracts, Fenugreek seeds, rich in 
saponins, ginger extract, green tea catechins, and olive leaf extract have 
shown pancreatic lipase inhibition [41-45].

On virtual screening, out of 13 constituents from the ethanolic extract 
of T. acuminata  leaves (TAL-EE) (Table 1), ACEM showed the highest 
docking score, indicating the most substantial potential for interaction 

Fig. 4: Plots of ACEM- Pancreatic lipase enzyme complex (a). Root Mean Square Deviation (RMSD) (b). 2D- Root Mean Square Deviation 
(RMSD) (c). Root mean square Fluctuation (RMSF) (d). Radius of Gyration (e). Dynamic cross-correlation matrix (DCCM) (f). Principal 

Component Analysis (PCA).

dc

f

ba
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Fig. 8: Comparative percentage cell viability at various concentrations 
of Tiliacora acuminata leaves ethanolic extraction. Statistical values 
are expressed as mean±SD and converted to percentages. A p<0.01 
is indicated by **. While ****p<0.0001, compared to control cells, 

demonstrating statistical significance (p<0.05).

Fig. 7: Dixon plot of pancreatic lipase inhibition by Tiliacora 
acuminata leaves ethanolic extraction

Fig. 10: Effect of Tiliacora acuminata leaves ethanolic extraction 
on lipid accumulation in HepG2 cells. Statistical values 

are expressed as mean±SD and converted to percentages. 
****p<0.0001, compared to control cells, demonstrating 

statistical significance (p<0.05)

Table 5: Cell viability at various concentrations of TAL‑EE 

Summary‑MTT assay IC50 value 

Concentration of 
TAL‑EE (µg/mL)

% cell viability

Untreated 100 20 µg/mL
1.25 97.14
2.5 91.41
8 83.65
10 71.79
20 50.53
40 15.78
TAL‑EE: Tiliacora acuminata leaves ethanolic extraction, 
MTT: 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl tetrazolium

Table 6: Effect of TAL‑EE on lipid accumulation in HepG2 cells. 
Statistical values are presented as mean±SD

Groups Lipid accumulation 
(relative to control)

Standard deviation

Control 1 0.1
OA (0.1 mm) 4.5 0.2
OA+TAL‑EE 2 µg/mL 4.1 0.19
OA+TAL‑EE 4 µg/mL 3.3 0.3
OA+TAL‑EE 8 µg/mL 2.6 0.26
TAL‑EE: Tiliacora acuminata leaves ethanolic extraction, OA: Oleic acid

with the Pancreatic lipase enzyme. MDs simulations confirmed the 
stable binding of ACEM within the pancreatic enzyme’s active site 
(Table 2 and Fig. 3). The primary interactions involved Trp253, which 
provided excellent binding stability, and Ala260, which ensured 
strong ligand contact. The binding free energy of the ACEM-pancreatic 
lipase complex (Table  3) also confirmed the stable and strong 
binding interaction. The RMSD, RMSF, radius of gyration, prostate-
specific antigen analysis, and DCCM (Fig. 4a-f) confirmed the stability 
interactions throughout the simulation.

TAL-EE demonstrated high binding affinity and significant non-
competitive pancreatic lipase inhibition, achieving a 67% reduction 
at 2 mg/mL as determined by the LB plot and Dixon plot (Table 4 and 
Figs. 5-7). Various studies using lemon basil seed-derived peptides and 
de-oiled rice bran peptides exhibited the same method of pancreatic 
lipase inhibition [46-48]. These results showed TAL-EE’s potential in 
lipid disorders by inhibiting pancreatic lipase.

Fig. 9: Microscopic observations of Tiliacora acuminata leaves 
ethanolic extraction-treated cells after 24 h. (a) Control. (b) 1.25 µg/

mL. (c) 2.5 µg/mL. (d) 10 µg/mL. (e) 20 µg/mL. (f) 40 µg/mL

d

cb

f

a
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Table 7: Total cholesterol estimation and triglyceride estimation. Statistical values are presented as mean±SD

Groups Total cholesterol (mm) Standard deviation Triglycerides (mm) Standard deviation
Control 0.015 0.009 0.026 0.009
TAL‑EE 2 µg/mL 0.032 0.01 0.09 0.01
TAL‑EE 4 µg/mL 0.049 0.014 0.15 0.014
TAL‑EE 8 µg/mL 0.08 0.018 0.2 0.018
TAL‑EE: Tiliacora acuminata leaves ethanolic extraction

The MTT assay results of TAL-EE (Table 5 and Fig. 8) showed a significant 
concentration-dependent decrease in HepG2 cell viability. Highly 
significant effects were recorded for concentrations above 4  µg/mL 
(p<0.05), showing TAL-EE’s concentration-dependent cytotoxicity, 
similar to the results of Vakele et al. [46]. TAL-EE also showed 
significant modulation of lipid metabolism at lower concentrations 
with minimal cytotoxic effects, similar to the study by Tie et al. [49] 
in which kaempferol and kaempferide were found to modulate lipid 
metabolism at low concentrations.

Treatment of TAL-EE on OA -induced HepG2 cells, as described in Cui 
et al. [50], showed a significant reduction in lipid accumulation in 
a concentration-dependent manner (Table  6 and Fig.  10). However, 
lipid levels at 8 µg/mL in treated groups remained above the control, 

indicating potential effectiveness but necessitating further research for 
optimization. According to Oil Red O staining in Fig. 11, an increase in 
concentration resulted in a decrease in lipid deposition within the cell. 
TAL-EE also increased the secretion of TC and TG from HepG2 cells on 
the increase in concentration significantly, like similar methods used by 
green tea catechins to regulate lipid metabolism [51].

CONCLUSION

In this study, the T. acuminata leaves  -  ethanolic extract (TAL-EE) 
showed a highly significant concentration-dependent pancreatic 
lipase inhibitory activity. TAL-EE also showed a significant reduction 
in lipid accumulation and increased TG and cholesterol secretion in 
HepG2 cells. This suggests that the TAL-EE could serve as a potential 
natural compound for the management of hypercholesterolemia and 

Fig. 11: Representative images showing the oil red O staining of HepG2 cells treated with Tiliacora acuminata leaves ethanolic extraction 
at various concentrations (2 µg/mL, 4 µg/mL, and 8 µg/mL). (a) Control. (b) Oleic acid (0.1 mM). (c) OA + TAL-EE (2 µg/mL). (d) OA + TAL-

EE (4 µg/mL). (e) OA + TAL-EE (8 µg/mL)

d

cba

e

Fig. 12: (a) The effect of Tiliacora acuminata leaves ethanolic extraction (TAL-EE) on the secretion of total cholesterol in HepG2 cells. 
**p<0.01 compared to control cells (b) The effect of TAL-EE on the secretion of triglycerides in HepG2 cells. ****p<0.0001 compared to 

control cells, statistical values are expressed as mean±SD. Both (a) and (b), indicating statistically significant (p<0.05)

ba
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other lipid-related disorders. Further animal studies are required to 
validate its therapeutic efficacy and safety.
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