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Cisplatin (CIS) is a widely used chemotherapeutic agent, but it can cause oxidative stress-induced
hepatotoxicity. In this study, in-vivo tests exhibited the preventive benefits of Portulaca
quadrifida extract (PqE) against liver damage caused by cisplatin. Antioxidant activity in the liver
(TBARS, GSH, GPx, SOD, CAT) and liver function tests (SGOT, SGPT, ALP, GGT) were
assessed, and the ranges drastically dropped after toxic induction in the liver, as per the dosage
levels. in silico docking studies revealed that three compounds from PqE
(tetradecamethylcycloheptasiloxane, dimethyl sulfoxide, and dodecanoic acid) showed higher
binding affinities towards target proteins. RMSF values were 0.24 £ 0.12 nm, 0.30 £ 0.16 nm, and
0.44 + 0.24 nm, while the average RMSD values for the 4ZZJ-APO, 4Z2ZJ)-DDA, and 4ZZJ)-DMS
Copyright: © 2025 Subramaniam et al. This is an ~ Were 1.03 £ 0.07 nm, 0.66 £ 0.11 nm, and 0.70 £ 0.23 nm. Additionally, dynamic Stablllty and
open-access article distributed under the terms of the ~ compactness (Rg) were demonstrated by achieving 2.34 + 0.02 nm, 2.28 + 0.05 nm, and 2.38 +
Creative Commons Attribution License, which  0.10 nm, and SASA metrics showed 182.48 + 4.51 nm, 181.83 + 8.10 nm, and 189.40 + 4.07 nm.
permits unrestricted use, distribution, and reproduction  Additionally, average intra-hydrogen bond values of 244.03 = 8.69 nm, 245.51 + 8.64 nm, and
in any medium, provided the original author and  243.84 + 8.07 nm were also obtained. These results suggest that PqE protects the liver by
source are credited. modulating oxidative stress pathways and stabilizing key protein interactions. Overall, the study
highlights the potential of PqE as a promising hepatoprotective agent for preventing cisplatin-
induced liver damage.

Keywords: Portulaca quadrifida, Cisplatin, Hepatotoxicity, Biochemical Markers, In-silico, Good
Health

Introduction Despite its remarkable antineoplastic efficacy, its therapeutic
application is often limited by severe side effects, most notably
nephrotoxicity and hepatotoxicity>®. While nephrotoxicity is
considered the major dose-limiting adverse effect, the mechanisms

The liver plays a central role in the metabolism and detoxification
of xenobiotics, including therapeutic agents and environmental toxins.

Through a complex enzymatic system, the liver converts toxic
compounds into less harmful metabolites. However, certain
intermediates may remain biologically active and exert harmful effects
on hepatocytes.*? These metabolites can activate downstream cellular
pathways that promote apoptosis, necrosis, mitochondrial dysfunction,
autophagy, and dysregulated immune responses, ultimately leading to
hepatocellular  injury.®*  Cisplatin  (CIS), a platinum-based
Chemotherapeutic agents are widely prescribed for the treatment of
multiple malignancies such as ovarian, cervical, bladder, and head-and-
neck cancers.
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underlying  CIS-induced hepatotoxicity remain insufficiently
characterized. Emerging evidence suggests that oxidative stress plays a
pivotal role, with CIS-induced mitochondrial dysfunction contributing
to diminished membrane potential, impaired calcium regulation, and
thiol depletion”®.

Silymarin (SIL) is a flavonoid-rich extract derived from Silybum
marianum, which is composed of silybinin, silydianin, and silychristin.
Silibinin is the primary bioactive component of SIL and exerts
hepatoprotective effects through multiple mechanisms, including
antioxidant activity, promotion of cell regeneration and cryoprotection.
The cytoprotective effects of SIL stem from its antioxidant properties
and direct interaction with cell membrane components.>*® The
inhibition of lipid peroxidation, as demonstrated in various in vitro
studies involving erythrocytes, isolated and cultured hepatocytes, and
human mesangial cells, is recognized as one of the primary protective
mechanisms of SIL. Furthermore, SIL has been shown to have
antiproliferative, antifibrotic, and anti-inflammatory properties.t*?
Numerous biochemical processes occur within the cell, such as the
activation of polymerase | rRNA transcription, which stimulates the
production of ribosomal RNA (rRNA).*3%% These reactions also protect
against cell damage caused by free radicals and prevent the absorption
of toxins, contributing to the protective potential of SIL.267 SIL helps
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prevent liver enlargement by inhibiting 5-lipoxygenase, reducing
leukotriene production, and limiting free radical generation in Kupffer
cells.’® Additionally, silybin has been shown to protect hepatocytes
from membrane lipid peroxidation and cellular damage. VVarious animal
studies have shown that silymarin effectively counteracts drug-induced
hepatotoxicity. Its hepatoprotective effects are attributed primarily to its
potent antioxidant activity, which promotes cell regeneration and
cytoprotective effects.!®> 2 Plants with strong ethnomedical
backgrounds play a crucial roles in preventive medicine and in the
management of diverse human ailments.??? Studies have highlighted
the therapeutic potential of natural products, particularly polyphenolic
compounds, in combating organ pathologies caused by oxidative
stress.?2*  Compared with synthetic antioxidants, plant-derived
compounds are generally considered safer and often provide broader
biological benefits. Plant-based products are important sources for
development of effective medications and also play a crucial role in
enhancing human health and wellness.??627 Portulaca quadrifida (Pq),
commonly known as chicken weed, is a small, prostrate, perennial herb
in the Portulacaceae family. It is widely distributed across Asia and
Africa and has been extensively used in traditional medicine for
centuries. Traditional practices show that Pq has been used to treat
various health issues, such as asthma, inflammation, hemorrhoids,
gastric ulcers, erysipelas, abdominal problems, eye inflammation, and
urinary problems.?

Modern pharmacological research indicates that Pq has a broad
spectrum of biological activities, including antimicrobial, anticancer,
antihyperglycemic, antioxidant?®, neuropharmacological®, antifungal
activity against Candida albicans and Aspergillus fumigatus®, and
wound healing properties.®? Phytochemical analysis of the ethanolic
extract of Pq revealed flavonoids and alkaloids, which are believed to
contribute to its therapeutic effects.>® These findings prompted us to
investigate the hepatoprotective effects of Pq against chemotherapeutic
agents such as CIS. To our knowledge, the in vivo toxicological and
nephroprotective effects of PQE have not been reported. In the present
study, we explored novel approaches to reduce the toxic effects of CIS
on liver biochemical markers in Swiss albino mice, and antioxidant
activity was evaluated via in silico studies.

Materials and Methods

Plant collection and extract preparation

The study involved the collection of fresh Portulaca quadrifida leaves
from Sathyamangalam, Tamil Nadu, India (11°30'17.1936"N and
77°14'18.2256"). The leaves were washed with tap water, followed by
distilled water to remove dust. They were also kept dry in a shaded area
for ten days. A mill and pestle were subsequently used to grind the
leaves into a fine powder. After 10 g of leaf powder was dissolved in
100 mL of distilled water, the PQE was incubated for 24 hours at 37°C.
The extracts were dried via a rotary evaporator set at 45°C and stored
until use. All chemicals and reagents were of analytical or reagent grade
from Sigma Aldrich (Massachusetts, USA).

Gas Chromatography-Mass Spectrometry (GC-MS)

The aqueous extract was analyzed through GC-MS analysis by the
Indian Institute of Technology, Mumbai. The analysis was carried out
on a THERMO MS DSQ Il system equipped with a standard nonpolar
DB 35-MS capillary column. Helium served as the carrier gas during
the run. The injector temperature was initially set at 70 °C and was
gradually increased to 260 °C at a programmed rate of 6 °C per minute.
The total runtime for the sample was 30 minutes and 51 seconds.

Animal Experiments

Twenty-five male albino mice aged two weeks and free of pathogens
were collected from Venkateswara Enterprises, Bangalore. The
Institutional Animal Ethics Committee approved the study (Reg. No.
IAEC/KASC/MSC/013/20017-14) as described by Chen et al.3* After
an acclimation period, the animals were randomly assigned into five
groups of five mice each. The dosing regimen was adapted with minor
modifications from the method described by Chen et al.** Standard
laboratory conditions, including a temperature of 24 °C, relative
humidity of 30-70%, and a 12-hour light/dark cycle, were maintained
throughout the study. All animals were provided a standard chow diet
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and subjected to a minimum fasting period of 12 hours before
experimentation.

Inclusion Criteria

Animal species: Swiss albino mice

Gender: The document does not specify the gender of the mice, so it
can be assumed that both male and female mice were included

Age & weight range: The document does not provide details on the age
or weight range of the mice used in the study.

Health status: The mice were healthy and not previously exposed to
experimental treatments or procedures.

Induction of cisplatin-induced hepatotoxicity: The mice were
administered cisplatin to induce liver damage and toxicity.

Treatment groups

In the Control group (Group I): 1 mL of normal saline was administered
orally for 20 consecutive days (0.9 g NaCl in 100 mL H20).

PgE group (Group I1): Mice received the aqueous extract of Portulaca
quadrifida 200 mg/kg, oral) for 15 days.

In the Cisplatin (CIS) group (Group IlI): Mice received cisplatin (3.5
mg/kg) in normal saline through the i.p. for 5 days.

CIS + PqE group (Group-IV): Mice received Cisplatin (3.5 mg/kg) in
normal saline through i.p. route for 5 days after being treated with 10%
ethanolic extract of P. quadrifida (200 mg/kg, oral) for 15 days.

CIS + SIL group (Group-V): Mice were administered cisplatin (3.5
mg/kg) in normal saline via intraperitoneal injection for 5 days,
followed by treatment with silymarin (50 mg/kg orally).

The inclusion criteria ensured that the researchers had a consistent and
appropriate animal model to investigate the protective effects of P.
quadrifida extract and silymarin against cisplatin-induced
hepatotoxicity.

Exclusion Criteria

To confirm that the observed hepatotoxic effects were caused by
cisplatin treatment, we excluded mice with pre-existing liver damage or
unrelated diseases. Additionally, mice showing significant health issues
or abnormalities beyond cisplatin toxicity would be removed to
maintain the study's integrity and prevent confounding effects. Mice
that had previously received experimental therapies, such as silymarin
or Pq extract, were also excluded to avoid potential side effects.

Experimental Design

After treatment, all the mice were anesthetized with diethyl ether, and
the thoracic and abdominal cavities were opened along the midline. The
liver was meticulously dissected, ensuring that it was removed from the
surrounding connective tissue and fat. The tissue was then prepared for
further analysis by being rinsed with molecular saline, blotted with filter
paper, and finally washed with ice-cold saline.

Determination of biochemical parameters and histopathological
analysis

The levels of SGOT, SGPT®, ALP, and GGT®¢ were analyzed. The
livers were preserved in 10% neutral buffered formalin for 24 hours.
Before use, the plant materials were sanitized with 70% ethanol. The
tissues were subsequently mixed in a small metal container via a
magnetic stirrer. The tissues were also dehydrated with various alcohol
solutions, ranging from 70% to 100%, to eliminate moisture. The
paraffin blocks were subsequently sectioned with a rotary
ultramicrotome, placed onto glass slides, and allowed to dry overnight
after the tissues had been soaked. The slides were mounted, stained with
hematoxylin and eosin (H&E), and examined with a light microscope
(Nikon Eclipse E200, Nikon Corporation, Japan).

Antioxidant assays

After adding 1.2 mL of PBS to a 20 mg liver sample, the samples were
ground using a mortar and pestle. Following transfer into a new
centrifuge tube, the homogenized tissues were centrifuged for 10
minutes at 4°C at 12,000 rpm. For the estimation of TBARS®, GSH?,
CAT?, SOD*, and GPx*, the supernatant was collected.
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In silico studies

In silico analysis was performed using compounds identified through
GC-MS profiling. The 2D structures of the detected molecules were
retrieved from PubChem and evaluated for their predicted biological
activities via the PASS server. To investigate hepatotoxicity, the liver
metabolic pathway was examined to identify proteins associated with
liver injury, and their corresponding 3D structures were obtained from
the Protein Data Bank (PDB). The protein structures were visualized
and refined via Discovery Studio Visualizer, which facilitated the
identification of active binding sites. Molecular docking studies were
then carried out via ArgusLab, and the drug-likeness and efficacy of the
compounds were further assessed with Lead*?

Ligand molecule preparation

The structures of the three Pgq compounds, including dimethyl
sulfoxide, tetradecamethylcycloheptasiloxane, and dodecanoic acid 1,
2, 3-propanetriyl ester, were obtained from the NCBI PubChem
Compound database. These ligands were optimized via Discovery
Studio Visualizer (DSV) v21.1.0.20298, a product from BIOVIA, a
company based in San Diego, CA, USA, which belongs to Dassault
Systémes. Energy minimization was conducted to resolve atomic
collisions within the ligands, ensuring their stability. This process
utilized the CHARMM (Chemistry at HARvard Macromolecular
Mechanics) force field, which is a part of Discovery Studio. Various
conformations of the ligands were generated and assessed based on
bond energy, CHARMmM energy, dihedral energy, electrostatic energy,
initial potential energy, and the RMS gradient 434445

Molecular docking

Molecular docking simulations at pH 7.4 were performed in the present
work via AutoDock Vina through the AMDock platform, and focusing
the search on the heteroatoms of the target receptor while considering
ionization states critical for binding. Simulations at physiological pH
ensured the accurate prediction of ligand-receptor interactions.
Hypothesized binding positions and specificities in the receptor's active
site were identified through an effective ligand conformation search
facilitated by the adopted methodology.

Molecular dynamics

After analyzing the crystal structure of the SIRT1/activator/substrate
complex (4Z23J), we conducted docking analysis to identify the top two
ligands: 4ZZJ-DDA and 4ZZ)JDMS. To parameterize the ligands,
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including generating their topology, we utilized the ATB server. The
GROMACS pdb2gmx module was employed to incorporate hydrogen
atoms into the heavy atoms. The systems were equilibrated for 1500
steps under low vacuum energy using the steepest descent method. The
structures were subsequently solvated in a cubic periodic box with a
simple point charge (SPCE) water model. Sodium and chloride
counterions were added to achieve a salt concentration of 0.15 M. The
system setup was based on a previously published study (PMID:
31514687).%647 The final structures from the NPT equilibration stage
served as the starting configurations for NPT production runs; each
structure was simulated for 200 ns. GROMACS software was used to
evaluate the simulation trajectory in various ways, including protein
RMSD, RMSF, RG, SASA, and H-bond analysis. Throughout the
molecular dynamics (MD) simulation, the Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) method was utilized to
determine the binding free energy between the protein and the inhibitors
477J)-DDA and 4ZZJ-DMS. The binding free energy for the last 50 ns
of the receptor's active site was computed via the GROMACS tool at
intervals of 1000 frames.

Results and Discussion

Gas Chromatography-Mass Spectrometry

GC-MS analysis of the ethanolic extract of PqE identified eight
phytochemicals. Among these, dimethyl sulfoxide (RT: 3.34 min),
tetradecamethylcycloheptasiloxane (RT: 13.54 min), and dodecanoic
acid 1,2,3-propanetriyl ester (RT: 26.66 min) were the predominant
constituents and presented the highest peak intensities (Figure 1). The
presence of these bioactive compounds may contribute to the
antioxidant and hepatoprotective potential of PQE. Dimethyl sulfoxide
is a well-known free radical scavenger with membrane-stabilizing
properties, while fatty acid esters such as dodecanoic acid derivatives
have been reported to exhibit antioxidant, anti-inflammatory, and
cytoprotective effects. Similarly, siloxane derivatives, although often
considered artifacts, have been associated with protective biological
activities in some studies. These findings suggest that the
phytoconstituents of PQE may act synergistically to mitigate oxidative
stress and support liver function, which is consistent with the
biochemical and histological outcomes observed in cisplatin-treated
mice?,
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Figure 1: GC-MS analysis of Portulaca quadrifida extract (PqE)

Assessment of hepatotoxicity

Determination of biochemical parameters

In cases of severe liver damage, cytoplasmic enzymes such as SGOT,
SGPT, ALP, and GGT leak into the bloodstream. These enzymes are

commonly used as indicators of liver diseases and myocardial
infarctions. In the present study, serum samples from control and treated
mice were analysed, which revealed a significant increase in hepatic
marker enzyme levels following cisplatin administration. Specifically,

4565

© 2025 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License



Trop J Nat Prod Res, September 2025; 9(9): 4563 - 4574

SGOT increased from 56 + 1.54 U/L to 91 + 1.19 U/L, SGPT from 73
+0.60 U/L to 109 + 2.62 U/L, ALP from 110 + 0.65 U/L to 184 +5.14
U/L, and y-GT from 40 £ 1.06 U/L to 83 £+ 1.88 U/L (Figure 2). These
findings confirm that CIS-induced hepatotoxicity results in leakage of
hepatic enzymes into circulation. Oral administration of PgE (200
mg/kg b.w) and silymarin (50 mg/kg b.w) significantly reduced the
elevated enzyme levels, restoring them nearly to normal. Therefore,
demonstrating the hepatoprotective effect of PQE is comparable to that
of the standard drug silymarin. The protective effect of PQE may be
attributed to its high content of flavonoids and alkaloids, which are
reported to have anti-inflammatory, antithrombotic, hepatoprotective,
and anticancer properties. Extracts of P. odoratissimus containing
0.50% (w/w) total flavonoids and 11.62% (w/w) total phenolics have
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shown potent antioxidant activity with an ICso value <31.25 ppm. These
phytoconstituents are known to stabilize hepatocyte membranes,
prevent the leakage of SGOT, SGPT, ALP, and y-GT, and control
bilirubin levels in serum. Moreover, oleracone, the first alkaloid
identified in P. oleracea, has demonstrated anti-inflammatory activity
in lipopolysaccharide-stimulated macrophages. It enhances T-
lymphocyte and NK cell responses, while modulating inflammatory
cytokines (IL-4, 1L-10, IFN-y, and TNF-a), thereby reducing
inflammation and maintaining immune homeostasis through regulation
of the Th1/Th2 balance. These immunomodulatory and antioxidant
properties likely contribute to the observed hepatoprotective effects of
PQE®.
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Figure 2: Effects of PQE on serum (SGOT, SGPT, ALP, and GGT levels) and CP-induced hepatotoxicity

Histopathological analysis

The histopathological findings further supported the biochemical
results (Figure 3). Liver sections from the CIS-treated group showed
severe pathological changes, including hepatocyte degeneration,
necrosis, and dense perivascular lymphocytic infiltration, confirming
CIS-induced hepatotoxicity. In contrast, mice treated with PgE (200
mg/kg b.w) and SIL (50 mg/kg b.w) maintained normal hepatocytes
with  minimal perivascular inflammatory infiltration. These
observations align with the biochemical data, further highlighting the
protective role of PQE against CIS-induced liver injury. Research has
indicated that Portulaca oleracea L., a closely related species, exhibits
potent hepatoprotective effects in experimental models of liver injury
caused by agents such as carbon tetrachloride, cisplatin,
acetaminophen, and high-fat diets. Its bioactive compounds have been
shown to decrease oxidative stress, inhibit inflammation, and slow the
development of hepatocellular carcinoma and hepatic fibrosis.
Moreover, control mice presented normal liver histology, whereas
untreated CIS mice presented extensive perivascular lymphocytic
infiltration and structural disorganization. Treatment with PgE and
silymarin helped restore liver tissues toward normal levels, highlighting
their potential as natural agents for liver protection.

Antioxidant studies

Oral administration of PgE significantly restored antioxidant levels in
CIS-induced mice and ameliorated cisplatin-mediated hepatic
alterations. The liver relies on both enzymatic and non-enzymatic
antioxidants to combat reactive oxygen species (ROS)-induced
oxidative stress. Among these, glutathione (GSH), a major intracellular
non-protein thiol, plays a pivotal role in detoxification, while catalase
(CAT) and glutathione peroxidase (GPx) neutralize hydrogen peroxide,
and superoxide dismutase (SOD) catalyzes the dismutation of
superoxide radicals into less reactive species. In CIS-treated mice, the
GSH level decreased significantly from 7.85 + 0.64 to 4.20 + 0.42 mg/g
tissue, the GPx activity decreased from 35.14 + 2.51 to 23.19 + 1.62
umol NADPH oxidized/mg protein/min, SOD activity from 13.88 *
1.01 to 7.62 + 0.23 U/mg protein/min, and the CAT activity decreased
from 63.92 + 4.94 to 38.24 £ 1.15 pmol H2O2/mg protein/min. (Figure
4). These improvements highlight the strong antioxidant potential of
PgE, likely because its bioactive constituents are capable of scavenging
free radicals and reinforcing endogenous defense mechanisms.
Comparable protective effects of Portulaca oleracea against cisplatin-
induced oxidative damage have also been demonstrated by Sudhakar et
al. (2010)5.
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In-silico studies

Molecular Docking

Molecular docking was carried out via the predicted protein model with
AutoDock Vina integrated in AMDock. The binding affinities of the
selected ligands with the target proteins are summarized in Table 1, and
their corresponding 2D interaction profiles are illustrated in Figure 5.

Molecular Dynamics

All-atom MD simulations were performed to evaluate the structural
stability and conformational dynamics of the protein—ligand complexes.
Compared with the 4Z2Z)-DDA complex, the 4ZZJ-DMS complex
presented lower RMSD values and reduced active-site flexibility,
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suggesting enhanced stability. The Rg values remained stable, with
DDA showing a slight reduction, indicating improved compactness.
SASA revealed decreased solvent exposure in the DDA complex,
further supporting tighter binding. The hydrogen bonding profiles
revealed that DDA maintained more persistent interactions than did
DMS throughout the trajectory, which is in agreement with the
MMPBSA findings. Together, these results demonstrate that DDA
forms a stable and compact complex with the target protein, which may
underlie its hepatoprotective potential. Similar approaches have
highlighted the utility of MD simulations in validating docking
predictions and understanding ligand-induced stability5 5.

Table 1: Protein interactions and the docking scores

Protein-Ligand Docking score Interactions
Complex

4Z7]J-DDA -8.9 SER441, SER442, LEU443, ALA262, PHE273, PHE312, ILE316, ILE347

477]-DMS -8.8 SER442
[A] (B]

ke s
0% s
oS 8 o2 25
P'o ) fo. 3 ~ O A5 Ak 286,
A

£462 &
Asigl AL:SR;

Figure 5: 2D images of the protein-ligand interactions of (A) 4ZZJ-DDA and (B) 42ZJ-DMS complexes.

Root Mean Square Deviation (RMSD)

RMSD analysis was performed to evaluate the conformational stability
of the protein-ligand complexes. Both systems reached equilibrium
within 5 ns and maintained stability throughout the 100 ns simulation.
The average RMSD values were 1.03 + 0.07 nm for 42ZJ-APO, 0.66 +
0.11 nm for 42ZJ-DDA, and 0.70 = 0.23 nm for 4ZZJ-DMS, indicating
that the ligand-bound complexes displayed reduced fluctuations

compared with the apo form, confirming stable binding (Figure 6).
These findings suggest that the presence of ligands enhances the
structural stability of the protein, as complexes with RMSD values
below 0.3-0.5 nm are generally considered stable interactions in MD
simulations. The lower RMSD fluctuations of 42ZJ-DDA and 4ZZJ-
DMS relative to 42ZJ-APO highlight their potential as effective binders
that stabilize the protein structure®? 5%
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Figure 6: RMSD Conformational dynamics analysis of 4ZZJ-APO, 4ZZJ-DDA, and 4ZZJ-DMS
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Root Mean Square Fluctuation (RMSF)

Root Mean Square Fluctuation (RMSF) was employed to evaluate the
flexibility of residues and identify regions susceptible to conformational
changes within the protein-ligand complexes. The mean RMSF values
calculated for the 42ZJ-APO, 4ZZJ)-DDA, and 4ZZJ)-DMS complexes
were 0.24 £0.12 nm, 0.30 £ 0.16 nm, and 0.44 + 0.24 nm, respectively.
As expected, rigid structural domains such as helices and B-sheets
presented lower RMSF values, whereas loop regions presented
comparatively greater fluctuations. The results suggest that ligand
binding did not cause significant structural deviations, and both 422J-
DDA and 4ZZJ-DMS maintained stable dynamic profiles throughout
the simulation (Figure 7). Notably, 4ZZJ-DDA exhibited lower
fluctuations than did 42ZJ-DMS, implying that DDA binding imparts
additional rigidity to the protein, which may have contributed to the
higher binding affinity observed in MMPBSA analysis. These findings
are consistent with earlier reports indicating that ligand binding often
stabilizes key structural elements of proteins while permitting flexibility
in the loop®.

Radius of gyration (Rg)
The radius of gyration (Rg) was analyzed to evaluate the structural
compactness and dynamic stability of the protein-ligand complexes
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during the simulation. The mean Rg values were 2.34 + 0.02 nm for
477)-APO, 2.28 + 0.05 nm for 42ZJ-DDA, and 2.38 + 0.10 nm for
4273-DMS (Figure 8). The comparable Rg values observed across all
the complexes suggest that ligand binding did not induce major
structural rearrangements, and that both 42ZJ-DDA and 4ZZ)-DMS
maintained compactness throughout the trajectory. The slightly reduced
Rg in the 422J-DDA complex implies marginally enhanced stability
compared with that of APO and DMS systems. These findings are
consistent with earlier studies showing that stable Rg values indicate a
balanced distribution of protein mass and minimal conformational drift
during molecular dynamics simulations®. To complement the Rg
analysis, the solvent accessible surface area (SASA) was calculated to
assess changes in protein exposure to the solvent environment upon
ligand binding. The mean SASA values were 182.48 + 4.51 nm? for
477J-APO, 181.83 + 8.10 nm? for 42ZJ-DDA, and 189.40 + 4.07 nm?
for 42Z3-DMS (Figure 9). The stable SASA profiles indicate that ligand
binding did not significantly alter solvent exposure, although 42ZJ-
DMS showed marginally higher values, reflecting localized flexibility.
Together, the results of the Rg and SASA analyses confirmed that both
complexes remained stable, with 4ZZJ-DDA exhibiting slightly greater
compactness and structural stability.
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Figure 7: Conformational dynamics analysis of the 42ZJ-APO, 42ZJ-DDA, and 4Z2ZJ-DMS complexes via RMSF
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Figure 9: Conformational dynamics analysis of the 42ZJ-APO, 4ZZJ-DDA, and 4ZZJ-DMS complexes via SASA

Inter and intra-hydrogen bonds

Hydrogen bonding analysis was carried out to evaluate the stability of
the unbound protein (4ZZJ-APO) and the protein-ligand complexes
(4ZZ)-DDA and 4ZZ)-DMS). The average number of intra-hydrogen
bonds was found to be 244.03 + 8.69, 245.51 + 8.64, and 243.84 + 8.07
for 422J-APO, 42ZJ)-DDA, and 42Z2J-DMS, respectively. The slightly
greater number of hydrogen bonds in the ligand-bound systems than in
the unbound protein suggests that ligand interactions contribute to
maintaining structural integrity (Figure 10). Hydrogen bonds also play
a central role in stabilizing protein—ligand interactions. The 42ZJ-DMS
complex consistently maintained 1-2 hydrogen bonds, while the 422J-

DDA complex displayed 1-6 hydrogen bonds throughout the simulation
(Figure 11). These stable hydrogen bonding patterns indicate persistent
and favorable contacts between the ligands and the target protein, which
contribute to overall conformational stability. The hydrogen bond
dynamics observed in this study align with earlier reports that
emphasize the role of stable hydrogen bond networks in maintaining
intramolecular structure and stabilizing protein—ligand interactions
during molecular dynamics simulations®®5, These findings indicate
that both DDA and DMS contribute to the structural stability of the
target protein, with DDA exhibiting more dynamic and variable
hydrogen bonding interactions than DMS does.
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Figure 10: Intramolecular hydrogen bonds 4ZZJ-APO, 4ZZJ-DDA, and 4ZZJ-DMS during the simulation time

Principal component analysis (PCA)

The collective motions of the 4ZZJ-APO, 4ZZJ-DDA, and 4Z2ZJ-DMS
complexes were investigated via principal component analysis (PCA).
The first few eigenvectors (EVs) captured the essential motions of the
systems, providing insights into their conformational dynamics. The
PCA trajectories revealed that the overall flexibility of the protein
decreased upon ligand binding, as both the 42ZJ-DDA and 4Z2ZJ-DMS
complexes showed reduced large-scale fluctuations compared with the
APO form (Figure 12). The conformational space occupied by the three

systems overlapped extensively, indicating that ligand binding did not
introduce significant structural deviations. These results suggest that
DDA and DMS binding conferred stability to the protein by restricting
conformational variability. Such stabilization is consistent with earlier
findings where ligand interactions were shown to limit the accessible
conformational space of proteins, thereby increasing their structural
resilience®®. Overall, the PCA results highlight that both ligands
stabilize the target protein without imposing conformational strain,
supporting their potential role as effective stabilizers.
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Free Energy Landscapes (FELS)

The free energy landscape (FEL) method is a popular approach for
studying protein folding pathways and stability during molecular
dynamics simulations. FEL plots help identify stable conformations by
showing the free energy minima of the system. In this study, FELs were
created for the first two principal components (PC1 and PC2) of the
protein-ligand complexes (Figure 13). The results revealed that the free
energy ranged from 0 to 14 kJ/mol for the 4ZZJ)-DMS complex and
from 0 to 16 kJ/mol for the 42ZJ-APO and 4ZZJ-DDA complexes. The

(B]

. 1 ,
Figure 13: Free energy landscape plots: (A) 42ZJ-APO, (B) 42ZJ-DDA, (C) 42ZJ)-DMS complexes.

FEL plots indicated that both 4ZZJ-DDA and 4ZZJ-DMS occupied
broad, deep energy basins with a single global minimum, suggesting
that these ligands stabilize the target protein without causing major
conformational changes. The dominance of low-energy basins in the
docked complexes, compared with the APO form, suggests increased
conformational rigidity and improved thermodynamic stability of the
protein-ligand complexes. These results align with previous studies that
show that stable FEL basins are signs of ligand-induced stabilization of
protein structures®,

C]
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MM -PBSA

The binding free energy of the protein-ligand complexes was calculated
via the MM-PBSA approach to evaluate the interaction stability of
477J)-DDA and 4ZZ)-DMS. Table 2 reveals that the 4ZZJ-DDA
complex displayed a substantially stronger binding affinity than did
4727J)-DMS. Specifically, 42ZJ-DDA exhibited a polar solvation
energy of 123.379 + 25.215 kJ/mol, an electrostatic energy of -55.569
+ 20.502 kJ/mol, a van der Waals contribution of -94.942 + 11.243
kJ/mol, and an overall binding free energy of -42.375 + 4.304 kJ/mol.
In contrast, 42ZJ-DMS showed relatively weaker interactions, with van
der Waals, electrostatic, and polar solvation energies of -23.812 +
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11.168 kJ/mol, -16.151 + 8.553 kJ/mol, and 30.380 + 17.683 kJ/mol,
respectively, resulting in a much less favorable binding energy of -
13.591 + 10.031 kJ/mol. These results suggest that van der Waals and
electrostatic contributions were the major stabilizing forces in the 42ZJ-
DDA complex, leading to its higher affinity, whereas unfavorable polar
solvation energies in 42ZJ)-DMS weakened its binding. These findings
are consistent with previous reports indicating that van der Waals and
electrostatic interactions often dominate in protein-ligand binding
stability®>%6. Overall, the MM-PBSA analysis results support the
superior binding strength of 42ZJ-DDA over 42ZJ-DMS, reinforcing
its potential as a more effective ligand candidate.

Table 2: Comparison of the inhibitory binding strengths of 42ZJ-DDA and 4Z2ZJ-DMS

System Van der Waals energy Electrostatic energy Polar solvation energy Binding energy
-94.942 -55.569 123.379
-42.375
+/- +/- +/-
477J)-DDA +/- 4.304
11.243 20.502 25.215
kJ/mol
kJ/mol kJ/mol kJ/mol
-23.812 -16.151 30.380 -13.591
+/- +/- +/- +/-
477)-DMS
11.168 8.553 17.683 10.031
kJ/mol kJ/mol kJ/mol kJ/mol

Conclusion

The present study demonstrated that Portulaca q uadrifida extract
(PqE) exerts significant hepatoprotective effects against cisplatin (CIS)-
induced toxicity. GC-MS analysis confirmed the presence of eight
phytoconstituents, among which dimethyl sulfoxide,
tetradecamethylcycloheptasiloxane, and dodecanoic acid 1,2,3-
propanetriyl ester were predominant. These bioactive compounds are
likely responsible for the observed antioxidant, anti-inflammatory, and
cytoprotective effects. Biochemical evaluations revealed that PQE
administration effectively normalized the levels of serum hepatic
enzyme markers (SGOT, SGPT, ALP, and y-GT), which were elevated
due to CIS treatment. Furthermore, PQqE significantly restored
glutathione (GSH) levels and improved the antioxidant defense system,
thereby counteracting oxidative stress. Histopathological observations
supported these biochemical findings, showing preserved hepatocyte
morphology and minimal perivascular inflammatory infiltration in the
PqE-treated groups compared with the severe liver injury observed in
CIS-only animals. These findings indicate that PqE mitigates CIS-
induced hepatotoxicity through a multifaceted mechanism involving the
modulation of oxidative stress, enhancement of endogenous antioxidant
defenses, and protection of liver architecture. The results highlight the
potential of PqE as a natural, cost-effective adjuvant therapy during
cisplatin chemotherapy to reduce hepatotoxic side effects and improve
patient outcomes. Future studies, including clinical validations and
mechanistic explorations at the molecular level, are warranted to fully
establish its therapeutic applicability.
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