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Abstract

Objective: Because aberrant Rho GTPase signaling has
been associated with multiple cancers, it was investigated
as a potential target for liver cancer treatment drugs. The
important medicinal plant Hippophae rhamnoides, found
in the Karakoram Mountains, is believed to contain
polyphenols that inhibit RhoA protein, thus potentially
eliciting effects against liver cancer.

Methods: Polyphenols were identified in the methanolic
extract of H. rhamnoides with HPLC, then screened for their
anticancer potential against the RhoA protein through
molecular docking and molecular dynamic simulations. The
RMSD and RMSF values for each selected compound were
determined, and ADMET characteristics were analyzed.

Results: The polyphenols gallic acid, salicylic acid, caffeic
acid, kaempferol, rutin, quercetin, coumarin, ferulic acid,
sinapic acid, HB acid, vanillic acid, and chlorogenic acid
were found in the methanolic extract of H. rhamnoides. On
the basis of Lipinski’s rule of five, the Vina score, and the
cavity size, we chose five ligands with favorable features for
further research. Caffeic acid was the most promising
compound, on the basis of favorable ADMET qualities,
and the best docking score and MD simulation results.

Conclusion: Caffeic acid remained intact and bound the
protein structure throughout the simulation run, thus
demonstrating a robust interaction between the protein
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and ligand, and indicating a possible inhibitory effect.
Therefore, this compound might have the greatest ability
to inhibit the RhoA protein. Further research is required
to examine caffeic acid as a potential medication option
for future drug development.

Keywords: Drug discovery; H.rhamnoides; Liver cancer;
Phytochemical screening; Polyphenols; RhoA protein

© 2025 The Authors. Published by Elsevier B.V. This is an
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Introduction

Liver cancer is a worldwide health concern that is
becoming increasingly common. By 2025, 1 million people
are expected to be affected by liver cancer annually.l
Mutations and epigenetic changes are the root causes of
cancer. Normal cells have a basic ability to develop into
neoplasias, which acquire characteristics such as unchecked
growth, angiogenesis, and resistance to cell death. Hanahan
and Weinberg have researched several important malignant
cell characteristics, known as hallmarks of cancer, including
the ability to evade immune cells, alter metabolism, disrupt
the genome, and induce inflammation and consequently
support tumor growth.z’3

Hepatocellular carcinoma (HCC) is the most common
type of liver cancer, accounting for more than 90 % of cases.
The primary risk factor for HCC is the hepatitis B virus,
which is responsible for more than 50 % of cases. Liver
cancer is among the top five most lethal and fast growing
cancers.” Liver illnesses are typically more common in
developing than developed countries. Hepatitis B, hepatitis
C, fatty liver disorders, liver cirrhosis associated with
alcohol use, smoking, overweight, diabetes, and excess iron
in certain diets are risk factors for liver cancer.” The
disease has a dismal prognosis; only 5—15 % of individuals
are eligible for surgical removal, and even then, this
treatment is appropriate only in early stages of the
condition.’

Small G proteins called Rho GTPases regulate the cyto-
skeleton, polarity, morphology, vesicular motions, the cell
cycle, cell destruction, and gene expression in cells.”
Numerous investigations have shown indicated that these
small proteins actively contribute to cancer development.
Consequently, Rho GTPases might serve as new targets for
cancer biology research. Cancers exhibit notable alterations
at the cell level during spread and progression. The most
frequent alteration is tumor growth due to aberrant Rho
GTPase signaling.S Rho GTPases are involved in cell
functions and are associated with all stages of cancer
growth and progression, such as angiogenesis, apoptotic
resistance, invasion of tissues, and metastasis in HCC.’
Therefore, determining how Rho GTPases function in HCC
may aid in the search for treatments for this severe cancer.
Although dysregulation of RhoA has been studied in HCC,
limited studies have investigated natural inhibitors of this
protein. Bioinformatics tools, such as molecular docking
and molecular dynamics (MD) simulation, may contribute

to innovations in drug candidates for liver cancer with
minimal adverse effects. Some studies have indicated that
small molecule inhibitors might serve as a potential
approach to therapeutically target RhoA in the future.'”

Since the dawn of time, humans have relied on the ther-
apeutic qualities of plants. Most chemotherapy drugs are
made synthetically or are made of substances refined from
plants. Herbal therapy is a useful substitute for traditional
cancer care. Numerous investigations have been conducted
on naturally occurring substances with cytotoxic properties
that might potentially kill cancer cells. Because of these
benefits, medicinal plants have been studied and used to
develop anti-cancer medications. Research on plant bioac-
tive chemicals as potential anticancer agents has recently
gained increased attention.!' Plant phytochemicals fight
cancer through processes such as promoting DNA repair,
increasing the synthesis of beneficial enzymes that boost
immunity, and inducing antioxidants. 12

Hippophae rhamnoides is a shrub belonging to the
Elacagnaceae family. Its fruits are nutrient dense, containing
vitamins and minerals, and are used extensively in the
pharmaceutical and cosmetics industries. The berries, often
called seaberries, contain distinctive bioactive ingredients
including phytosterols such as beta-sitosterol, unsaturated
fatty acids, vitamins (particularly vitamins C and E),
phenolic compounds, B-carotene, lycopene, phytosterols,
polyunsaturated fatty acids (particularly omega 7 palmitoleic
acid), minerals (e.g., iron and calcium), and amino acids.”?
The berries’ anti-inflammatory, antioxidant, and anticancer
properties have been researched in the forms of juice, jam,
and oil. Fruit size, maturity, composition, and storage and
processing methods all affect the concentrations of chemicals
present.'

In silico prediction with computer-stimulated models can
aid in developing biomedicines and understanding the phar-
macology of possible treatments. Molecular docking has
grown in importance as a component of in silico drug-creation
processes in recent years. The interactions between bio-
molecules and small molecules determined with this method
can enhance understanding of binding sites and affinities, as
well as mechanisms of action. Therefore, molecular docking is
a widely accepted method in the drug-design process.'>'¢
Additionally, in silico techniques can aid in identifying
specific proteins that are targeted by molecules and mediate
anticancer activity, as well as in tracing specific active
metabolites. This study’s primary goal was to use molecular
docking to determine the interactions between the
polyphenols (obtained through HPLC) identified from the
methanolic extracts of H. rhamnoides and the RhoA protein.

Methods
Collection and preparation of plant material

Specific regions of Gilgit Baltistan, including the Ghizer
district, parts of the Skardu division, and central and upper
Hunza, were targeted for the collection of flora. The chosen
plant was identified with the specimen voucher number FR-
01 for H. rhamnoides from the herbarium of Hazara Uni-
versity of Pakistan. The seeds were first dried at room tem-
perature for 72 h to prepare the plant extract and then were
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ground into a powder with a machine grinder. Subsequently,
1 gm powdered seed and 10 mL 80/20 methanol/water so-
lution were combined for the extraction process. After stir-
ring of the mixture for 2 min, each extract was centrifuged for
30 min at 5000 rpm. A rotatory evaporator was then used to
evaporate the methanolic extract. To the extract retained
after evaporation, 2 mL acetonitrile was added, and extrac-
tion was performed three times with 1 mL hexane. The
acetonitrile fraction was subsequently dried, and 2 mL
methanol was added to this dried fraction. The extracted
material was then subjected to HPLC analysis to identify the
phenolic components. Similarly, standard solutions were
prepared by dissolution of 100 mg powdered seed in 1 mL
methanol.!”’

Quantitative analysis of polyphenols with HPLC
chromatography

A Perkin Elmer Flexar System, including an internal
degasser, a diode matrix detector, and an Eclipse ODS
Hypersil C18 column (15 cm), was used for the HPLC
analysis. Solvent 1 (water/formic acid, 0.10 %) and solvent
2 (acetonitrile/formic acid, 0.10 %) composed the mobile
phase. The injection volume was 20 pL, and the flow rate
was 1 mL/min. To prevent damage to the column, further
safety measures were implemented while the extracts and
standards were carefully filtered through Millipore mem-
branes. For identification of the peaks, retention times were
compared with standards. A computer program was used to
view the signals that the detector recorded.'® The analytes
were determined on the basis of specified retention times
(Table 1).

Protein selection, refinement, and functional domain
identification

The  UniProt database  (http://www.uniprot.org/
uniprotkb/entry) was used to acquire the RhoA target pro-
tein’s main sequence in FASTA format (http://www.ncbi.
nlm.nih.gov/gene). The ProtParam tool (https://web.
expasy.org/protparam) was used to predict its characteris-
tics, positively and negatively charged amino acids, molec-
ular weight, instability index, and theoretical PI, and
physical and chemical properties.w RhoA’s final 3D
structure was obtained in PDB format from the Protein
Data Bank (http://www.rcsb.org/structure). PyMOL
(http://pymol.org/pymol-command-ref) software was used
to refine the protein structure.”’’ The online database
Interpro  (http://www.ebi.ac.uk/interpro) was used to
identify target protein functional domains. Additionally,
MODELLER v10.5 (https://salilab.org/modeller/) was used
to model previously unmodeled residues in the structure.
The generated protein structure was applied to additional
examination of molecular docking.

Ligand preparation and molecular docking

The HPLC-identified polyphenols of H. rhamnoides were
obtained from the PubChem database (http://pubchem.ncbi.
nih.gov).w The Chem Pro ultra program (http://
chemistrydocs.com/chemdraw-ultra-12-0) (chem 3D

v12.0.2) was used to minimize the energy consumption of
these specific ligands. This stage in the ligand preparation
process was crucial, because unstable ligands exhibited
inconsistent Vina scores after docking. Additionally, the
drug likeliness of the chosen ligands from the PubChem
database and the conventional medication sorafenib, which
is used to treat liver cancer, was examined. The ligands
chosen for this investigation underwent testing for
Lipinski’s rule of five, to determine their drug likeness.
ADMET characteristics were also examined, to evaluate
the molecules as possible drug sources and to facilitate the
drug discovery process. The online program PkCSM
(http://biosig.lab.uqg.edu.au/pkcsm/prediction) was used for
drug screening according to drug score, toxicity, and drug
likeliness.”” Ligplot Plus software (version v.1.4.5) (https://
www.ebi.ac.uk/thornton-srv/software/LigPlus/) was used to
produce a diagram of protein-ligand interactions. Ligplot
Plus was applied to examine the hydrophobic interactions
and hydrogen bonds of particular docked molecules, and
calculate the root mean square deviation (RMSD) values. To
determine the RMSD, we used UCSF Chimera (http://www.
cgl.ucsf.edu/chimera).

For molecular docking, we used CB dock Yang Cao Lab
(http://clab.labshare.cn/cb-dock), an online docking tool
that automatically finds binding sites, simplifies docking
procedures, and improves accuracy by predicting target
protein binding sites.”! This tool shows results in five
different poses in 3D visualization. We selected the best
pose with the lowest Vina score. Three parameters were
considered in docking—Vina score, cavity size, and grid
map size—to aid in analysis of docking outcomes. The
molecular docking results were analyzed with the Vina
score, which indicated the binding affinity between the
selected protein and ligands. The Vina score represents
various interaction types such as hydrogen bonding,
hydrophobic interactions, and other steric binding forces.
These particular interactions were calculated and adjusted
according to the number of rotatable bonds, regarding
entropic penalties associated with molecular flexibility. A
lower (more negative) Vina score indicates stronger binding
affinity.””

The virtual screening of RhoA against the selected ligands
(caffeic acid, gallic acid, and salicylic acid) was performed in
GNINA (https://github.com/gnina/gnina) molecular dock-
ing software, by using convolutional neural networks for the
scoring function.”® Moreover, the complexes with the highest
binding affinity scores among were shortlisted. Interaction
analysis was performed on these shortlisted complexes to
identify interacting residues within the domain regions.
Additionally, the 2D interactions of these shortlisted
complexes were visualized with Discovery Studio Visualizer
(Biovia, D. S. (2019) Discovery Studio Visualizer, San
Diego).

Molecular dynamics simulation of shortlisted complexes

To observe the stability and flexibility of the shortlisted
complexes, we performed MD simulations in Maestro 12.0
(version 12.0.012, Schroédinger, LLC, New York, NY), a
robust MD suite.”* First, in the protein preparation wizard,
the protein was subjected to pre-processing and refinement
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along with the removal of water beyond 5 A. The SPC force
field was applied as the solvent model in the system builder
module, including salt ions. Subsequently, the system was
loaded into the MD window module, in which parameters
were configured for 100 ns simulation duration at a default
temperature of 300 K. Eventually, the trajectory file gener-
ated from the simulation was imported into the simulation
interaction diagram module for post-simulation analysis,
along with the RMSD and root mean square fluctuations
(RMSF) values. Moreover, three parameters were examined
to assess ligand properties: solvent accessible surface area
(SASA), polar surface area, and radius of gyration. The
binding abilities of the molecules were observed throughout
the simulation run with snapshots generated after every
100th frame.

Results and discussion

Using HPLC chromatography, we studied the methanolic
extract of H. rhamnoides. The HPLC profile of the investi-
gated plant extract was examined with the standard poly-
phenol retention period. The method relied on comparison
of the retention times of the samples versus the standard. The
chromatogram (Figure 1A) displays the standards used. This
method enabled the identification of 12 polyphenols
(Table 1)—coumarin, caffeic acid, gallic acid, quercetin,
chlorogenic acid, HB acid, vanillic acid, sinapic acid,
ferulic acid, rutin, kaempferol, and salicylic acid—in the
extract of H. rhamnoides (Figure 1B). Chlorogenic acid had
the highest concentration in this extract (1.151 pg/mg). In a
previous study determining the phytochemical makeup of
H. rhamnoides leaves and berries, many polyphenols have
been found.”> We identified the additional polyphenols
sinapic acid and salicylic acid. From the current study and
earlier studies, we inferred that the Dberries of
H. rhamnoides have high polyphenol content, which varies
according to climate, growth environment, and genetic
background.%’27

Table 1: Polyphenols found in the methanolic extract of
H. rhamnoides at 275 nm.

No. Polyphenols found Retention Concentration
in H. rhamnoides time (min) (Lg/mg)
1 Chlorogenic acid 3.001 1.151
2 Gallic acid 3.335 0.140
3 HB acid 6.972 0.057
4 Caffeic acid 7.398 0.031
5 Vanillic acid 7.642 0.084
6 Kaempferol 11.131 0.215
7 Sinapic acid 12.158 0.029
8 Ferulic acid 12.645 0.022
9 Quercetin 17.161 0.011
10 Salicylic acid 15.396 0.449
11 Rutin 23.504 0.060
12 Coumarin 16.042 0.865

Protein structure analysis

The primary sequence of the RhoA protein was retrieved
from the UniProt database under accession no. P61586
(length: 193 amino acids). The online tool ProtParam Expasy
was used to study the physiochemical properties of RhoA
(Table 2). These properties included molecular weight,
extension coefficient, instability index, positively and
negatively charged amino acids, theoretical PI, and grand
average of hydrophobicity (GRAVY).zx

The 3D structure of the RhoA protein was downloaded in
pdb format (Figure 2A) from pdb id 4XH9 in the Protein
Data Bank.” This protein molecule was used as a target
molecule for docking with selected ligands. Rho GTPases
are highly conserved enzymes whose dysregulation is
associated with a range of abnormal cellular processes;
moreover, targeting these proteins has been found to
minimize the severity of cancer progression.3 O The structure
of the target protein, RhoA, was visualized in PyMOL
software (Figure 2 (B)). Interpro, an online database, was
used to identify the functional domains of RhoA protein.
Conserved domains are involved in sequence/structure/
relationships.31 This protein contains primarily small GTP-
binding domains (IPR005225 and TIGR00231) and other
domains in the small GTPase Rho family profile (PS51420)
(Figure 3).

Preparation of ligands for molecular docking

The 2D structure and associated data for the ligands
found in the plant extract by HPLC were acquired from the
PubChem database, as shown in Table 3.% Subsequently, the
ligand’s energy was minimized in ChemPro software
(chem12). This step was crucial in preparing the ligand for
docking, because unstable ligands might potentially affect
the Vina score.

Molecular docking

Finding the ideal binding conformation between target
proteins and ligands is the main goal of molecular docking.}3
We used the online docking tool CB-Dock, which auto-
matically identifies binding sites, to perform docking with the
advanced software AutoDock Vina. This method simplified
the docking procedures and improved accuracy by predicting
target protein binding sites. A 3D visualization of the results
in five distinct positions was determined (Figure 4), and the
optimal stance with the lowest Vina score was chosen.”*
The molecular docking results were analyzed according to
the Vina score, which indicated the binding affinity
between the selected protein and ligands. The Vina score
represents various interaction types, such as hydrogen
bonding, hydrophobic interactions, and other steric
binding forces. These interactions were calculated and
adjusted according to the number of rotatable bonds,
regarding entropic penalties associated with molecular
flexibility. A lower (more negative) Vina score indicates
stronger binding affinity. Furthermore, the numbers of
hydrogen bonds and hydrophobic interactions were
determined (Figure 5).
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Figure 1: (A) Chromatogram of the standard mixture used in HPLC chromatography. The standards comprised chlorogenic acid, gallic
acid, HB acid, caffeic acid, vanillic acid, kaempferol, sinapic acid, ferulic acid, quercetin, salicylic acid, benzoic acid, rutin, and coumarin.
(B) Chromatogram of the methanolic extract of H. rhamnoides at 275 nm. Identified polyphenols are represented as follows: 1, chlorogenic
acid; 2, gallic acid; 3, HB acid; 4, caffeic acid; 5, vanillic acid; 6, kaempferol; 7, sinapic acid; 8, ferulic acid; 9, quercetin; 10, salicylic acid;

11, rutin; and 12, coumarin.

In selecting the five polyphenols, we considered docking
parameters such as the Vina score, cavity size, and grid map;
we also considered whether the selected ligands followed
Lipinski’s rule of five, because ligands meeting the rule are
likely to be readily absorbed. Some ligands had an ideal Vina
score but did not follow Lipinski’s rule, because their mo-
lecular weights exceeded 500 Da. Likewise, some ligands had

low grid map scores, whereas a high grid map score indicates
strong interactions. Moreover, the cavity size should be
large, but not too large, for small molecules. Considering
factors such as the optimal vena score, cavity size, grid map
score, and Lipinski’s rule of five (Table 4 and Table 5), we
selected the ligands quercetin, gallic acid, kaempferol,
salicylic acid, and caffeic acid in the H. rhamnoides extract.

Table 2: Physicochemical properties of RhoA protein, studied with the ProtParam tool.

Number of  Molecular Instability  Extension Extension Theoretical  Positively Negatively GRAVY
amino acids  weight index (IT) coefficient 1  coefficient 2 PI charged particles charged particles
193 5.83 51.73 18825 18450 5.83 29 31 —0.36
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Figure 3: RhoA protein, with functional domains identified with Interpro.

Sorafenib, a synthetic drug used to treat liver cancer, was
also used to compare ligand interactions with the target
protein.

Next, we used UCSF Chimera software to examine the
RMSD values in the docking results (Figure 6 and Table 6).
The RMSD values expected from interaction outcomes were

used to quantify the system’s deviation from its initial
conformation and to analyze variations in docking poses.
The average distance between the atoms in a protein and
overlaid ligand structure was determined according to the
RMSD.> All poses in the current study were considered
ideal for illustrating the RMSD rules. The optimal
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Table 3: Identified ligands and related information.

No. Ligands CID No. Molecular formula Molecular weight (g/mol) Ligand 2D structure
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(continued on next page)
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Table 3 (continued)

No. Ligands CID No. Molecular formula Molecular weight (g/mol) Ligand 2D structure
11 Rutin 5280805 C27H30016 610.52
6 Kaempferol 5280863 CI5H1006 286.23
]
10 Salicylic acid 338 C7H603 138.12 OH
H,N OH
X
12 Coumarin 323 C9H602 146.14
O (0]
H H
o) QNTN
Sorafenib 216239 C21H16CIF3N403 464.83 A . 0 cl
0 F

positions for salicylic acid, quercetin, gallic acid, kaempferol,
and caffeic acid are shown in Table 6, with poses 2, 3, 3, 4,
and 2, respectively. Additionally, the RMSF indicated the
average residual deviations and provided information on
protein flexibility. We required the RMSD values not to
exceed 4. An appropriate range for globular proteins is
between 1 and 3 A°.%°

Bioactivity analysis of ligands and measurement of ADMET
properties

Five ligands and one standard medication were chosen
from the drugBank database to assess the ADMET charac-
teristics and analyze the bioactivity of the ligands (Table 7).
The selected ligands were required to adhere to Lipinski’s
rule of five, which indicates the likelihood of serving as an
oral medication in humans.”” This rule states that
compounds must meet certain requirements, particularly a
log P-value <5. Other requirements are that the molecular
weight of the specific chemical must be <500 Da, that no
more than five hydrogen bond donors must be present, and
that no more than ten hydrogen acceptors must be present.

Ligands meeting Lipinski’s rule are likely to be readily
absorbed by and bioavailable to the human body.38

The pharmacokinetic characteristics of the chosen ligands
were investigated in greater detail. The ADMET character-
istics (distribution, metabolism, excretion, absorption, and
toxicity) are crucial in determining whether a molecule is a
good candidate for a medication. The PKCSM tool was used
to determine the pharmacokinetic characteristics of the li-
gands selected as therapeutic candidates and to investigate
the ADMET features.” On the basis of absorption
properties (Table 7), we observed variations in drug and
ligand water solubility. For a drug to be effective, it must
dissolve in body fluids, such as blood or plasma, which are
water based. Good solubility in water indicates that a
compound can be easily absorbed into the bloodstream. In
this study, the reference drug was less soluble in water than
the five selected ligands. Salicylic acid, caffeic acid, and
gallic acid were slightly more soluble in water than the
other ligands. Similarly, skin permeability is crucial for
drugs delivered through the skin. Compounds with lower
skin permeability values than the normal threshold (log
Kp > —2.50 cm/s) indicate limited skin permeability.*’ The
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Figure 4: Best 3D visualization of conformational poses of the interaction between the target protein and selected ligands. A presents the
interaction between gallic acid and RhoA; B presents the interaction between salicylic acid and RhoA; C presents the interaction between
caffeic acid and RhoA; D presents the interaction between quercetin and RhoA; E presents the interaction between kaempferol and RhoA;

and F presents the interaction between sorafenib and RhoA.

selected compounds showed moderate skin permeability.
Investigation of absorption features indicated that some
ligands had slightly higher Caco-2 permeability than the
synthetic drug. Quercetin and caffeic acid had higher Caco-2
permeability than any other lead molecules. Whereas caffeic
acid is not a P-gp substrate and is not an inhibitor of either P-
gp I or P-gp II, the synthetic medication sorafenib is a P-gp
substrate, P-gp I inhibitor, and non-inhibitor of P-gp II.
Similarly, quercetin is a substrate of P-gp, but does not
inhibit P-gp I or II. The remaining lead compounds were all
non-inhibitors of P-gp I and II, except kaempferol, which is a
P-gp substrate. Likewise, high intestinal absorption indicates
that a ligand of interest is likely to be absorbed in the
gastrointestinal tract after oral intake. In this study, almost
all selected ligands showed considerable intestinal absorp-
tion, but salicylic acid showed the highest absorption.

Examination of the distribution properties indicated
that the CNS permeability of sorafenib was in the region
of —2, whereas other selected ligands, such as caffeic acid,
had CNS permeability in the range of —2. Moreover, sal-
icylic acid, quercetin, and gallic acid had CNS permeabil-
ities in the range of —3. For other selected ligands, such as
kaempferol, the range of CNS permeability was also —2.
Similarly, examination of the unbound friction in human
plasma indicated that several substances had greater values
than manufactured drugs. This finding was particularly
true for caffeic acid, gallic acid, and salicylic acid. Thus,
traditional ligands such as salicylic acid, gallic acid, and
caffeic acid were more effective than synthesized drugs.
Furthermore, a key aspect in the investigation of ADMET
properties is drug metabolism. The synthetic medication
sorafenib, as well as the selected ligands salicylic acid,
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Figure 5: Ligplot Plus interaction results of the best-docked ligands with the target protein RhoA. Hydrogen bonds are shown as green
dashed lines, and bond distances and hydrophobic interactions are indicated as spiked red arches. A presents the interaction between gallic
acid and RhoA. B, C, D, and E present the interactions of salicylic acid, caffeic acid, quercetin, and kaempferol, respectively, with RhoA.

F presents the interaction of the synthetic drug sorafenib with RhoA.

Table 4: Molecular docking outcomes of ligands with target protein.

No. Ligand Vina score Cavity size Molecular Grid map Maximum Minimum energy
kcal/mol weight g/mol energy kcal/mol kcal/mol

2 Gallic acid —6.00 707 170.12 55 —3.49 —4.31

9 Quercetin —8.20 1746 302.23 60 14.94 5.35

4 Caffeic acid —6.10 2704 180.15 35 1.96 —4.22

1 Chlorogenic acid —8.00 1746 354.31 60 22.88 9.89

5 Vanillic acid —5.80 2704 168.14 55 9.65 3.86

12 Coumarin —5.60 707 146.14 60 9.54 5.15

7 Sinapic acid —5.60 2707 224.21 35 16.21 3.88

8 Ferulic acid —5.80 1746 184.18 60 14.42 5.44

10 Salicylic acid —5.60 707 138.12 60 5.61 2.96

11 Rutin -9.70 2704 610.52 35 39.58 —2.95

6 Kaempferol —7.90 1746 286.23 60 21.76 6.40

3 HB acid —9.30 2704 614.16 24 70.34 9.46

Sorafenib —8.70 734 464.83 60 5.25 —20.31

kaempferol, quercetin, chlorogenic acid, and caffeic acid,
were not confirmed to be CYP2D6 substrates.
Understanding a drug’s complete clearance is essential to
calculate dosage rates. On the basis of comparison to the
reference drug, quercetin, kaempferol, gallic acid, salicylic
acid, and caffeic acid showed high overall clearance. The

renal OCT2 substrate characteristic was absent from all
chosen compounds. Similarly, a medicine’s dose tolerance
limit can be determined by understanding the toxicity of a
selected ligand.41 The chemicals chosen for this study, such
as gallic acid and caffeic acid, were determined to be far
safer for humans than the synthetic drug and the other two
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Table S: Interaction of the target protein with selected ligands and the synthetic drug sorafenib, determined in Ligplot Plus software.

No. Ligand or drug Binding energy Number of hydrogen Amino acids HBS distance Hydrophobic
(kcal/mol) bonds interactions
10 Salicylic acid —5.60 4 3 3.07 Glus4
2.74 Arg5
3.30 Lys7
2.93 Leu294
Leu302
Lys301
Val43
9 Quercetin —8.20 6 5 3.03 Leu72
3.05 Pro71
2.98 Gly391
2.70 Phe 106
3.30 His 390
3.12
2 Gallic acid —6.00 4 3 3.06 Lys301
2.94 Ala56
3.04 Leu294
2.88 Leu302
Arg5
Lys6
Lys7
6 Kaempferol —7.90 3 3 2.80 GIn490
2.81 Prol01
3.15 Glul02
Phel06
Asp67
Arg68
Leu388
Lys98
Glu97
4 Caffeic acid —6.10 3 3 2.89 Arg68
291 Leu387
2.99 Cys 389
Leu388
His 390
Arg 70
Asp67
Phel06
Sorafenib —8.70 1 2 2.99 Glul81
3.07 Phe39
2.99 Val35s
Pro36
Lys164
Vall24
Glu32
Pro31
Ser 26
Val38

selected ligands. Whereas the reference drug sorafenib itself
showed hERG II inhibitory properties, no chosen drugs
were found to be hERG I and hERG II inhibitors. The
reference drug had greater oral rat acute toxicity than the
other chosen ligands, such as gallic acid, salicylic acid, and
caffeic acid. The chosen ligands had greater oral rat
chronic toxicity (1.198) than sorafenib. Therefore, the
synthetic drug was found to be more harmful than the
chosen ligands. In an examination of hepatotoxicity,
quercetin, gallic acid, and caffeic acid were not found to
have any toxic effects. However, the reference drug showed
hepatoxicity. No selected ligands exhibited any adverse

reactions, whereas sorafenib, the synthetic drug, displayed
some allergic reactions.

Structure retrieval and virtual screening for M D simulation

The RhoA protein’s 3D structure was retrieved and
modified by cleaning, energy minimization, and modeling.
Notably, the protein has a length of 193 amino acids and
only one domain: a small GTP-binding protein domain.
Likewise, the ligand structures (salicylic acid, gallic acid, and
caffeic acid) were generated in pdb format. The complexes
with the highest binding affinity for each ligand were selected
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Figure 6: Best poses for RMSD values of selected ligands, determined with UCSF Chimera. Image A is the best pose, according to the
RMSD value of gallic acid’s interaction with RhoA. Images B, C, D, and E depict the best poses for salicylic acid, caffeic acid, quercetin,
and kaempferol, respectively, with RhoA. Image F presents the interaction of the synthetic drug sorafenib with RhoA.

Table 6: RMSD values of ligands (five poses) selected for docking.

No. Ligand Vina score (kcal/mol) RMSD (pose 1) RMSD (pose2) RMSD (pose 3) RSMD (pose 4) RSMD (pose 5)
7 Salicylic acid —5.60 1.30 0.84 1.03 1.09 0.98
9 Quercetin —8.20 0.94 0.93 0.79 1.11 1.58
2 Gallic acid —6.00 1.21 1.24 1.10 1.45 1.20
6 Kaempferol  —7.90 0.89 1.02 1.34 0.84 0.94
4 Caffeic acid  —6.10 0.97 0.75 1.28 0.93 1.12
Sorafenib —8.80 1.01 1.10 0.98 0.87 0.99

from the screening complexes. The complex containing sal-
icylic acid showed a binding affinity of —5.44 kcal/mol,
whereas the complex containing gallic acid showed a binding
affinity of —6.01 kcal/mol, and the complex containing caf-
feic acid showed a binding affinity of —6.11 kcal/mol. Ac-
cording to our findings, caffeic acid had the highest binding
affinity toward RhoA protein.

Interaction analysis of screened complexes

To emphasize the connections and to pinpoint the inter-
acting residues between the ligands and the RhoA protein,
we performed interaction analysis on the top complexes
(Figures 7 and 8). The protein showed interactions with
caffeic acid at residues CYS (159), ASN (117), ALA (161),
and LYS (118). With the exception of ALA (161), every
interaction occurred inside the small.

GTP-binding protein domain (5—159). The interactions
were observed at residues SER (73) and ARG (70) in sal-
icylic acid. Likewise, interactions were observed between
gallic acid and residues ARG (70), PRO (71), and SER

(73). Within the small GTP-binding protein domain (5—
159), both ligands interacted in every interaction. Table 5
lists the interactions between proteins and ligands,
along with the associated residues and domains. Figure 8
shows the 2D and 3D protein-ligand interactions of
complexes.

M D simulations of screened complexes

The stability and flexibility of the leading complexes of
gallic acid, salicylic acid, and caffeic acid were examined with
MD simulations. During the simulation period, the protein
displayed an equilibrium state from 50.10 ns to 59.20 ns with
caffeic acid. After the simulation, the ligand and protein had
RMSD values of 4.36 A and 3.17 A, respectively. In addition,
the protein and ligand had a minimal RMSD difference of
9.10 ns.

Throughout the simulation period, the gallic acid com-
plex had an equilibrium point that moved from 60.90 ns to
85.10 ns. The protein and ligand had a minimal RMSD
difference of 3.50 ns. The ligand’s and protein’s RMSD



In silico screening of Hippophae rhamnoides 101

Table 7: ADMET properties of selected ligands and the synthetic drug sorafenib.

Drug likeliness properties

Ligand or drug

Gallic acid  Salicylic acid Caffeic acid Quercetin Kaempferol Sorafenib
Log P-value 0.501 1.090 1.195 1.988 2.282 5.549
Molecular weight (g/mol) 170.120 138.122 180.159 302.238 286.239 464.831
Hydrogen bond acceptors 4 2 3 7 6 4
Hydrogen bond donors 4 2 3 5 4 3
Bonds (rotatable) 1 1 2 1 1 5
Surface area (A%) 67.135 57.545 74.381 122.108 117.313 185.111
Water solubility (log mol/L) —2.560 —1.808 —2.330 —2.925 —3.040 —4.442
Caco-2 permeability (log Papp 10~ cm/s) —0.081 —1.151 0.634 0.925 0.032 0.278
Intestinal absorption (human) (% absorb) 43.374 83.887 69.407 77.207 74.290 83.628
Skin permeability (log Kp) —2.735 —2.723 —2.722 —2.735 —2.735 —3.037
P-glycoprotein substrate No No No Yes Yes Yes
P-glycoprotein I inhibitor No No No No No Yes
P-glycoprotein II inhibitor No No No No No No
VDss (human) (log L/kg) —1.855 —1.570 —1.098 1.559 1.274 0.199
Fraction unbound (human) (Fu) 0.617 0.563 0.529 0.206 0.178 0.059
CNS permeability (log PS) —3.740 —3.210 —2.608 —3.065 —2.228 —2.007
BBB permeability (log BB) —1.102 —0.334 0.647 —1.098 —0.939 —1.684
CYP2D6 substrate No No No No No No
CYP 3A4 inhibitor No No No No No Yes
CYP1A2 inhibitor No No No Yes Yes Yes
CYP2C19 inhibitor No No No No No No
CYP2C9 inhibitor No No No No No Yes
CYP2D6 inhibitor No No No No No Yes
CYP3A4 inhibitor No No No No No Yes
Total clearance (log ml/min/kg) 0.718 0.607 0.508 0.407 0.477 —0.219
Renal OCT2 substrate No No No No No No
Ames toxicity No No No No No No
Maximum tolerated dose (human) (log mg/kg/day) 0.700 0.610 1.141 0.499 0.531 0.549
Herg I inhibitor No No No No No No
Herg II inhibitor No No No No No Yes
Oral rat acute toxicity (LDsg) (mol/kg) 2.218 2.282 2.383 2.471 2.449 2.788
Oral rat chronic toxicity (LOAEL) (log mg/kg_bw/day) 3.060 2.483 2.092 2.612 2.505 1.198
Hepatotoxicity No No No No No Yes
Skin sensitization No No No No No Yes
Minnow toxicity (log Mm) 3.188 1.812 2.246 3.721 2.885 0.189

values at the conclusion of the simulation were 17.43 A and
6.38 A, respectively. Finally, the protein showed an equi-
librium state with salicylic acid between 83.80 and 98.20 ns,
whereas the ligand and protein’s RMSD values at the end of
the simulation period ranged from 5.37 to 32.54 A. The
protein and ligand had a minimal RMSD difference of
8.50 ns.

The caffeic acid-RhoA complex, in contrast, had the
lowest RMSD, thereby indicating that caffeic acid binding
imparts stability to the protein complex. Gallic acid and
salicylic acid binding to RhoA showed higher RMSD values,
thus indicating less specific binding interactions for these li-
gands than caffeic acid. These findings suggested that the
conformations of the complexes formed with gallic acid and
salicylic acid might show more noticeable changes or fluc-
tuations during binding, thus potentially indicating weaker
binding to the RhoA protein than observed with caffeic acid.
Figure 9 (A) shows the RMSD plots of all proteins with their
top-scoring compounds.

RMSF is used to characterize localized changes along pro-
tein chains. The peaks in the plot indicated areas of the protein
showing fluctuations during the simulation period. Almost all
complexes displayed similar patterns in the RMSF plots

(Figure 9 (B)). The complexes of caffeic acid and salicylic acid
bound to RhoA fluctuated in the range of 1—3.00 A, whereas
gallic acid fluctuated in the range of 1—4.50 A. The tail
region (C-terminus and N-terminus) of the protein showed
more fluctuations than the residue on the binding site.”” In
MD simulations, a higher RMSF value indicates that the
complex undergoes substantial variation; consequently, a
lower RMSF reflects fewer flexibility changes and implies a
more stable region within the structure.* Our findings
suggested that caffeic acid bound RhoA in distinct patterns
remained mostly stable during the simulation period. Among
all three complexes, the gallic acid complex displayed a
slightly higher RMSF value and therefore might be more
flexible than the other two complexes.

Compared with salicylic acid and caffeic acid, gallic acid
had a markedly higher polar surface area, thereby suggesting
a greater potential for polar interactions, such as hydrogen
bonding, and promoting stability (Figure 10 A). However,
compared with gallic acid and salicylic acid, caffeic acid
had a significantly lower SASA value, thus suggesting that
the molecule became either less stretched or more compact
(Figure 10 B). Finally, caffeic acid displayed the greatest
radius of gyration (Figure 10C), thereby suggesting a less
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Figure 7: MD simulation results. (a—c) Comparative visualization of trajectories of the caffeic acid-RhoA, gallic acid-RhoA, and salicylic

acid-RhoA complexes, respectively.
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pockets with ligands during 100 ns MD simulations. (d—f) 3D illustration of interactions of RhoA protein with ligands within domain regions.

compact or more elongated molecule with decreased stability
as a result of increased flexibility.

Our findings suggested that caffeic acid might have had
the greatest ability to inhibit the RhoA protein, because it
remained bound to the protein structure and intact
throughout the simulation run, thereby demonstrating a

robust interaction between the ligand and the protein and
suggesting a possible inhibitory effect. However, the other
ligands, gallic acid, and salicylic acid, did not remain intact
and bound to the protein structure over the simulation
run, thereby indicating weak binding to the protein.
Several plant phytochemicals have been investigated in
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HCC through in silico approaches, such as molecular
docking and MD simulation.** Another study has used
molecular docking techniques to examine the activity of
leaf E:étracts of Inula viscosa against human liver cancer
cells.™

Comparison of lead compounds versus the selected drug

To determine the lead compound, we compared the stan-
dard drug and selected ligands according to aspects such as
interaction properties, docking values, and ADMET proper-
ties (RMSD and RMSF values). We anticipated from the data
analysis that the selected ligands, salicylic acid, gallic acid, and
caffeic acid, would be possible drug candidates. Caffeic acid
was considered the best lead compound for multiple reasons: it
followed Lipinski’s rule of five, and it had favorable ADMET

properties, good intestinal absorption, water solubility, skin
permeability, and safety. Furthermore, it showed stability
throughout the MD simulation run, with low RMSD and
RMSF values, and significantly lower SASA values than the
other candidates. Given that caffeic acid was the most stable
and the safest compound for humans, and that it had the
lowest RMSD value during the MD simulation, thus indi-
cating that its binding imparts stability, this compound might
be a viable option for future medication development.
Additionally, caffeic acid was expected to have the highest
binding affinity toward RhoA protein during MD simula-
tion. Caffeic acid is a polyphenol that is found in plants, and
has antioxidant and anticancer propertiesf“’ Another study
has indicated that caffeic acid can effectively treat cervical
cancer through two distinct pathways; therefore, this
compound has the potential to fight cancer in combination
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with other substances.”’ Research on the medicinal
properties of caffeic acid has revealed that this compound
prevents cell invasion and migration, and might even lessen
the spread of cancer.*® Caffeic acid plays an important role
in combatting liver cancer: many in vivo and in vitro studies
have found that this compound inhibits hepatic carcinoma
through various mechanisms including cell death and
activation of caspase 9.% Therefore, in the future, caffeic
acid, the lead compound, might be considered as a
promising therapeutic candidate to target Rho GTPases,
specifically RhoA. Epigallocatechin a polyphenol is a type
of catechin that suppresses RhoA signaling in human
hepatic stellate cell lines.”’

Dysregulation of the RhoA gene has been studied in
HCC’! and might serve as a possible therapeutic target.
Moreover, many studies have shown that upregulation of
RhoA enhances the migration of cells of HCC. For
example, RhoA/ROCK activates by upregulation of
supervillain by hypoxia-induction, thereby activating the
protein kinase (ERK)/p38 pathway, and promoting the
migration and invasion of HCC cells.” RhoA/ROCK also
modifies the ECM in the tumor microenvironment and
consequently promotes the invasion of HCC cells.” RhoA
prevents apoptosis in HCC cells by RTKN, which helps
activate NF-kB signaling. Furthermore, RhoA blocks
apoptosis of HCC cells by Rock2, whenever activated by
ECT2.%* Moreover, H. rhamnoides extract and its iron oxide
nanoparticles have been found to be effective in
downregulating RhoA gene expression in the liver cancer
cell line HePG2 and therefore might be a suitable drug
target for liver cancer treatment.” A previous study has
investigated the therapeutic effects of several bioactive
compounds from plants against HCC through in silico
approaches.“7 In another study, polyphenols from seedless
black grapes (Vitis vinifera) have shown potential cytotoxic
activity against the Hep G2 and Huh?7 cell lines.”’

Conclusion

This study assessed the anticancer potential of
H. rhamnoides polyphenols in liver cancer by focusing on the
RhoA gene. Through HPLC chromatography, 12 poly-
phenols were found in the methanolic extract of
H. rhamnoides. On the basis of the Vina score, grid map
score, and cavity size, five polyphenols were chosen for
additional research with in silico techniques such as molec-
ular docking. By considering ADMET properties, and
RMSD and RMSF values, we compared the polyphenols
quercetin, kaempferol, gallic acid, salicylic acid, and caffeic
acid with the standard drug sorafenib. When choosing the
ligands to investigate further as a potential lead compound,
we used Lipinski’s rule of five. Among the chosen ligands,
caffeic acid was determined to be the most promising medi-
cation candidate, because of its excellent ADMET charac-
teristics, and docking and MD simulation results. Taking
into account all the aforementioned characteristics, we
determined that caffeic acid might be a viable future thera-
peutic option to treat liver cancer by targeting the RhoA
gene.
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