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Ferruginol potentiates the inhibition of oral cancer
cell proliferation by modulating the expression of
Akt-1/mTOR-mediated signaling

Pitchaimani Veerakumar, Selvaraj Jayaraman, Vishnu Priya Veeraraghavan

ABSTRACT

Introduction: Oral squamous cell carcinoma (OSCC) is a prevalent malignancy of the oral cavity, affecting regions such as
the tongue, gingiva, palate, and buccal mucosa. Ferruginol (FGL), diterpenoid derived from Podocarpus andina and Persea
nubigena, has demonstrated promising biological activities, including anti-cancer potential.

Objectives: This study aimed to elucidate the molecular mechanisms underlying the anti-cancer activity of ferruginol in OSCC
through integrated bioinformatics and experimental approaches, focusing on the Akt-1/mTOR signaling pathway.

Methodology: Six key target genes of FGL were identified using database analyses, and protein—protein interaction networks
were constructed via STITCH and Cytoscape. KEGG enrichment analysis revealed associations with HIF-1, PI3K-Akt, and Wnt
signaling pathways. In vitro experiments on KB cells evaluated oxidative stress (DCF-DA staining), morphological changes (Pl
and AO/EtBr staining), and antioxidant enzyme activities (SOD and CAT). Gene expression was analyzed using RT-PCR, and
molecular docking was performed to assess FGL binding affinity with target proteins (NCADH, MST1, and GSK3B).

Results: Ferruginol significantly downregulated Wnt1, GSK3B, and NCADH, while upregulating MST1, VIM, and ECADH. It
decreased SOD and CAT activity, increased ROS levels, and induced oxidative stress in KB cells. Docking studies confirmed
strong binding affinities with key proteins involved in the Akt-1/mTOR pathway.

Conclusion: Ferruginol exerts anti-cancer effects in OSCC by modulating the Akt-1/mTOR and Wnt signaling pathways,

providing valuable mechanistic insights and highlighting its potential as a therapeutic agent in OSCC management.
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INTRODUCTION

Oral squamous cell carcinoma (OSCC) is the sixth most
common cancer worldwide,' affecting various regions of the
oral cavity, including the lips, tongue, buccal mucosa, floor
of the mouth, gingiva, hard palate, and retromolar trigone.?
OSCC is characterized by rapid differentiation, proliferation,
and the ability to metastasize to distant systems.? The survival
rates for OSCC are highly dependent on the stage of diagnosis,
with early detection significantly improving outcomes.*
Potentially malignant disorders (PMDs), often presenting
as clinical alterations in the oral mucosa, may precede
OSCC. Reactive oxygen species (ROS), byproducts of redox
processes, have been strongly implicated in the development
and progression of OSCC.® Risk factors for OSCC include
tobacco and alcohol use, high-risk human papillomavirus
(HPV) and Epstein-Barr virus (EBV) infections, ultraviolet
(UV) radiation, and environmental pollutants.” In the United
States alone, approximately 30,000 individuals are diagnosed
with OSCC annually, with nearly 90% of oral cavity cancers
attributed to this type.®®

Ferruginol (FGL), a bioactive diterpenoid isolated from
the stem bark of Podocarpus andina (Podocarpaceae) and Per-
sea nubigena, has garnered attention for its diverse pharmaco-
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logical properties. These include antimicrobial, antibacterial,
cardioprotective,'’ antioxidant,' anti-plasmodial,’* and anti-
ulcerogenic activities.”® FGL has demonstrated significant
anti-cancer potential, inhibiting the proliferation of cancerous
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cells in prostate and non-small cell lung cancers."* Addition-
ally, it exhibits anti-inflammatory properties by reducing the
expression of inflammation-associated proteins and inducing
apoptosis via NF-kB translocation and p38 phosphorylation.'>'¢
Previous studies have highlighted ferruginol’s effects on MCF-
7 cells, suggesting its potential as a therapeutic agent for breast
cancer. However, its efficacy in treating OSCC remains unex-
plored. This study aims to evaluate the anti-cancer effects of
ferruginol on oral squamous carcinoma cells (KB cells). Further
research and clinical studies are essential to comprehensively
assess its safety and therapeutic potential, which could pave
the way for its integration into treatment regimens for oral can-
cer.

METHODOLOGY

IDENTIFICATION OF POTENT DIFFERENTIALLY EXPRESSED
GENES INTERACTING with FGL

The Comparative Toxicogenomics Database (CTD) and
Gene Cards were used to conduct a thorough study of
the dataset. These platforms were used to collect data and
investigate proteins related to ferruginol, a bioactive molecule,
and OSCC. The obtained data were then visually rendered using
the FunRich V3.1.3 software."” Visualizing shared biological
goals or pathways amongst the examined records, the FunRich
application created a Venn diagram. This intersection proved
extremely helpful in understanding the complex molecular
landscape of oral cancer.

CTD Database

6147

BUILDING A PHYSIOLOGICAL PATHWAY USING THE STRING
DATABASE FOR FGL

The STITCH network has been utilized to investigate the
Drug-Protein Interactions (DPI) structure after it was built using
differentially expressed genes (DEGs) from OSCC databases.®
The network was shown using Cytoscape software, where
edge widths dependent on interaction intensity were utilized
to represent protein-protein interactions (PPI).”” This picture
was improved even further by the cytohubba plugin, which
showed gene clusters that probably correspond to functional
units or pathways. This investigation sheds light on possible
molecular pathways and interactions related to oral cancer.

GENE ONTOLOGY AND ENRICHED PATHWAY ANALYSIS FOR
FGL

Using genome data, a thorough functional and pathway
enrichment study of DEGs in oral cancer was carried out.
The study found enriched KEGG pathways linked to DEGs
and categorized genes into molecular functions, cellular
components, and biological processes. This method offered
comprehensive insights into the pathways and functional roles
of genes that are up-regulated in oral cancer.
MOLECULAR DOCKING

The study examines how ferruginol binds to proteins
such as VIM, ECADH, NCADH, Wntl, MST1, and GSK3B
using protein structures from the Protein Data Bank. PyRx
software was used for docking using the 100-cycle Lamarckian

Fig. 1: Shows how the pharmacological network analysis of ferruginol corresponds to potent OSCC targets. (A) The OSCC
regulating targets from Genecards and the frequently overlapping important targets for ferruginol regulation from the CTD
database overlap, as shown in a Venn diagram created with the use of the Funrich tool. (B) The relationship between the material
and its strongly associated principal targets was demonstrated using STITCH, a networking tool for drug-protein interactions.
(C) The application Cytoscape is used to illustrate the interactions between proteins. (D) The Cytohubba plugin for the Cytoscape

program additionally displays the top six significant targets.
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genetic algorithm (LGA). Using Discovery Studio, the 3D
and 2D structures were examined, providing insight into the
interactions between ferruginol and these significant proteins.
20

CELL LINES

These KB cell lines were cultivated in a CO2 incubator at
37°C in a regulated, humidified atmosphere. The cells were
kept in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
antibiotics to promote cell growth.

CELL VIABILITY ASSAYS

The KB cell line was subjected to both MTT and trypan
blue exclusion tests to evaluate the cytotoxicity of FGL.*
After seeding and incubating for the entire night, a 1x10* cell
population was created. Following a period of time, the cell
culture was exposed to the MTT substance, which was then
dissolved in DMSO. The result was determined by measuring
the absorbance at 590 nm.

METABOLIC ASSAYS
Placed into 96-well plates, 1x10* KB cells were cultured
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Fig. 2: Shows the gene ontologies and enriched routes for
key targets in the OSCC dataset. (A) Gene ontologies for the
functions of molecules, chemical reactions, and cellular parts
were shown using a bubble chart. (B) Genes were classified into
metabolic activities, organismal systems, cellular processes,
processing of environmental information, and disorders of
humans; the KEGG pathway was assigned a high enrichment
score.
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for a whole day.** After being cultured for a further twenty-
four hours, the cells were subjected to a second round of
ferruginol treatment, and twice they were washed using
Krebs-Ringer-phosphate-HEPES (KRPH) buffer. As directed
by the manufacturer, glucose uptake was assessed using a
colorimetric kit. The cells were removed after pre-treatment,
and a colorimetric kit was used to quantify the amount of lactate
levels, and deproteinized with 5% trichloroacetic acid (TCA).
After treating KB cells with ferruginol, the lactate enzymatic
mix was added, and the optical density (OD) was monitored at
450 nm to assess lactate enzyme activity.

MEASUREMENT OF CELLULAR SOD ACTIVITY

FGLwas applied to KB cells for 48 hours at a dose of 1x10°
cells. WST and the enzyme functioning solution were added to
96-well microtiter plates, which had been quantified using the
Bradford test for total protein, in order to evaluate the activity
of the superoxide dismutase enzyme by SOD Assay Kit-WST
from Fluka Co. After the plates were incubated for 10 mins at
25°C to produce a water-soluble formazan dye, absorbance was
measured at 450 nm using a microplate reader.
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Fig. 3: Ferruginol (A and B) inhibits the growth of KB cells.
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Fig. 4: In KB cells, ferruginol promotes aerobic glycolysis. Fig, 5: In KB cells, ferruginol demonstrates antioxidant properties.
(A and B). After being exposed to ferruginol for 48 hours, (A, B, and C). Using a significance level, KB cells were treated with

the amount of lactose produced and glucose absorbed by ferruginol to measure intracellular ROS, cellular SOD, and CAT using
KB cells was assessed. DCE-DA.
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MEASUREMENT OF CELLULAR CATALASE ACTIVITY

The rate of action of the intracellular catalase enzyme was
measured using a catalase test kit from Sigma-Aldrich. For a
full day, KB cells were exposed to 1 x 10° cells of FGL. The cells
were treated, then lysed, and the lysates were collected and
washed in PBS. The samples were put into a microcentrifuge
tube together with the assay buffer (50 mM KH2PO4/50 mM
Naz2 HPOs, pH 7.0). After adding a 200 mM H,0O, solution, the
reaction was allowed to begin and was then incubated at 25°C
for five minutes. After adding a stop solution, the mixture was
incubated for 10 minutes at 25°C to produce a red quinonimine
hue. At 520 nm, the absorbance was then determined.

DCFH-DA MEASUREMENT OF INTRACELLULAR ROS
ACTIVITY

Intracellular ROS generation was measured using the
fluorescent dye probe DCFH-DA.

In short, 1x104 KB cells were pre-treated with FGL in a
time-dependent manner after being seeded the day before.
Following a PBS wash, cells were treated with 10 uM DCFH-
DA for 15 minutes at 37°C in the dark. Following extraction,
each specimen was incubated with the lactate enzymatic
combination for one hour. The OD value was then calculated
by measuring the gathered specimens at 525 nm.

DCFH-DA AND PI-BASED IMMUNOFLUORESCENCE
STAINING

Immunofluorescence labeling was used to visualize the
morphological alterations that ferruginol treatment caused
in KB cells. The production of ROS within cells was assessed

Control

Fig. 6: Ferruginol’s effects on apoptosis and ROS activity in KB
cells. KB cells were exposed to ferruginol for 24 and 48 hours,
and immunofluorescence labeling was used to identify any
morphological alterations. AO/EtBr labeling for early and late
apoptosis in KB cells, DCFH-DA for intracellular ROS activity,
and PI for nuclei staining at a 20X magnification. Image] was
used to quantify the images, and Olympus used a Zenoptik
camera to display them.

Ferruginol (48hrs)

DCFH-DA

AO/EtBr

using a 5-puM concentration of the non-fluorescent intracellular
probe 2’,7’-dichlorofluorescein-diacetate. FGL was applied
to 5x105 KB cells in the experimental setting for 40 minutes.
Following the addition of DCFH-DA, the cells were cultivated
for a further 20 minutes at 37 °C without light. Cells were
resuspended in 1.0 mL of ice-cold phosphate-buffered saline
(PBS) after this incubation period. Using a Zenoptik camera
and an Olympus fluorescent microscope (Tokyo, Japan), the
oxidative activity of ROS on DCFH was observed.

AO/ETBR NUCLEAR STAINING

To identify apoptotic cells for nuclear labeling with
AO/EtBr staining, this was done. This staining technique
uses ethidium bromide (EtBr) and acridine orange (AO) to
differentiate between apoptotic and normal cells. During the
experiment, a coverslip was used to evenly distribute 10uL of
AO/EtBr solution over the KB cells that had received ferruginol
treatment. Apoptotic cells were identified by their characteristic
red fluorescence, which was brought on by fragmented nuclei
and compacted chromatin when viewed under an upright
fluorescent microscope. The existence of normal cells, on
the other hand, was measured using Image ] software and
examined using an Olympus fluorescent microscope (20x
magnification) in the presence of green fluorescence.

GENE EXPRESSION BY RT-PCR

KB cells were cultivated overnight after being planted in a
6-well plate at a density of 5x10° cells per well. Using TRIR
from Abgene, UK, RNA was separated, and its amount was
measured spectrophotometrically in micrograms (pg). In
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Fig. 7: Molecular docking illustrates the relationship between
ferruginol and important OSCC targets. The binding affinity
of ferruginol for targets is demonstrated using a molecular
docking investigation performed with PyRx software. Utilizing
Biovia Discover Studio, it was possible to see the 3D and 3D
structural representations that have been tackled above.
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order to investigate mRNA expression using real-time PCR, a
reaction combination was carefully created using Takara SyBr
green master mix and specially made forward and reverse
primers that target specific genes, such as Wnt1, MST1, GSK3B,
VIM, ECADH, and NCADH. The fold change in relation to the
control was used to express the analysis’s findings.

STATISTICAL ANALYSIS

The study was conducted using R, a robust statistical
programming system, and the log-rank test and p-values
for mRNA and protein expressions were computed using
GraphPad Prism 8.

ResuLts

PHARMACOLOGICAL NETWORKING METHOD OF FGL
Genomics resources like Genecards and the Comparative
Toxicogenomics Database (CTD) can be searched to find
genes associated with FGL and its potential effects on oral
squamous cell cancer (OSCC). A Venn diagram (Graph 1A)
was made to show the shared targets that were found by
examining these databases and were linked to both FGL
and OSCC. Approximately 28 genes were discovered to be
consistently frequent across all datasets after these resources

were combined. This implies that the OSCC associated with
FGL may be significantly influenced by these genes. The study
used the STITCH database to undertake network analysis in
order to validate the 28 discovered targets related to FGL.
By utilizing the STITCH database, the findings displayed
in Graph 1B clarified the regulatory connections between
ferruginol and targets. Then, using Cytoscape, a network was
constructed (Graph 1C). To conduct a more thorough analysis,
the CytoHubba plugin was employed. Wntl, MST1, GSK3B,
VIM, ECADH, and NCADH are the top six important targets
with high scores, according to the results displayed in (Graph
1D). These specific targets have been thoroughly investigated
due to their importance in the development of oral cancer.
This comprehensive approach provides relevant information
about the targets’ potential significance in OSCC and boosts
confidence in the identification of targets connected to FGL.

FUNCTIONAL ANNOTATIONS LINKED TO FGL IN OSCC

Once ferruginol targets have been thoroughly examined,
Gene Ontology (GO) and pathway enrichment studies are
necessary to comprehend the functional importance of genes
associated with OSCC. For biological processes (BP), cellular
components (CC), and molecular functions (MF), a bubble
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Fig. 8: Ferruginol inhibits the expression of important AKT1/mTOR signaling targets (A-F) in KB cells. Using RT-PCR, the effects
of ferruginol-potent primary targets (Wntl, VIM, GSK3B, MST1, ECADH, and NCADH) on gene expression were evaluated in

KB cells.
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graphic (Graph 2A) was made using g datasets to display the
top five highly enriched GO terms. Research has revealed that
these targets govern vital biological functions, including but
not limited to cell division, apoptosis, and the regulation of
gene expression. The nuclear membrane, bounded organelle,
and intracellular membrane were associated with these
targets. Cadherin binding, kinase binding, and protein-kinase
binding were a few of their molecular actions. Extra details
were revealed by KEGG pathway analysis, which showed a
substantial enrichment in pathways related to cancer, PI3K-Akt
pathways, HF-1 signaling, and Wnt signaling. Several genes
of interest were shown to be prominent in networks relevant
to malignancies, as shown in Graph 2B. Its all-encompassing
method clarifies the complex web of dysregulated pathways
in oral cancer and advances our knowledge of the functional
significance of FGL.

FGL SUPPRESSES BOTH AEROBIC GLYCOLYSIS AND CELL
GROWTH IN KB CELLS

The combined synergy between computer analysis and
experimental research, including cell line investigations,
increases the likelihood of discovering safe and effective
therapeutic drugs. This expedites the process of developing
new drugs. The cytotoxic effects of ferruginol on KB cells in
the setting of oral cancer were thoroughly assessed using the
MTT and trypan blue tests. For 24 and 48 hours, KB cells were
treated with varying concentrations of FGL (20-100 uM). The
results, which are displayed in Graph 3A, demonstrate that the
gradual infusion of ferruginol into KB cells led to a significant
and dose-dependent decline in cell viability. The results were
further supported by the trypan blue assay (Graph 3B), which
demonstrated that ferruginol treatment for 24 and 48 hours
prevented KB cells from proliferating. Further evidence that
lactose production and glucose absorption are hindered in KB
cells is provided by the time-dependent injection of FGL in
Figures 4A and B. Together, our results show that FGL inhibits

aerobic glycolysis and kills oral cancer cells.

FGL ON ANTI-OXIDANT ACTIVITY IN KB CELLS

The levels of the enzymes catalase (CAT) and superoxide
dismutase (SOD) have declined, according to the results
displayed in Graph 5(A and B). This suggests that FGL
influences ROS activity in oral cancer cells. This experimental
method sheds more insight into how FGL influences ROS
activity and emphasizes the molecule’s possible significance in
treating oral cancer. Following FGL injection, DCF-DA staining
revealed increased ROS activity (Graph 5C), highlighting the
importance of ROS regulation in the growth of cancer cells.
The assessment of CAT and SOD activities provides further
evidence that ferruginol controls ROS in KB cells.

KB CELL MORPHOLOGICAL CHANGES AS A RESULT OF FGL
TREATMENT

We administered the IC50 concentrations of ferruginol
to KB cells for 24 and 48 hours while monitoring for any
cytomorphological changes in order to verify the drug’s efficacy.
The results demonstrated that the size and characteristics of the
untreated cells remained unchanged. In contrast, significant
cytomorphological changes, including cell shrinkage, blebbing,
and cases of cell death, were observed when the treated cells
were tagged with PI and DCFH-DA. To corroborate these
results, we investigated ROS activity in KB cells treated with
FGL. The findings demonstrated that when DCFH-DA dye
is added, untreated KB cells exhibit reduced ROS activity.
Additionally, KB cells’ apoptotic rate was assessed by AO/
EtBr nuclear staining. Interestingly, FGL treatment to KB
cells over a 24- and 48-hour period caused both early and late
apoptosis, as Graph 6 demonstrates. Remarkably, at 48 hours,
a significant percentage of cells in the FGL-treated group were
seen to be undergoing both early and late apoptotic processes.
The potential therapeutic efficacy of FGL in the treatment of
oral cancer is increased by these investigations, which offer

Bindi No. of ami id
Compound Protein(s) INAINg energy a-0 a_m"m act Amino acid residues
(Kcal/mal) residues
Wntl -6.8 1 GLU204
MST1 23 1 GLY108
Ferruginol (CID: GSK3B -7.9 P THR138, GLN135
442027) VIM 6.0 1 HIS437
ECADH -6.9 2 ASP528, LEUS33
NCADH -8.1 1 ASN249

Table 1: The molecular docking data for FGL with Wnt1, MST1, GSK3B, VIM, ECADH, and NCADH.
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significant insights into the mechanisms of oxidative stress,
apoptosis, and cellular responses associated with the treatment.

FGL SHOWS HIGH BINDING ASSOCIATION WITH AKT1/
MTOR SIGNALING TARGETS

The binding energies provide significant data about the
effectiveness of these interactions, as illustrated in Graph 7
and summarized in Table 1. Apoptosis, metabolism, and cell
growth are all affected by these proteins. The binding energies
of ferruginol were significantly high when it interacted with
several important proteins, such as Wntl (-6.8 Kcal/mol),
MST1, GSK3B, VIM, ECADH, and NCADH. These targets were
also found to bind to a significant number of hydrogen-bonded
amino acid residues, including those associated with Wntl
(GLU204), MST1 (GLY108), GSK3B (THR138, GLN185), VIM
(HIS437), ECADH (ASP528, LEU533), and NCADH (ASN249).

KB CELLS, FGL PROMOTES AKT1/MTOR SIGNALLING
TARGETS

The study also employed real-time PCR to assess the
mRNA expression levels of many genes essential for aerobic
glycolysis and apoptosis when KB cells were exposed to FGL
at IC50 values for 24 and 48 hours. First, as shown in Graph
8(C, D, and E), FGL treatment resulted in a significant rise in
the mRNA expression of the apoptotic genes, which regulate
targets MST1, VIM, and ECADH. In an average of 24-48 h, this
growth happened. Graph 8 (A, B, and F) illustrates the genes
that belong to this group: they are involved in the suppression
of apoptosis, aerobic glycolysis, cell division, and protein
synthesis. NCADH, Wntl, and GSK3B were among these
genes. The findings indicate that the administration of FGL
in KB cells could potentially affect the AKT1/mTOR signaling
pathway, in addition to other possible consequences.

Discussion

Oral squamous cell carcinoma (OSCC), the most prevalent
form of oral cancer,® is characterized by aggressive tumor
growth, early metastasis, and poor survival rates, with a
5-year survival rate of less than 50%.%% Risk factors such as
tobacco use, alcohol consumption, and betel nut chewing are
particularly significant in regions like Taiwan.” These behaviors
contribute to the accumulation of ROS, which play a key role
in the progression of OSCC. The pressing need for effective
therapeutic agents against OSCC has led to investigations
into bioactive compounds such as FGL, an abietane diterpene
with broad pharmacological properties, including anti-cancer
potential.

One of the main forms of oral cancer is called OSCC, and it
can be linked to a number of carcinogens from oral behaviors
like drinking alcohol, smoking cigarettes, and chewing betel
quid.® Head and neck carcinoma, the sixth most frequent
cancer worldwide, primarily has OSCC as its histological
type.?* By reducing MMP, increasing ROS, lipid peroxidation,
decreasing cell viability, and increasing antioxidant enzymes,
FGL can exert an anti-cancer effect in HCT-116 cells. Thus,
while Bcl-2 is being suppressed, FGL induces apoptosis via a
mitochondrial-mediated route, improving the expression of
caspase-3, cytochrome c, Bax, and caspase-9 in HCT-116 cells.
The reason behind FGL'’s induction of mitochondria-regulated

90 Oral and Maxillofacial Pathology Journal, Volume 17 Issue 1 January—June 2026

apoptosis in human colon cancer cells is still unknown. The
goal of the current study was to reveal the FGL's mitochondrial-
mediated apoptotic cascade in HCT-116 cells.” In human
ovarian cancer cells (OVCAR-3), FGL may have anti-cancer
effects by causing G2/M cell cycle arrest, death, and inhibition
of cancer cell migration. When considered collectively, FGL may
be helpful in ovarian cancer.?? SK-MEL-28 cells, FGL converted
to 18-aminoferruginol boosts its antiproliferative activity five
times and modifies the apoptotic pathway to activate caspases
3/7 without first depolarizing the mitochondrial membrane.
18-aminoferruginol is more cytotoxic to a panel of 60 cancer
cells than its parent molecule, which is consistent with in
silico expectations.®® By inducing mitochondrial apoptosis,
FGL suppresses the development of thyroid cancer cells.
Additionally, it produced ROS, lowered MMP levels, and
blocked the PI3K/AKT and MAPK signaling pathways. FGL
considerably reduced the disease activity index and spleen
weight while increasing body weight, colon weight, and colon
length.** Our study showed the potential of FGL as a treatment
for OSCC was investigated through a multidisciplinary
approach that included route enrichment studies, database
mining, and network analysis. Initial identification of genes
linked to FGL and OSCC regulatory targets was performed
using databases like Genecards and the Comparative
Toxicogenomics Database (CTD). The combined datasets
revealed 28 overlapping genes, suggesting that these genes
could be significant targets for FGL in OSCC. Network analysis
showed important regulatory connections between FGL and
its targets, with key genes such as Wnt1, MST1, GSK3B, VIM,
ECADH, and NCADH emerging as critical in the development
of oral cancer. This analysis reinforced the relevance of these
targets in OSCC pathophysiology, providing valuable insights
into their roles. GO and pathway enrichment analyses further
supported these findings, highlighting the significance of these
targets in processes like apoptosis, cell differentiation, gene
regulation, and cell migration. KEGG pathway analysis also
revealed significant enrichment in pathways related to cancer,
PI3K-Akt signaling, HIF-1 signaling, and Wnt signaling, all of
which are implicated in OSCC. FGL's potential role in restoring
these dysregulated pathways suggests its therapeutic promise
in oral cancer treatment.

To evaluate the cytotoxic effects of FGL on OSCC, we
employed both computational and experimental approaches.
The impact of different FGL dosages on KB cells was assessed
using MTT and trypan blue assays over 24 and 48 h. These
assays revealed a significant, dose-dependent decrease in cell
viability, with the half-maximal inhibitory concentration (IC50)
identified after treatment. These findings were corroborated by
the trypan blue test, which demonstrated that FGL inhibited
KB cell proliferation. Furthermore, FGL treatment led to
slower lactate generation and glucose absorption in the cells,
indicating interference with aerobic glycolysis, a vital process
in cancer development. The role of FGL in regulating reactive
oxygen species (ROS) activity was also examined using catalase
(CAT) and superoxide dismutase (SOD) activity assays. FGL
treatment reduced CAT and SOD activity, suggesting that it
regulated ROS levels in KB cells. DCF-DA staining confirmed
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increased ROS production in treated cells, highlighting
FGL’s involvement in ROS modulation in cancer cells. These
results underline the potential of FGL to target ROS-mediated
pathways in oral cancer treatment. Notable morphological
changes, including cell shrinkage, blebbing, and instances of
cell death, were observed in KB cells treated with FGL at IC50
concentrations for 24 and 48 h. Cytomorphological analysis
using PI and DCFH-DA staining confirmed the onset of both
early and late apoptosis, as indicated by nuclear staining with
AO/EtBr. These observations provide strong evidence of FGL's
therapeutic efficacy in inducing apoptosis in oral cancer cells.

Real-time PCR analysis revealed significant changes in
the expression of genes associated with apoptosis and aerobic
glycolysis following FGL treatment. The mRNA expression
of apoptotic genes MST1, VIM, and ECADH increased
significantly, while genes involved in protein synthesis, cell
division, and glycolysis, such as Wntl, GSK3B, and NCADH,
showed altered expression levels. These findings suggest that
FGL modulates the AKT1/mTOR pathway, which is crucial
for cancer cell proliferation. Molecular docking simulations
revealed that ferruginol (FGL) binds strongly to key cancer-
related proteins such as Wntl, GSK3B, NCADH, MST1,
VIM, and ECADH, enhancing our understanding of its anti-
cancer effects. FGL targets multiple pathways involved in cell
growth, metabolism, and apoptosis, making it a promising oral
cancer treatment. Further research is needed to optimize its
formulation and distribution for clinical use. Despite current
limitations, FGL shows significant therapeutic potential for
OSCC. Future studies should focus on maximizing its efficacy
and clinical application.

ConcLusioN

FGLexhibited significanttherapeutic potentialagainst OSCC
by targeting key molecular pathways. Combining laboratory
testing with computational biology, it binds securely to key
proteins. FGL caused apoptosis in cells, impacted metabolic
regulation, and raised oxidative stress by modifying the Akt-
1/mTOR signaling pathway. According to our research, FGL
may be used to treat oral cancer. Both analytical and laboratory
data back this conclusion. The research may take new turns in
the future by combining treatments to maximize benefits and
reduce side effects. This could lead to the creation of novel
treatment plans for OSCC. Targeted therapy that utilizes FGL's
effects on the mTOR pathway may also progress customized
cancer treatment. To fully exploit FGL's therapeutic potential
and enhance patient outcomes, more research is required into
the clinical translation of this drug, its interactions with other
signaling pathways, and its broader utility in cancer treatment.
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