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SUMMARY: Liver cancer is a major health challenge worldwide due to its high mortality rates. This study investigates
the therapeutic potential Bfyphaene thebaicddoum Palm) fruit extracts. Ultrasonic-assisted extraction using ethanol: HCI (1 %
v/v) yielded the highest phenolic content (52231 mg GAE/g DW), while Soxhlet extraction with dichloromethane resulted in
the highest lipid content (12480.5 %). The antioxidant potential of the acetone extract was notable, achieving ail26ug/

mL. Cytotoxicity analysis against HUH-7 liver carcinoma cells revealed a significant dose-dependent effect, with dichl@omethan
extract demonstrating the highest cytotoxicity,(IC€55ug/mL). Morphological studies confirmed apoptosis via DAPI and AO/

EtBr staining. Bioinformatics analysis identified 423 common targets between 453 compound-related and 1,249 liver-related
genes. Key hub genes, includidT1, TP53, EGFR, SR@ndIL6, were identified through protein-protein interaction networks

and GO/KEGG enrichment. Molecular docking studies showed al-Sitosterol and 9, 19-Cyclolanost-24-en-3-ol had strong binding
affinities with docking scores of -10.3 and -9.6 kcal/mol, respectively. These findings highlight the potéhtihletfaicafruit

extracts as a source of bioactive compounds with antioxidant and anticancer properties, paving the way for further plarmaceutic
research and development.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a global health Natural products have long served as an invaluable
burden, representing the most prevalent form of primary liverovider of bioactive compounds for drug discovery,
cancer and ranking as one of the leading contributor particularly in cancer research (Yaettal, 2025). Plants, in
cancer-associated mortality (Baumeistenl, 2019). The particular, have evolved to produce diverse metabolites that
disease accounts for approximately 90 % of liver cancer cagadhibit a wide range of bioactivities, including anticancer
and is often associated with underlying liver conditions sugvang et al.,, 2025), anti-inflammatory (Gautam & Jachak,
as non-alcoholic fatty liver disease, chronic hepatitis B arD09), and antioxidant prepies (Guo, 2025). Among these,

C infections, and cirrhosis (Younossi & Henry, 2021H. thebaica commonly known as Doum palm, is a fruit-
Gujarathiet al, 2025). Despite the availability of variousbearing plant native to regions of Africa and the Middle East
therapeutic interventions, including surgery, chemotherapiAdenowoet al, 2024). TraditionallyH. thebaicahas been

and targeted therapies, the prognosis for HCC patientsed in folk medicine to manage various ailments, including
remains dismal, with a five-year survival rate of less thamostpartum hemorrhage and as a hematinic suspension. Doum
20 % in advanced stages (Villanueva & Llovet, 2011;dtee tea is believed to help manage diabetes in Egypt. The resin is
al., 2012). Challenges such as late diagnosis, drug resistancssd for its diaphoretic and diuretic properties, treating
and adverse side effects of conventional treatmentgpeworms and alleviating animal bites. The roots treat
necessitate the exploration of novel, safe, and effectibéharzias, and charcoal from the seed kernel is used for eye
therapeutic alternatives (Petrowsityal, 2020). sores in livestock (Farag & Par#013; Khalilet al., 2020).
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Emerging research on natural products hastal of 100 mL of extraction solvent was used including n-
emphasized the importance of a holistic approach texane, ethyl acetate, ethanol, 70 % ethanol, ethanol: HCI (1
understanding their therapeutic potential. Unlike synthetl v/v), and chloroform: methanol (2:1). The mixture was
drugs that target a single molecule, plant-derived compounglaced in an ultrasonic bath (WiseClean, Korea) and subjected
often exhibit multi-target effects, simultaneously modulatingp sonication at 40 kHz with a power output of 510 watts, and
several pathways (Shiet al, 2018; Yanget al, 2025). the temperature was monitored to ensure it remained’@.40
Network pharmacology (NWP) offers a powerful tool toThe sonication was carried out for 30 minutes. After extraction,
decode the complex interactions between bioactivke mixture was filtered using filter paper, and the filtrate was
compounds and biological networks (Doghaslal, 2023). collected. The solvent was evaporated using a rotary evaporator
By integrating chemical, genomic, and proteomic data, NW{Pleidolph, Germany) at 40C. The resulting concentrated
enables the identification of key targets and pathways thattract was transferred and stored@ until further analysis.
mediate the therapeutic effects of natural products (Schenone
etal, 2013; Poornimat al, 2016). This approach is valuableLipid extraction using soxhlet apparatus.Lipid extraction
in understanding the polypharmacological naturéHof was performed using a Soxhlet apparatus with three solvents:
thebaica Complementing NWP and molecular dockingn-hexane, dichloromethane, and acetone. A dried sample (30
(MD) is a computational technique that predicts and analysgswvas placed in a cellulose thimble, and 450 mL of each solvent
the binding interactions between bioactive compounds amas used for the extraction. The process was carried out for 6
target proteins. MD provides critical insights into théhours under constant heating at°80to facilitate continuous
potential mechanisms of action of the compounds, pavisglvent reflux. Upon completion, the solvents were evaporated
the way for their validation as therapeutic candidates.  (Heidolph, Germany) and stored aC4or subsequent analysis.

In this study, we employ a comprehensive NWP anBadical scavenging activityThe radical scavenging activity
MD approach to explore the potentialtdfthebaicafruits  was evaluated following the method described by Abuthha
in treating HCC. Our objectives are to identify andil. (2024). The effective concentration (EC50) was determined
characterise the key bioactive compounds preseht. in as the concentration required to achieve a 50 % reduction in
thebaicafruits using phytochemical data, predict theiDPPH- absorbance relative to the control. Extracts were
molecular targets and associated biological pathways throygtepared in DMSO at concentrations ranging from 0.05 to
NWP, and validate the interactions between selectdd25 mg/mL. For each sample, 10 of the extract was added
bioactive compounds and key target proteins involved o 190uL of a freshly prepared 0.004 % DPPH- solution in
HCC using MD studies. This integrative approach aims toethanol in a 96-well microplate. The control consisted of 10
elucidate the molecular mechanisms of the therapeutit of DMSO mixed with 19QL of the DPPH- solution. The
potential ofH. thebaicaand its suitability as a natural multi- reaction mixtures were kept in the dark at’5for 30 min.

target agent against HCC. After the incubation, the absorbance was measured at 516 nm
using a ChroMate microplate spectrophotometer (USA). The
MATERIAL AND METHOD percentage of radical scavenging activity was calculated, and

EC,, values (mg/mL) were derived through non-linear
Obtaining and preparation of doum palm fruits. Fruits of regression analysis utilizing OriginPro 8.5 software (USA).
H. thebaical. (Doum Palm), a member of the Arecacead&he results are presented as the meatandard deviation
family, were sourced from a local market in Mecca, Saud&sD) from three independent experimental replicates.
Arabia. A botanist identified the species, and a voucher
specimen (Voucher No. PRC-Mak 010) was deposited at tBeetermination of total phenolic content (TPC).The TPC
Bioproduct Research Chair, Zoology Department, King Sawdas determined by adding|2. of each sample extract or
University. Upon acquisition, the fruits were thoroughly rinsedallic acid standard, prepared in methanol, to a 96-well
with tap water. The seeds were discarded, and the fruit putpcroplate. Subsequently, 2 of Folin-Ciocalteu reagent
was ground into a fine powder using a commercial blenderas introduced into each well. After a 5-minute incubation
(LC Multifunctional Grinder, China). The resulting powderperiod at 25°C, 80uL of 7.5 % sodium carbonate solution
was stored in an airtight container &C4until extraction. was added to initiate the reaction. The microplate was then

incubated for an additional 30 min at Z5in the absence of
Ultrasonic-assisted extraction of plant materialTen grams light. Absorbance measurements were recorded at 765 nm. A
of powdered plant material were subjected to ultrasonistandard curve of gallic acid (0-90@/mL) was prepared,
assisted extraction using various solvents (Sigma-AldricAnd the TPC values were expressed as gallic acid equivalents
USA). The extraction was carried outin a 250 mL glass beakéGAE) per gram of dry weight (mg GAE/g DW). All
maintaining a solvent-to-plant material ratio of 1:10 (w/v). Aneasurements were conducted in triplicate.
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Cell lines and culture conditions HuH-7 cells were seeded X11.( cells/well) in 24-well plates

and incubated overnight. After attachment, cells were treated
Cytotoxicity evaluation of H. thebaicaextracts. HuH-7  with 200ug/mL of the dichloromethane extract for 24 hours.
cells (human liver carcinoma), procured from DSMZ, wer@ost-treatment, cells were stained witiiLIof freshly prepared
cultured in DMEM supplemented with 10 % fetal bovineAO/EtBr solution (AO: 5ug/mL, EtBr: 5ug/mL) (Abutaha
serum (FBS), 100 U/mL penicillin, and 1Q@/mL et al, 2024). Stained cells were immediately analyzed under
streptomycin. The cells were maintained at°87in a a fluorescence microscope (EVOS, USA).
humidified atmosphere containing 5 % Cahd 95 % air.
Cells were harvested using trypsinisation for cytotoxicitiNetwork pharmacology
assessment and seeded in 96-well plates at one cell per well.
The plates were incubated under the same conditions for Ba¥get collection and prediction. The potential targets of
hours before treatment. Various concentrations (0.000916he phytocompounds were predicted using Swiss Target
3.75 mg/mL) were prepared by diluting stock solutions iRrediction www.swisstargetprediction.ch/) to identify likely
the culture medium. Each extract concentration was testaebtein targets (Dainet al, 2019). Multiple databases were
in triplicate. The cytotoxic effects of the extracts wereised to uncover genes potentially associated with
assessed using the MTT assay. This method quantifies ¢epatocellular carcinoma. These included DisGeNET, which
viability based on the reduction of the yellow dye 3-(4,5provides information on disease-associated genes
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide(www.disgenet.org/); GeneCards, an integrative database for
(MTT) to a blue formazan product by metabolically activduman gene informatiom{vw.genecards.ofy PharmGKB,
cells. After 72 hours of incubation, the medium in each wedl resource for pharmacogenomiesvv.pharmgkb.ory; and
was replaced with 20L of MTT solution (5 mg/mL in PBS), Liverome, which focuses on liver-specific genes
and the plates were incubated for an additional 4 hours undiérerome.kobic.re.kr/index.phpTo identify overlapping
the same conditions. The MTT solution was then removetdrgets between the active compounds and hepatocellular
and the resulting formazan crystals were dissolved in 1@arcinoma, Venn diagrams were generated using an online
uL of isopropanol (0.01 % HCL) with gentle shakingvisualization tool Yww.bioinformatics.com.dh,
Absorbance was measured at 570 nm using an ELISA readeghlighting shared targets for further analysis.
The IG,, value, defined as the concentration of extract
required to inhibit cell growth by 50 % compared to untreateerotein-protein interaction (PPI) and component—target—

controls, was determined for each extract. pathway network. After identifying the intersecting targets,
a protein-protein interaction (PPI) network was constructed
Morphological analysis of cancer cells using STRING (string-db.org/) (The Gene Ontology

Consortium, 2017). The component-target—pathway
Phase-contrast microscopyHuh-7 cells were plated as relationships were further visualized through a network
reported earlier in a 24-well plate to examine celluladiagram created with Cytoscape software (version 3.10.3).
morphology and incubated in a CEhamber. The following
day, cells were exposed to the dichloromethane extract at 2B enrichment and KEGG analysis.ShinyGO 0.81 (https:/
ug/mL). After 24 hours of treatment, cellular morphology wagbioinformatics.sdstate.edu/go/) was used to perform GO
assessed using an inverted phase-contrast microscope (Lefigagtion and KEGG pathway enrichment analyses with Homo
Germany). sapiens as the selected species. The FDR cutoff (False

Discovery Rate cutoff) for all GO enrichment and pathway
DAPI Nuclear Staining. The HuH-7 cells nuclear morphology analyses was set as p < 0.05. The top-ranked pathways were
was assessed using DAPI staining to evaluate apoptosis amegrated and plotted as the final pathway map.
nuclear changes. Huh-7 cells were plated in 24 well plates as
previously described by Abutaktal (2024) and treated with Molecular docking. Ligands (phytocompounds) were
the dichloromethane extract (2p@/mL) for 24 hours. The downloaded from PubChem in structure data file (SDF)
cells were washed with PBS and fixed with ice-cold ethanfibrmat and converted to PDB format using Open Babel 2.3.2.
after treatment. Fixed cells were stained wittyAnL Hoechst These ligands were further processed with AutoDock 4.2 to
solution. Excess dye was removed through PBS washes, gjmherate 'pdbqt' files for MD. The X-ray crystal structures
the stained cells were examined under a fluorescent microscapel 0 target proteins AKT1 (LUNR), IL6 (1ALU), SRC
(EVOS, USA) to observe nuclear alterations. (2SRC), TP53 (1TUP), EGFR (1M17), STAT3 (1BG1),

PPARG (3CS8), BCL2 (2W3L), ESR1 (1A52), and PTGS2
Apoptosis detection using AO/EtBr staining.The dual (COX-2) (5F19) were retrieved from the Protein Data Bank
staining method involving (AO) and (EtBr) was used to detegtwww.rcsb.org and prepared for docking using
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AutoDockTool-1.5.7. Preparation involved removing wateof 0.574 mg/mL, and acetone demonstrated the strongest
molecules, adding polar hydrogens, and calculatinantioxidant activity with an EC50 of 0.129 mg/mL.
Gasteiger charges. MD was conducted with AutoDock Vina
1.1.2, where grid coordinates were defined to facilitate sit€ytotoxicity assay The |G, toxicity assay results for Huh-
specific docking. For each ligand-receptor interaction, ninécells varied across extraction methods and solvents. For
binding conformations were generated and ranked basedtba sonication method, n-hexane and ethyl Acetate extracts
binding energy. The most favorable conformationsgxhibited moderate cytotoxicity, with J(bf 0.739 and 0.750
determined by binding energy, were analyzed to identify keyg/mL, respectively. Ethanol, 70 % ethanol, and chloroform:
molecular interactions. These interactions were visualizedethanol extracts showed negligible toxicity, with IC
using PyMOL and Discovery Studio Visualizer, providingvalues exceeding 3.7 mg/mL. The ethanol: HCI extract
insights into the ligand-receptor binding mechanisms. displayed the highest toxicity among the sonication extracts,
with an 1G, of 0.457 mg/mL. In contrast, lipid extraction
RESULTS yielded more cytotoxic compounds. Dichloromethane
demonstrated the strongest toxicity, with an,1f 0.155
Yield and Total Phenolic Content (TPC).The TPC and mg/mL, followed by n-hexane (0.236 mg/mL) and acetone
yield varied significantly among the extraction methods. F@§0.375 mg/mL). These findings suggest that lipid extraction
sonication extractions, the TPC followed this order: 70 %nethods are more effective at isolating potent bioactive
ethanol (15.5: 0.09 mg GAE/g) > ethanol: HCI (8140.01 compounds than the sonication method (Fig. 1).
mg GAE/g) > chloroform: methanol (2430.06 mg GAE/
g) > ethanol (1.2 0.13 mg GAE/g) > ethyl acetate (&4
0.02 mg GAE/g) > n-hexane (0£00.0 mg GAE/g). The
corresponding yields were: 70 % ethanol (2.62 g) > etha
HCI (1.8 g) > chloroform: methanol (0.334 g) > ethar
(0.244 g) > ethyl acetate (0.069 g) > n-hexane (0.020 g).
lipid extractions, the TPC was ranked as acetone+(0.92
mg GAE/g) > dichloromethane (0.%20.01 mg GAE/g) >
n-hexane (0.0% 0.05 mg GAE/g), while the yield followe
acetone (0.451 g) > dichloromethane (0.151 g) > n-he»
(0.098 g) (Table I).

100

80

Percent viability (%)

Radical scavenging Activity.The radical scavenging activity
measured by EC50 values, showed varying antioxic 0
potential across extraction methods (Table I). In sonicat ey g
assisted extractions, n-hexane demonstrated a negli 00 05 10 15 20 25 30 35 40
antioxidant capacity. In contrast, ethyl acetate, ethanol, _ Concentration (mg/mL)
70 % ethanol exhibited antioxidant activity, with calculated 'g'HlL;'_Th; g;%tgr’“geiﬁﬁﬁfsOjvgfé'oe“\faltsgf’eﬂczf;g: i’grﬂgtjrs of
Eg?g:; gﬁli?of% friSrr?gt?wgns;?gr?z) %cgqé"égsé%e\fgl\ﬂ! ;tga; Ir'1atment. The extracts prepared via sonication includgd: 4) n-
) . g e xane, (5) ethyl acetate, and (7) ethanol:HCI. Those obtained using
mg/mL and 0.394 mg/mL, respectively. In lipid extractionsyiiq extraction techniques comprised: (1) n-hexane, (2)
n-hexane had no E(value, dichloromethane showed anfFC dichloromethane, and (3) acetone.

Table I. Antioxidant Properties and Cytotoxic Effects of Extracts fiothebaicaFruit. The table presents data on extraction
methods, yields, total phenolic content, DPPH radical scavenging activity, & cytotoxicity against HuH-7 cells (I

No. Extraction Method Yield in gram TPC (mg GAE/g) DP PHE@ mg\mL 1G,, mg/mL (Huh-7)
Sonication method
1 n-Hexane 0.020 0.0+0.0 0.0£0.0 0.739
2 Ethyl acetate 0.069 1.4+0.02 0.355+1.7 0.750
3 Ethanol 0.244 1.9+0.13 0.275+0.85 >3.7
4 70% ethanol 262 15.5+0.09 0.380+0.74 >37
5 Ethanol: HCL 18 8.4+0.01 0.292+0.74 0457
6 Chloroform: Methanol 0.334 2.3+0.06 0.394+2.02 >3.7
Lipid extraction
7 n-Hexane 0.098 0.05+0.05 0.0+0.0 0.236
8 Dichloromethane 0.151 0.12+0.01 0574+2.02 0.155
9 Acetone 0451 0.9+0.02 0.129+0.85 0.375
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DAPI staining. Nuclear fragmentation and chromatinchanges, including DNA condensation and chromatin
condensation indicators were assessed in Huh-7 cells treaaétdrations, in the treated cells. In contrast, control cells
with dichloromethane extract using the DAPI staining assagisplayed no comparable effects.

As shown in Figure 2, the extract induced distinct nuclear

Fig. 2. Morphological assessmentHbfthebaicadichloromethane extract effects on HuH-7 cells. (A) Untreated control and (B) cells
treated with 20Qug/mL extract for 24 h, visualized by light microscopy. Fluorescence microscopy (excitation 435—-485 nm) of Hoechst
33258-stained cells: (C) untreated control and (D) treated withug@aL H. thebaicaextract. Scale bars: 2Q0n.

AO- EtBr viability analysis . To assess early apoptosis, lat&sC-MS analysis. The result revealed the presence of 17
apoptosis, and necrosis in HUH-7 cells following treatmemiompounds with varying area percentages. The most
with the dichloromethane extract, the cells were stained witlbundant compound was Lupeol (27.61 %), followed by n-
(AO) and (EtBr) and observed under fluorescencHexadecanoic acid (22.69 %) and al-Sitosterol (11.52 %).
microscopy. Untreated control cells, with intact membraneSjgnificant contributions were also observed from 9,12-
were impermeable to EtBr and exhibited normal, roun@ctadecadienoic acid (Z,Z)- (6.78 %) and 9,19-
green-stained nuclei (Fig. 3). However, treatment with th@yclolanostan-3-ol, 24-methylene-, (3b)- (5.89 %). Among
extract induced significant apoptosis and/or necrosithe fatty acids, n-Hexadecanoic acid dominated, with other
Apoptotic cells showed condensed or fragmented nucleiptable fatty acids and derivatives including 9,12-
with early-stage apoptosis characterized by green-stain@dtadecadienoic acid (Z,Z)-, methyl ester (4.52 %),
nuclei impermeable to EtBr, and late-stage apoptosis markeddecanoic acid (1.94 %), Tetradecanoic acid (0.83 %), and
by red-stained nuclei permeable to EtBr. Necrotic cells wekexadecanoic acid, methyl ester (0.87 %). Minor compounds
identified by red-stained nuclei without evidence of nucleauch as (-)-Carvone (1.26 %) and 3-Dodecene (Z)- (1.07 %)
condensation. were also detected (Table I1).
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No RT Area % Name Molecular formula Molecular weight
1 12.805 1.065787553 3-Dodecene, (2)- 4G, 168
14.261 1.256311421 (-)-Carvone s ye) 150
3 18.29 0.680063219 2-Dodecanol 14 186
4 21611 1476524655 Dodecanaicid, methyl ester H,0, 214
5 22921 1.940396429 Dodecanaicid CH,.0, 200
6 27.229 0.827692479 Tetradecanaad CH,O, 228
7 30.447 0.871087192 Hexadecanaiid, methyl ester H, O, 270
8 31.201 2269034778 n-Hexadecanoic acid L HEO, 256
9 33.625 4520034408 9,12-Octadecadienoic @id)-, methyl ester H..0, 294
10 33.76 2.355313248 9-Octadecenoic acid, methyl ester, (E)- 1H: G 296
11 34.55 6.777223414 9,12-Octadecadienoic &id)- C.H..0, 280
12 34.848 2273117697 cis-Vaccenic acid 1450, 282
13 34.975 1.980120662 Octadecanaaid CH,O, 284
14 41.027 6.268571566  9,19-Cyclolanost-24-en-3-ol, B} CHs O 426
15 41.247 27.6098339 Lupeol N :-Ne 426
16 46.876 5889702054  9,19-Cyclolanostan-3-ol, 24-methylene-Bj3 C,H..0 440
17 47.73 1151787232  al-Sitosterol C.Hs O 426

Target prediction screening of liver cancer-related overlapping and common gene targets associated with liver
targets.The gene targets associated wilh thebaica cancer. From this analysis, 423 target genes were selected
constituents  were  predicted through thdased on the interaction between compound-associated gene
SwissTargetPrediction databases, resulting in the predictitamgets and liver cancer-specific gene targets (Fig. 4).

of 453 targets after post-elimination of duplicates for 17

phytochemicals. GeneCards, PharmGKB, Liverome, arRtotein-Protein Interactions. STRING 12.0, an online
DisGeNet databases were utilized to identify liver canceteol, was utilized to identify PPIs. A total of 423 potential
related targets. After eliminating duplicate entries, a total ¢dirgets were considered, with Homo sapiens as the default
1,249 unique genes were identified. These genes were tlieganism. The network comprises 408 nodes and 5,697
compared withH. thebaicarelated targets to determineedges, with a node degree of 27.9. The local clustering

Merged

AO EtBr

Co
ntr
ol

(A)
Tre
ate
d

(B)

Fig. 3. AO/EtBr staining for apoptosis and necrosis detection in HUH-7 cells. (A) Negative control (untreated cells) shbiging via
cells with intact green-stained nuclei. (B) Cells treated with 2L H. thebaicadichloromethane extract. Cells at 50 % confluency
were treated for 24 h before staining and fluorescence microscopy analysis. Treated cells exhibited apoptotic morphofsggd(conde
fragmented orange nuclei) and necrotic features (red-stained nuclei), while untreated controls maintained normal roorad phuclegy
(green fluorescence), indicating membrane integrity and viability.
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coefficient is 0.462, suggesting a tendency for nodes ¢xhibits a diameter and radius of 1, indicating that all nodes
form tightly-knit groups. Notably, the network containsare directly connected. The characteristic path length is
significantly more edges than the expected 2,503|so 1.0, reflecting direct connectivity throughout the
highlighting a high level of connectivity. This observatiometwork. A clustering coefficient of 1.0 and a network
is further supported by a PPI (enrichment p-value of leslensity 1.0 demonstrate a fully connected, highly cohesive
than 1.0e-16 indicating a biologically meaningfuktructure. The network heterogeneity and centralization are
association between the nodes. Subsequently, theth 0.0, indicating uniformity in connectivity and the
Cytoscape software was utilized to compute the netwoabsence of dominant central nodes. The analysis identified
parameters. The network analysis revealed 10 nodes aw®ingle connected component, confirming that the network
45 edges, averaging 9.0 neighbors per node. The netw@rlentirely connected (Fig. 4).

HOC Genes Daum Palm

Fig. 4. Network pharmacology analysistbfthebaicadichloromethane extract's potential therapeutic targets

in liver cancer. (A) Venn diagram showing overlapping molecular targets between extract constituents and
liver cancer proliferation markers. (B) Protein-protein interaction (PPI) network of identified potential
therapeutic targets. (C) Focused view of the PPl network highlighting the top 10 hub targets (node size
proportional to degree centrality), with key targets labeled for clarity.
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Functional enrichment and pathway analysis The Molecular docking. The molecular docking analysis
analysis identifies ten key hub genes—AKT1, IL6, SRGevaluated the binding affinities of 18 compounds across 10
TP53, EGFR, STAT3, PPARG, BCL2, ESR1, and PTGSrget proteins, revealing significant interaction variability
in liver cancer, highlighting their roles in tumor progressiofFig. 5). The strongest binding was observed for al-Sitosterol
and therapeutic potential. These genes are enrichedaigainst 1M17, with a docking score of -10.3, highlighting its
biological processes such as miRNA-mediated gem®tential as a lead molecule. The 9,19-Cyclolanost-24-en-3-
silencing, chemical stress response, and post-transcriptioogk303)- and Lupeol also exhibited notable binding affinities,
regulation, as well as pathways like PI3K/AKT, JAK-STATwith 9,19-Cyclolanost-24-en-3-ol, 83 showing strong
and HIF-1 signaling, all critical for cell survival, interactions with 1M17 (-9.6), 2SRC (-8.8), and 1A52 (-8.4),
proliferation, and immune evasion. Cellular localization invhile compound Lupeol demonstrated significant binding to
transcription regulator complexes and plasma membraB8RC (-8.6), 1M17 (-8.9), and 1BG1 (-8.7). Compound 9,19-
rafts suggests their involvement in signaling hubs vital fa€yclolanostan-3-ol, 24-methylene-f}3also showed strong
cancer cell communication. Functionally, these genesteractions with 2SRC (-8.7) and 1M17 (-8.5). In contrast,
regulate transcription factor binding, kinase activity, andompound 18 (glycerol), used as a negative control, displayed
ligand-activated receptor activity, driving tumor growthweaker affinities with docking scores ranging between -3.1
angiogenesis, and metabolic dysregulation. For instan@nd -4.3 across all targets. Notably, 1M17 emerged as the
AKT1 and EGFR activate downstream pathways promotingost promising protein target, with multiple compounds
cell proliferation, while IL6 and STAT3 mediate immuneachieving docking scores below -8.5, including the strongest
suppression and inflammation. Tumor suppressor TPS8teraction. This study highlights the potential of al-Sitosterol
frequently mutated in liver cancer, disrupts apoptosi$or further therapeutic development and suggests compounds
complemented by anti-apoptotic BCL2 and inflammator9,19-Cyclolanost-24-en-3-ol, 83 and Lupeol as versatile
PTGS2 (Fig. 5). candidates for multi-target drug design.
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Processes (BP), Cellular Components (CC), Molecular Functions (MF), and KEGG pathway analysis.

DISCUSSION

Numerous natural products have shown promise astable anticancer properties, including suppressing the
cancer therapeutics, attributed to their diverse bioactiwgoliferation of malignant cells and inhibiting their metastatic
properties and therapeutic potential (Newman & Craggrogression (de Mejia & Dia, 2010). Natural compounds
2016). Terpenoids, phenols, alkaloids, flavonoidssuch as artemisinin, parthenolide, and thapsigargin are
glycosides, and peptides have been recognized for theirrrently being investigated in clinical trials to assess their
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effectiveness as potential cancer treatments (Laszczyk, 20@3;hniques can adversely affect phenolic content and
Alotaibi et al, 2023). The present study used NWP-basehtioxidant activity (Xtet al, 2007; Annegowdet al, 2010).
analysis to identify cancer-related targets and pathways of
H. thebaicadichloromethane extract and its phytochemical In-depth evaluation of the dichloromethane extract
constituents. In addition, we confirmed the anticanceterived fromH. thebaicarevealed its ability to trigger
potential ofH. thebaicaextracts against HuH-7 cell lines apoptosis in liver cancer cells. Apoptotic cell death is
by assessing cytotoxiciip vitro. characterized by specific morphological alterations, including
cell rounding, shrinkage, chromatin condensation within the
The results of our study revealed that the acetomeicleus, and detachment from the substratum (Doonan &
extract exhibited the highest antioxidant activity, with aiCotter, 2008). The present study observed significant
IC50 value of 129ug/mL. This value is lower than those morphological changes in liver cancer cells following
obtained using other solvents in sonication and Soxhlgeatment with the extract. In contrast, the control group
extraction methods, highlighting the efficiency of acetonmaintained their normal morphology, adhered to the culture
in extracting antioxidant compounds. However, anothesurface, and displayed a confluence rate of 95-100 %.
study reported the lowest IC50 values of 53.8ImL for
ethyl acetate extract (Dahiru & Nadro, 2022) and &8 The nuclei of control cells stained with DAPI
mL for 80 % methanol extract (Tabgal, 2020), indicating appeared uniform in size and shape. However, nuclei in the
these extracts demonstrated the highest antioxidant activitichloromethane-treated cells shoed significant
overall. Notably, that study did not involve heat treatmergbnormalities, including condensation, shrinkage, and
or sonication, underscoring the significant influence difragmentation. These alterations suggest that the
extraction methods on the antioxidant activity of plandichloromethane extract induces apoptosis in liver cancer
extracts. While heat treatment and sonication are commoraglls. To further validate these results, AO-EtBr dual staining
used to enhance the extraction of bioactive compounds, sowm&s conducted. In control, HuH-7 cells (Fig. 6), green
studies have shown that under certain conditions, thefigorescence signified intact nuclei and preserved membrane
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Fig. 6. Heatmap illustrating the binding affinities of bioactive compounds from Dichloromethane Exitatttetiaica
against a range of protein targets, calculated using AutoDock Vina. Binding energies are expressed in kcal/mol, with
numerical values indicating the strength of interactions.
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integrity without red fluorescence. In contrast, cells treateédflammation and tumor progression, and inhibitors like
with the dichloromethane extract displayed reducegenetoclax and celecoxib have shown synergistic effects
viability and increased apoptotic markers, such as brigint preclinical models (Wanegt al, 2024). Identifying
green and yellow-orange fluorescence, signaling chromafiGFR as a key target in this study further strengthens the
condensation and compromised cell membranes. Sinegionale for using tyrosine kinase inhibitors in HCC
apoptosis is a crucial mechanism for cancer treatment, thésmatment (da Fonseed al, 2020). Combining immune
findings highlight the potential of the dichloromethaneheckpoint inhibitors with strategies targeting the IL6/
extract as an effective inducer of apoptosis in liver canc8TAT3 pathway may help overcome immune suppression,
cells (Surh, 2003). Identifying agents such as tha&ffering a promising immunotherapeutic approach
dichloromethane extract, which can efficiently inducéVarayathuet al, 2021; Papavassilicet al, 2023).
apoptosis, is crucial for developing innovative anticancer
therapies. Incorporating MD results provides further validation
of these therapeutic strategies. Among the evaluated
The identification of the ten hub genes AKT1, IL6 compoundsa1-Sitosterol exhibited the strongest binding
SRC, TP53, EGFR, STAT3, PPARG, BCL2, ESR1, andffinity to EGFR (PDB ID: 1M17), with a docking score of
PTGS2 enhances our understanding of the moleculd.3, indicating its potential as a lead compound for targeted
mechanisms driving hepatocellular carcinoma (HCCjherapy. Additionally, compounds like 9,19-Cyclolanost-24-
These genes contribute to key dysregulated pathways amd3-ol ($)- and Lupeol showed strong interactions with
cellular processes, such as inflammation, apoptoss®RC (PDB ID: 2SRC) and ESR1 (PDB ID: 1A52),
evasion, and genomic instability, accelerating HC®8uggesting their potential for multi-target drug design. The
progression. Targeting these hub genes offers promisidgcking results for 9,19-Cyclolanostan-3-ol, 24-methylene,
strategies for therapeutic intervention. AKT1, a centrdBp) further reinforce its relevance, particularly in
regulator of the PIBK/AKT/mTOR pathway, plays a cruciainteractions with SRC and EGFR, which emerged as
role in promoting cell growth, survival, and angiogenesigromising therapeutic targets. The analysis identified EGFR
in liver cancer (Wanget al, 2013; Suret al, 2021). (1M17) as the most significant protein target, given the
Preclinical studies have shown that inhibitors like alpelisibonsistent strong docking scores observed with multiple
can effectively curb tumor growth, underscoring theompounds. The inclusion of glycerol as a negative control,
therapeutic potential of this pathway (&tal, 2021). TP53 showing weaker affinities (-3.1 to -4.3), validates the
mutations, found in over 50 % of HCC cases, highligtgpecificity of the observed interactions.
the challenge of genomic instability and apoptosis
resistance (Pollutrét al, 2016). Restoring its wild-type While these MD results provide valuable insights into
function through gene therapies or small molecules remaipastential therapeutic agents, future studies should aim to
a promising approach for treatment. The IL6/STAT3 axiexperimentally validate these findings througlvitro and
exemplifies the role of inflammation in HCC, drivingin vivotesting. Combinatorial strategies that integrate novel
immune evasion and tumor growth (Middletdral, 2014; compounds with established therapies, such as venetoclax,
Shin et al, 2018). Inhibitors like ruxolitinib, targeting celecoxib, and immune checkpoint inhibitors, should also
STAT3, have shown promise in preclinical modelshe explored to enhance therapeutic outcomes in HCC. By
reducing inflammation and tumor progression (Johnsaombining biomarker discovery with MD, this study
et al, 2018). Pathway enrichment analysis reveals tlingghlights the potential in liver cancer treatment, paving the
importance of PI3K/AKT, JAK/STAT, and HIF-1 signaling way for more effective and targeted therapies.
in tumor proliferation, hypoxia adaptation, and immune
suppression (Wangt al., 2018; Bandopadhyay & By targeting these critical apoptotic pathways, the
Patranabis, 2023). Emerging therapeutic agents targetoighloromethane extract fromil. thebaicacould act
these pathways, such as EZN-2968 for HIF-1, represeynergistically with the hub genes identified in the previous
expanding options for HCC treatment (Greenbesgjat, discussion, offering a multi-targeted approach to treating
2008). Additionally, miRNA-mediated gene silencing playdiver cancer. The extract's ability to trigger apoptotic markers
a significant role in HCC progression, as miRNAs likesuch as chromatin condensation and membrane rupture could
miR-122 and miR-21 modulate gene expression ameflect a broaderimpact on key signaling pathways, including
contribute to hepatocarcinogenesis (Oataal, 2020; those regulated by TP53, AKT1, BCL2, and PTGS2. As these
Doghishet al, 2023). Anti-apoptotic proteins, such apathways are often dysregulated in liver cancer, the
BCL2, exacerbate resistance to therapies, making the&shloromethane extract may serve as a potent agent for
crucial targets for drug development (Anchimowetal, restoring apoptosis and overcoming resistance mechanisms
2025). PTGS2 (COX-2) overexpression in HCC promotas HCC cells.
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