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ABSTRACT

Background: Lung cancer is a pervasive global malignancy that stands as a foremost cause of
cancer-induced fatalities, defined by its heightened intratumor heterogeneity and the intricate
nature of its cellular pathology. It accounts for an estimated 25% of all global cancer-related
fatalities, making it the primary cause of cancer deaths despite the development of clinical
treatments. Objectives: The present work was designed to evaluate the anticancer mechanisms
of senegenin against lung cancer A549 cells using an in vitro and in silico approach. Materials
and Methods: The MTT test was utilized to examine the growth of lung cancer A549 cells treated
with senegenin at different concentrations (5-30 uM). The incidences of apoptotic cell deaths
in the senegenin-treated A549 cells were evaluated using a dual staining method. The levels
of PI3K, Akt, and mTOR in the control and senegenin-treated A549 cells were evaluated with
appropriate assay kits. The interactions between the senegenin and the PI3K, Akt, and mTOR
were evaluated using Autodock vina and visualized using Discovery Studio Visualizer (DSV). The
drug-likeness and toxicity profile of senegenin were predicted using ProTox v3.0. Results: The
findings of the MTT assay indicated that senegenin treatment (5-30 uM) significantly reduced
the A549 cell viability in a dose-dependent dependently. The dual staining results indicated the
increased presence of apoptotic incidences in the senegenin-treated A549 cells. The levels of
PI3K, Akt, and mTOR were markedly decreased in the A549 cells after treatment with senegenin.
The molecular docking analysis revealed that senegenin exhibited strong interactions with the
key components of the PI3K/Akt/mTOR signaling pathway such as PI3K (Binding Affinity (BA) =
-7.4 kcal/mol; RMSD = 2.263A), AKT (BA = -9.0 kcal/mol; RMSD = 2.493A), and mTOR (BA = -7.4
kcal/mol; RMSD = 2.613A). Conclusion: The current findings suggest that senegenin interacts
with PI3K, Akt, and mTOR and may potentially inhibit downstream signaling events associated
with cell growth, proliferation, and survival in lung cancer progression. The docking results
supported the hypothesis that senegenin could act as a multi-target inhibitor to modulate the
oncogenic PI3K/Akt/mTOR signaling pathway. Consequently, it may be a promising anticancer
candidate for treating lung cancer.
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INTRODUCTION

Lung cancer, a widespread global malignancy, continues to be
a primary contributor to cancer-related mortalities, largely due
to its significant intratumor heterogeneity and the complex
cellular characteristics inherent to the disease.! Lung cancer is
characterized by uninhibited cell proliferation in lung tissues and
have the capacity to metastasize to distant organs if left untreated.
It accounts for an estimated 25% of all global cancer-related
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fatalities, making it the primary cause of cancer deaths despite
developments in early diagnosis and clinical treatments. This
places lung cancer as the most widely diagnosed cancer and
the major of cancer-associated deaths worldwide.> The global
incidence and death rates of lung cancer are predicted to increase
substantially, with estimates reaching 4.62 million new cases and
3.55 million mortalities by 2050 if current trends persist. The
prevalence of lung cancer is disproportionately high in Asia and
among male individuals, with cigarette smoking remaining the
primary etiological factor globally. However, other contributing
factors include exposure to harmful airborne particles, genetic
predispositions, and advancing age. Although other risk factors
contribute to lung cancer, smoking is the primary cause,
responsible for more than 85% of cases worldwide.* Despite the
declining incidence rates in some developed nations, which align
with a reduction in smoking prevalence, lung cancer remains the
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primary cause of cancer deaths globally. This persistent burden
necessitates comprehensive strategies for prevention, early
detection, and advanced therapeutic interventions tailored to
specific regional and demographic contexts.*

The uncontrolled cellular proliferation characteristic of malignant
tumors often involves the evasion of apoptosis, a critical
mechanism in maintaining tissue homeostasis and preventing
carcinogenesis.’” The dysregulation of apoptotic pathways
enables cancerous cells to bypass normal cellular checkpoints,
resulting in sustained survival and unchecked replication. A
significant mechanism by which lung cancer cells achieve this
evasion is through the overexpression of anti-apoptotic proteins,
rendering them less susceptible to therapeutic interventions
designed to induce cell death.® The PI3K/Akt/mTOR pathway,
a key regulator of cell survival, proliferation, and metabolism, is
frequently dysregulated in lung cancer, contributing to apoptosis
evasion and therapeutic resistance. In normal cells, this pathway
maintains homeostasis, but in cancer cells, its hyperactivation
promotes survival and proliferation. Akt, a central component,
phosphorylates and inhibits pro-apoptotic proteins like BAD
and caspase-9, while mTOR enhances survival signaling and
protein synthesis, contributing to chemotherapy resistance.”
Notably, the PI3K/Akt/mTOR axis is aberrantly activated in
non-small cell lung cancer (NSCLC), the most common subtype,
and correlates with poor prognosis and drug resistance. In A549
cells, this pathway drives growth, survival, and resistance to
therapy. Targeting PI3K/Akt/mTOR offers a promising strategy
to overcome apoptosis evasion and enhance treatment efficacy.’

Current primary treatments, including surgery, chemotherapy,
radiotherapy, and targeted therapy often yield promising
results in early-stage lung cancer; however, these conventional
approaches are frequently associated with severe side effects and
a high risk of recurrence, particularly in advanced stages.® The
challenges associated with these conventional treatments, such as
systemic toxicities and the onset of drug resistance, necessitate
the exploration of novel therapeutic avenues, particularly
those derived from natural sources that may offer enhanced
efficacy with reduced adverse effects.>!® Senegenin is a primary
bioactive constituent found in the roots of Polygala tenuifolia,
has demonstrated several biological properties. It has already
been reported that senegenin attenuated pulmonary fibrosis,"
exerted neuroprotective effects,'> ameliorated acute lung injury,"
inhibited neuronal injury,” and exerted anti-depression’
activities in various experimental models. Furthermore, it has
been suggested that senegenin treatment inhibited cell growth
and metastasis in hepatocellular cancer.'® Nevertheless, there
are no previous reports on the anticancer activity of senegenin
against lung cancer. Consequently, the present work was designed
to evaluate the anticancer mechanisms of senegenin against
lung cancer A549 cells through the PI3k/Akt/mTOR metabolic
pathway axis.
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MATERIALS AND METHODS

In vitro
Maintenance of cell culture

The lung cancer A549 cell line was acquired from ATCC, USA,
and cultured in DMEM media enriched with 10% FBS and 1%
antimycotic mixture in a 5% CO, incubator. Cells were harvested
upon reaching 80% confluency and employed for subsequent
fluorescence staining and biochemical experiments.

MTT assay

The cytotoxic effects of senegenin on the growth of A549 cells
were evaluated using MTT assay. The cells were cultivated on a
96-well plate for 24 hr and subsequently cells were subjected to
senegenin treatment for 24 hr at a dosage of 5, 10, 15, 20, 25, and
30 uM, respectively. After treatments, 20 uL of MTT reagent and
100 pL of DMEM were introduced to each well for a duration of 4
hr. After dissolving the produced formazan deposits with DMSO
(100 pL), the absorbance was measured at 570 nm.

Dual staining

The control and senegenin-treated A549 cells were analyzed for
apoptotic incidences utilizing a dual staining method. A 24-well
plate was utilized to culture the cells prior to treatment with 20
1M of senegenin for 24 hr. Each well was filled with 100 pg/mL
of AO/EB dye combination and incubated in the dark for 5 min
to evaluate apoptosis in A549 cells. A fluorescent microscope was
employed to assess the generated fluorescence in the cells.

Analysis of PI3K, Akt, and mTOR levels

The control and senegenin-treated A549 cells were acquired
and homogenized with cell lysis buffer to prepare the cell lysate.
The produced cell solution was centrifuged at 6000 rpm for 10
min, and the resultant supernatant was obtained for the analysis
of PI3K/Akt/mTOR pathway protein levels. The concentrations
of PI3K, Akt, and mTOR in the cell lysates of both control and
senegenin-treated A549 cells were analyzed using the appropriate
assay kits, adhering carefully to the manufacturer's instructions
(MyBioSource, USA).

In silico

The dataset retrieval and its preparation for molecular
docking analysis

The targets such as PI3K (PDB ID: 6ZAD),” Akt (PDB ID:
6CCY),"®* and mTOR (PDB ID: 4DRI)? were obtained from the
Protein Data Bank (PDB) and pre-processed by removing water
and associated ligands using Discovery Studio Visualizer (DSV)
v19.1.0.18287 (www.accelerys.com) to perform the molecular
docking analysis. This software is available at Rue Marcel
Dassault, Vélizy-Villacoublay, France (URL: www.accelerys.com,
Accessed on 18 Nov 2025). Likely, the senegenin structure was
downloaded from the PubChem compound database along with
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its 3-dimensional (3D) atomic co-ordinates and then converted
into the PDB format using DSV.?

Drug likeness and Toxicity properties prediction

The drug likeness and ADMET properties were predicted for the
senegenin using the ProTox 3.0 (https://tox.charite.de/protox3/
index.php?site=home; Accessed on 19 Nov 2025).*!

Molecular docking and Visualization

The molecular docking was performed for the defined targets,
PI3K, Akt, and mTOR with senegenin by implementing Autodock
Vina, an advanced tool with an integrated scoring algorithm
integrated into PyRx software.?* This process predicts the most
favorable binding modes between the defined targets and the
ligand.

The Autodock vina uses a new scoring mechanism,

C= Z fritj (Tij):

i<j

C- Sum of intermolecular and intramolecular distance; Y -
Over all of the pairs of atoms; f,. Symmetric set of interaction
functions; - Interatomic distance

The selected targets and ligand have been further converted into
PDBQT format and assigned grid box as follows: PI3K (size_x =
114.27A; size_y = 92.90A; size_z = 84.09A), Akt (size_x = 64.43A;
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size_y = 60.02A; size_z = 71.68A), and mTOR (size_x = 50.074;
size_y = 53.33A; size_z = 43.54A). After running molecular
docking, we analyzed the PI3K, Akt, mTOR interactions with
senegenin in 3D and 2D format using DSV and validated with
LigPlot* v2.3.1.

Statistical analysis

Statistical tests were performed using GraphPad Prism software,
and the results are expressed as the mean + SD of triplicates.
One-way ANOVA and Tukey’s post hoc assay were conducted
to assess the values, with a significance established at p<0.05.
Each experiment was performed in triplicate (n=3 biological
replicates) with each experiment having 3 technical replicates.
The calculation for ICso level of senegenin was done using
GraphPad Prism software.

RESULTS

Effect of senegenin on the viability of lung cancer
A549 cells

Figure 1 illustrates the cytotoxic effects of senegenin on
the viability of A549 cells. Senegenin treatment at several
concentrations (5-30 puM) markedly diminished the vitality
of A549 cells at dose-dependently. The IC_ concentration of
senegenin was established at 20 uM, resulting in a 50% inhibition
of cell proliferation. Consequently, 20 uM of senegenin were

selected as the IC, | dosage for further investigations.
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Figure 1: Effect of senegenin on the viability of lung cancer A549 cells. The treatment with various concentrations (5-30 uM) of senegenin significantly inhibited
the A549 cell growth at dose-dependently. The IC,; value of senegenin against A549 cells was determined to be 20 uM. The findings are presented as Mean +
SD of triplicate assays, with each value analyzed using one-way ANOVA and Tukey'’s post hoc assay. “@” indicates that the data in treatment groups significantly
differ from the control group at p<0.05.
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Control

20 pM

Figure 2: Effect of senegenin on the apoptotic levels in the A549 cells. The control cells displayed intense green fluorescence, indicating the presence of viable
cells without apoptosis. Following 24 hr of treatment with 20 uM of senegenin, a considerable increase in yellow/orange fluorescence was seen, indicating a
higher incidence of both early and late stage apoptosis in lung cancer A549 cells.

Effect of senegenin on the apoptotic levels in the
A549 cells

The incidence of apoptotic cell deaths in untreated and
senegenin-treated A549 cells was assessed by AO/EB staining,
with the findings illustrated in Figure 2. Senegenin treatment at
20 uM dosage in A549 cells resulted in an elevation in apoptotic
incidences relative to the untreated control. The intensity of
yellow/orange fluorescence in senegenin-treated cells significantly
exceeded that of the control cells, indicating that senegenin
enhances apoptosis in lung cancer cells.

Effect of senegenin on PI3K/Akt/mTOR protein levels
in the A549 cells

Figure 3 illustrates the findings of an analysis of PI3K, Akt, and
mTOR protein levels in both control and senegenin-treated A549
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cells. Treatment with 20 uM of senegenin significantly decreased
the PI3K, Akt, and mTOR protein levels in the A549 cells when
compared with the control. Consequently, it was evident that
senegenin treatment could downregulate the protein levels of

PI3K/Akt/mTOR in the lung cancer cells.

Molecular docking analysis

The molecular docking analysis performed for the PI3K, Akt, and
mTOR showed that senegenin can interact with Akt more well
than the PI3K and mTOR. The obtained binding affinity, RMSD,
and the types of bonds involved in the interactions of the PI3K,
Akt, mTOR with the senegenin were tabulated in Table 1.
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PI3K

The senegenin interacted with the residues of PI3K, including
THR458, ALA456, and SER990 via the hydrogen bonds and
carbon hydrogen bond. Also, the alkyl bond formed with
ALAA456 with the binding affinity of -7.4 kcal/mol and the RMSD
was observed as 2.263A. Further, the residues such as TRP420,
VAL445, ASN454, GLY457, LYS620, TYR621, VAL657, ARG982,
ALA983, GLY985, SER990, and CYS991 stabilizes the complex
by interacting hydrophobically with the senegenin (Figures 4A,
4B and Table 1).

Akt

Akt residue such as LYS158, GLU198, and GLU191 interacted
with the senegenin with the binding affinity of -9.0 kcal/
mol and the RMSD was observed as 2.493A. Meanwhile, the
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residues PHE161 and VAL164 interacted via the alkyl, pi-alkyl,
and pi-sigma bonds. Also, the hydrophobic residues such as
GLY157, GLY159, GLY162, LYS163, LYS179, LEU181, ILE186,
HIS194, GLU234, GLU278, ASN279, ASP292, GLY294, and
LEU295 surrounded the complex and additionally stabilizes the
senegenin-Akt interactions (Figures 4C, 4D and Table 1).

mTOR

The senegenin interacted with residues such as ASP2102 via the
hydrogen bond with the binding affinity of -7.4 kcal/mol and the
RMSD was observed as 2.613A. Also, the other residues such as
PHE2039, TRP2101, and TYR2105 interacted with the senegenin
via pi-sigma and pi-alkyl bonds. Additionally, the residues such
as TYR2038, VAL2094, and THR2098 surrounded the complex
via hydrophobic interactions (Figures 4E, 4F and Table 1).
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Figure 3: Effect of senegenin on the PI3K/Akt/mTOR protein levels in the A549 cells. The findings are presented as Mean + SD of triplicate assays, with each value
analyzed using one-way ANOVA and Tukey’s post hoc assay. “@" indicates that the data in treatment group significantly differ from the control group at p<0.05.

Table 1: List of targets, PDB ID, binding affinity (kcal/mol), RMSD (A), and their interacted residues with senegenin using different types of bonds.

Targets Targets Binding RMSD Hydrogen Hydrophobic residues Other types of
Name (PDB ID) affinity (A) bonds bonds
(Kcal/mol)
PI3K 6ZAD -7.4 2.263 ALAA456, TRP420, VAL445, ASN454, ALA456A
THR458 GLY457, LYS620, TYR621,
VAL657, ARG982, ALA983,
GLY985, SER990, CYS991
Akt 6CCY -9.0 2.493 LYS158, GLY157, GLY159, GLY162, VAL164A(2),
GLU191, LYS163, LYS179, LEU181, PHE161PS
GLU198 ILE186, HIS194, GLU234,
GLU278, ASN279, ASP292,
GLY294, LEU295
mTOR 4DRI -7.4 2.613 ASP2102 TYR2038, VAL2094, THR2098 TRP2101PA,
TYR2105PS,
PHE2039PA
Note: A -Alkyl; PS -Pi-sigma; PA - Pi-alkyl.
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Additionally, LigPlot+ confirmed the interactions between PI3K,
Akt, and mTOR with senegenin. The hydrogen bonds were
formed between senegenin and the PI3K residues THR458 and
SER990, the Akt residues GLU198 and GLU191, and the mTOR
residues TYR2038 and ASP2102 (Figures 4G-4I).

Drug-likeness and Toxicity prediction

Senegenin exhibited drug-likeness properties that includes
acceptable molecular weight 537.13 g/mol, six and four hydrogen
bond acceptors and donors. Also, the Topological Polar Surface
Area (TPSA) was observed as 115.06 A2 and the estimated LogP
value was 5.49 which indicate moderate lipophilicity (Table 2).
Together these parameters properties suggest the senegenin’s
potential oral bioavailability.

The toxicity profile revealed that senegenin is generally safe
with low to mild predicted toxicities across different endpoints
with the lethal dose of 6176 mg/kg (Table 2). It showed
negative predictions for hepatotoxicity (0.94), neurotoxicity
(0.93), mutagenicity (0.86), cytotoxicity (0.80), and ecotoxicity
(0.64). Mild activity was observed for nephrotoxicity (0.50),
cardiotoxicity (0.68), carcinogenicity (0.51), and clinical toxicity
(0.66). Positive predictions were noted for respiratory toxicity
(0.82), immunotoxicity (0.86), and nutritional toxicity (0.71).
The compound had a high prediction probability of crossing the
blood-brain barrier (0.74) indicating possible Central Nervous
System (CNS) activity. Based on the overall senegenin profile was
assigned a toxicity class VI indicating low risk of toxicity.

DISCUSSION

Lung cancer continues to be a major global health concern,
necessitating innovative approaches to improve therapeutic
outcomes. Despite significant advancements in conventional
therapies, including chemotherapy, radiotherapy, and targeted
therapy, the disease remains a foremost cause of cancer-related

PI3K (PDB ID: 6ZAD)
(A)
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deaths globally*® This is largely due to late-stage diagnoses,
as symptoms often manifest when the disease has already
metastasized, particularly to lymph nodes and other organs.
The five-year survival rate for lung cancer remains low, hovering
around 16%, primarily due to these delayed identifications.
Current treatment modalities, while effective in some cases, often
present substantial burdens, including severe side effects and
limited efficacy against aggressive forms of the disease.?* These
limitations highlight the critical need for alternative therapies
that can address drug resistance, reduce treatment costs, and
minimize adverse effects associated with existing protocols. The
lack of early symptoms in lung cancer often results in diagnosis
at advanced stages, making effective treatment challenging and
underscoring the urgent need for novel interventions. Moreover,
the inherent heterogeneity within lung tumors and the complex
biological characteristics of cancer cells further complicate
treatment efforts, resulting in drug resistance and recurrence.”
The development of effective treatments is further complicated
by the fact that nearly half of all cancer cells are detected in stage
4, where the survival rate is less than 6%. This necessitates a shift
towards complementary therapeutic strategies, particularly those
incorporating phytochemicals, which offer multi-targeted effects,
lower toxicity, and cost-effectiveness.*

In the context of cancer research, evaluating the cytotoxic
potential of novel drug candidates against various cancer cell
lines is a critical step in preclinical drug development, enabling
the identification of compounds that selectively induce cell death
in malignant cells while sparing healthy tissues. This rigorous
assessment is paramount for progressing promising agents
through the complex and multi-stage process of drug discovery
and development.” This initial screening helps to identify the
therapeutic window of a compound, providing insights into its
efficacy and potential toxicity profile before proceeding to more
complex and costly in vivo studies. The utilization of cell viability
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Figure 4: The docking poses of targets PI3K, Akt, and mTOR with the senegenin and its validation using LigPlot+. (A, B) The 3D and 2D docked poses of the PI3K
with senegenin. (C, D) The 3D and 2D docked poses of the Akt with senegenin. (E, F) The 3D and 2D docked poses of the mTOR with senegenin. (G, H, I) The
LigPlot+ validation for the PI3K, Akt, mTOR complex with the senegenin to confirm the hydrogen bonds.

assays, for instance, is fundamental in cancer research to evaluate  of successful drug candidates. The analysis of a drug's toxicity
the efficacy of both conventional and novel treatments across is a primary task in clinical pharmacology, where a decrease in
various tumor profiles.?® This early-stage cytotoxicity profiling tumor cell viability can indicate either inhibited proliferation
is essential for prioritizing molecules with minimal adverse due to metabolic disruptions or actual cell death. This early-stage

effects for further evaluation, thereby increasing the likelihood evaluation is crucial for distinguishing between desired apoptotic
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Table 2: Drug likeness and toxicity profile for the senegenin.

Parameters Probability

Drug Likeness
Molweight 537.13
Number of hydrogen bond 6
acceptors
Number of hydrogen bond 4
donors
Topological Polar Surface 115.06
Area
octanol/water partition 5.49
coeflicient (logP)

Toxicity

Hepatotoxicity 0.94 (-)
Neurotoxicity 0.93 (-)
Nephrotoxicity 0.50 (Mild active)
Respiratory toxicity 0.82 (+)
Cardiotoxicity 0.68 (Mild active)
Carcinogenicity 0.51 (Mild active)
Immunotoxicity 0.86 (+)
Mutagenicity 0.86 (-)
Cytotoxicity 0.8 (-)
BBB-barrier 0.74 (+)
Ecotoxicity 0.64 (-)
Clinical toxicity 0.66 (Mild active)
Nutritional toxicity 0.71 (+)
LD, 6176 mg/kg
Toxicity class VI

cell death and undesirable necrotic cell death, a key factor in
assessing true anticancer potential.”® Indeed, drug toxicity is
a major factor contributing to the high attrition rate of drug
candidates, accounting for approximately one-third of all failures
during development. This underscores the critical importance of
robust preclinical platforms for screening antitumor compounds,
especially given the low clinical approval rate of approximately
7% for anticancer drugs. Therefore, comprehensive in vitro
cytotoxicity assessments are vital for predicting the in vivo
toxicology of drug candidates and minimizing potential health
and environmental risks.” The MTT test is a colorimetric method
broadly utilized for assessing cell viability and cytotoxicity of drug
compounds against various cancer cell lines. This assay represents
a common approach in initial anticancer drug development due
to its relative simplicity and high-throughput compatibility. This
makes the MTT assay a robust tool for evaluating inhibitory
effects of compounds on cell growth.” In the present study, the
MTT assay was utilized to assess the cytotoxicity of senegenin
against lung cancer cells. The findings of the MTT assay revealed
a considerable decrease in the growth of lung cancer A549 cells

Indian Journal of Pharmaceutical Education and Research, Vol 61, Issue 1, Jan-Mar, 2027

after exposure to different dosages of senegenin. These results
highlight that senegenin can inhibit the viability of lung cancer
cells by its cytotoxicity.

Apoptosis, a finely regulated physiological process of programmed
cell death, plays a critical role in sustaining tissue homeostasis
and discarding aberrant cells, thereby acting as a natural defense
mechanism against tumorigenesis.*
apoptotic pathways is a hallmark of cancer, permitting cancer
cells to escape apoptosis and proliferate uncontrollably. This
evasion of apoptosis, often due to alterations that block cell death
signaling pathways, allows for the accumulation of mutations,
promotes angiogenesis, and increases invasiveness during tumor
progression.” Consequently, many anti-cancer therapies aim to
reactivate or induce apoptosis in malignant cells to effectively
eliminate them. This therapeutic strategy involves targeting
specific molecular components within the apoptotic machinery,
thereby overcoming the resistance mechanisms developed by
cancer cells. Understanding the intricate interplay between
various signaling pathways that converge on apoptosis is crucial
for developing novel therapeutic agents.* Specifically, natural
compounds often induce apoptosis through diverse mechanisms,
including the mitochondrial (intrinsic) pathway and the death
receptor (extrinsic) pathway, both critical for eradicating
unwanted cells. Many anti-cancer natural products achieve this by
modulating key apoptotic proteins involved in these pathways.*

The dysregulation of

In the context of cancer, dysregulation of apoptosis often
contributes to tumor development and resistance to therapy,
making its induction a primary goal for many anticancer drugs.
Consequently, accurate and reliable methods for detecting and
quantifying apoptosis are indispensable for evaluating the efficacy
of novel therapeutic compounds. One such method is the dual
staining assay utilizing AO and EB, which differentiates viable,
apoptotic, and necrotic cells based on membrane integrity and
nuclear morphology.*® This differential staining provides a rapid
and cost-effective approach to distinguish desirable programmed
celldeath from non-specific necrosis, whichis crucial in early-stage
drug evaluation. This makes it a valuable tool for assessing the
mechanisms of action of potential anticancer agents. Further,
the assay aids in deciphering the dose-response relationship
of experimental drugs, providing critical insights into their
therapeutic windows and potential toxicity.”” In this work, the
level of apoptotic incidences in untreated and senegenin-treated
lung cancer cells was evaluated using a dual staining assay. The
present results indicated that senegenin treatment considerably
increased the apoptotic incidences in the A549 cells. Therefore,
it can be suggested that senegenin treatment can inhibit the lung
cancer progression via inducing apoptosis in lung cancer cells.

The PI3K/Akt/mTOR pathway is a crucial intracellular signaling
axis that controls numerous cellular mechanisms vital for cell
survival and proliferation. Dysregulation within this pathway is
frequently observed in human cancers, contributing significantly
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to tumorigenesis and resistance to various anticancer therapies.*®
Specifically, over activation of PI3K, loss of function of the
tumor suppressor PTEN, and gain-of-function mutations in
Akt are notorious drivers of disease progression and treatment
evasion in numerous malignancies. This aberrant activation,
recognized as the most often dysregulated pathway in cancers,
fosters an environment conducive to uncontrolled cell division,
inhibited apoptosis, and enhanced angiogenesis, thereby fueling
tumor growth and metastasis.*® Furthermore, the PI3K/
Akt/mTOR cascade exerts significant influence on the tumor
microenvironment by promoting angiogenesis and recruiting
inflammatory factors, further accelerating cancer progression.
The intricate cross-talk between the PI3K/Akt/mTOR axis and
other pathways further complicates its role in oncogenesis, as
these interactions can either potentiate or mitigate its effects on
cellular functions.*

Given its pervasive involvement in oncogenesis, the PI3K/Akt/
mTOR axis represents a crucial therapeutic target for developing
novel anticancer strategies. This has led to extensive research into
inhibitors targeting various components of this cascade, aiming
to counteract the uncontrolled cell proliferation and survival
characteristic of cancer.*>* The PI3K/Akt/mTOR axis regulates
numerous cellular functions, including proliferation and
metabolism. This intricate pathway is also deeply interconnected
with other crucial cellular signaling cascades, such as those
involving hypoxia-inducible factors, further complicating its
role.* Consequently, the sustained activation of the PI3K/Akt/
mTOR axis fosters an environment conducive to tumorigenesis,
influencing hallmarks such as apoptosis, angiogenesis, and
chemoresistance. Therefore, effective targeting of this signaling
network with pharmacological inhibitors could lead to more
efficacious and less toxic treatments for cancer patients.* In
this, the in vitro analysis, revealed that the senegenin treatment
markedly decreased the PI3K, Akt, and mTOR levels in the
A549 cells. These outcomes highlight that senegenin treatment
can inhibit the lung cancer progression via down-regulating the
PI3K/Akt/mTOR axis.

The molecular docking analysis additionally revealed that
senegenin significantly interacted with the PI3K, Akt, and mTOR
based on the hydrogen bond formation and RMSD (< 3.0A)
which confirmed that senegenin could act as a multi-target
inhibitor and further prevent the downstream signaling event
associated with the lung cancer progression. Also, the predicted
drug-likeness and toxicity profile revealed that the senegenin
under low toxicity risk and could be included in the treatment
of lung cancer after confirmed with extensive in vitro and in vivo
experiments.

The present study has several limitations, such as we did not
perform additional assays like LDH or Annexin V to confirm
cytotoxic effects. We measured total PI3K, Akt, and mTOR
levels but not their active phosphorylated forms. Molecular
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docking analysis lacked re-docking of co-crystallized ligands
and comparison with known inhibitors. The study focused on
A549 cells, limiting broader applicability. Senegenin's effects on
other lung cancer cell lines and in vivo models were not explored.
Protein expression changes were not validated at the mRNA level.
Downstream effectors of the PI3K/Akt/mTOR pathway were
not examined. These limitations will be addressed in our future
studies to further elucidate senegenin's anticancer mechanisms
and potential therapeutic applications.

CONCLUSION

In conclusion, the current findings indicate that senegenin
treatment reduces reduced cell metabolic viability and enhances
apoptosis in A549 cells. Senegenin treatment enhanced apoptotic
incidences and down-regulated the PI3K/Akt/mTOR axis in A549
cells. Also, the senegenin exhibits strong binding interactions
with key regulators of the PI3K/Akt/mTOR signaling pathway,
indicating its potential role as a multi-target inhibitor in lung
cancer therapy. Altogether, these results found that senegenin
may serve as a promising anticancer candidate for the possible
treatment of lung cancer. Nevertheless, further studies are
necessary to understand the molecular mechanisms underlying
senegenin-induced apoptosis in lung cancer cells, which will
facilitate the development of a viable anticancer agent to treat
lung cancer. Moreover, extensive in vitro and in vivo investigations
are warranted to validate its clinical applicability and therapeutic
efficacy.
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PI3K: Phosphatidylinositol 3-kinase; AKT: Protein kinase
B; mTOR: Mammalian target of rapamycin; AO: Acridine
orange; EB: Ethidium bromide; PDB: Protein Data Bank. MTT:
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
DSV: Discovery Studio Visualizer; BA: Binding affinity; RMSD:
Root Mean Square Deviation; ADMET: Absorption, Distribution,
Metabolism, Excretion, Toxicity; 3D: 3-dimensional; DMEM:
Dulbecco's Modified Eagle Medium; FBS: Fetal Bovine
Serum; DMSO: Dimethyl Sulfoxide; SD: Standard Deviation;
ANOVA: Analysis of Variance; IC,: Half Maximal Inhibitory
Concentration; PDBQT: Protein Data Bank, Partial Charge
(Q), and Atom Type (T); TPSA: Topological Polar Surface Area;
LogP: Octanol/water partition coefficient; LD, : Lethal Dose,
50%; BBB-barrier: Blood-brain barrier; CNS: Central nervous
system; A: Alkyl; PS: Pi-sigma; PA: Pi-alkyl.
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SUMMARY

Lung cancer continues to be a primary contributor to
cancer-related mortalities, largely due to its significant intratumor
heterogeneity and the complex cellular characteristics inherent to
the disease. The challenges associated with current therapies, such
as systemic toxicities and the onset of drug resistance, necessitate
the exploration of novel therapeutic avenues with enhanced
efficacy and reduced adverse effects. The current findings indicate
that senegenin treatment reduces cell viability and enhances
apoptosis in A549 cells via down-regulating PI3K/Akt/mTOR
axis. These results found that senegenin may serve as a promising
anticancer candidate for the possible treatment of lung cancer.

REFERENCES

1.

Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram |, et al. Global cancer
statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. Cancer J Clin. 2024;74:229-63.

. Bade BC, Dela Cruz CS. Lung Cancer 2020: Epidemiology, Etiology, and Prevention.

Clin Chest Med. 2020;41(1):1-24.

. Gasparri R, Sabalic A, Spaggiari L. The Early Diagnosis of Lung Cancer: Critical Gaps in

the Discovery of Biomarkers. J. Clin Med. 2023;12:7244.

. Li'Y, Wu X, Yang P, Jiang G, Luo Y. Machine Learning for Lung Cancer Diagnosis,

Treatment, and Prognosis. Genomic Proteomic Bioinfo. 2022;20(5):850-66.

. DamaE, ColangeloT, Fina E, Cremonesi M, Kallikourdis M, Veronesi G, et al. Biomarkers

and Lung Cancer Early Detection: State of the Art. Cancer. 2021;13:3919.

. Zhou Y, Tao L, Qiu J, Xu J, Yang X, Zhang Y, et al. Tumor biomarkers for diagnosis,

prognosis and targeted therapy. Signal Trans Target Ther. 2024;9:132.

. Pilotto S, Belluomini L, Monaca F, Simbolo M, Agostini A, Mafficini A, et al.

PI3K/mTORC2-RICTOR axis in early squamous non-small-cell lung cancer:
genomics, molecular expression, and clinical relevance. Ther Adv Med Oncol.
2025;17:17588359251370510.

. Rina A, Maffeo D, Minnai F, Esposito M, Palmieri M, Serio VB, et al. The Genetic Analysis

and Clinical Therapy in Lung Cancer: Current Advances and Future Directions.
Cancer. 2024;16:2882.

. Virchea LI, Georgescu C, M&thé E, Frum A, Mironescu M, Pecsenye B, et al. Assessment

of Purple Loosestrife (Lythrum salicaria L.) Extracts from Wild Flora of Transylvania:
Phenolic Profile, Antioxidant Activity, In Vivo Toxicity, and Gene Expression
Variegation Studies. Pharmaceutic. 2025;17(9):1097.

. Choudhary N, Bawari S, Burcher JT, Sinha D, Tewari D, Bishayee A. Targeting

Cell Signaling Pathways in Lung Cancer by Bioactive Phytocompounds. Cancer.
2023;15(15):3980.

. Zeng Q, Luo Y, Sang X, Liao M, Wen B, Hu Z, et al. Senegenin Attenuates Pulmonary

Fibrosis by Inhibiting Oxidative-Stress-Induced Epithelial Cell Senescence through
Activation of the Sirt1/Pgc-1a Signaling Pathway. Antioxidant. 2024;13(6):675.

. Chen Z, Yang Y, Han Y, Wang X. Neuroprotective Effects and Mechanisms of

Senegenin, an Effective Compound Originated from the Roots of Polygala tenuifolia.
Front Pharmacol. 2022;13:937333.

. Liu CH, Zhang WD, Wang JJ, Feng SD. Senegenin Ameliorate Acute Lung Injury

Through Reduction of Oxidative Stress and Inhibition of Inflammation in Cecal
Ligation and Puncture-Induced Sepsis Rats. Inflammation. 2016;39:900-6.

. Zhang SQ, Wu MF, Gu R, Liu JB, Li Y, Jiang JL. Senegenin inhibits neuronal apoptosis

after spinal cord contusion injury. Neural Regen Res. 2016;11:657-63.

. LiH, LinS, QinT,Li H, Ma Z, Ma S. Senegenin Exerts Anti-Depression Effect in Mice

Induced by Chronic Un-predictable Mild Stress via Inhibition of NF-Kb Regulating
NLRP3 Signal Pathway. Int Immunopharmacol. 2017;53:24-32.

. Zhang X, Wang LQ, Liu ZY. Senegenin suppresses hepatocellular carcinoma by

regulating O-GlcNAcylation. World J Gastrointestin Oncolog. 2024;16(9):3994-4005.

. Spencer JA, Baldwin IR, Barton N, Chung CW, Convery MA, Edwards CD, et al. Design

and Development of a Macrocyclic Series Targeting Phosphoinositide 3-Kinase &.
ACS Med Chem Lett. 2020;11(7):1386-91.

. Parthasarathy S, Henry K, Pei H, Clayton J, Rempala M, Johns D, et al. Discovery of

chiral dihydropyridopyrimidinones as potent, selective and orally bioavailable
inhibitors of AKT. Bioorganic Med Chem Lett. 2018;28(10):1887-91.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Mérz AM, Fabian AK, Kozany C, Bracher A, Hausch F. Large FK506-binding proteins
shape the pharmacology of rapamycin. Mol Cell Bio. 2013;33(7):1357-67.

Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, et al. PubChem 2023 update. Nucleic
Acid Res. 2023; 51(D1):D1373-D1380.

Banerjee P, Kemmler E, Dunkel M, Preissner R. ProTox 3.0: a webserver for the
prediction of toxicity of chemicals. Nucleic Acid Res. 2024; 52(W1):W513-W520.
Eberhardt J, Santos-Martins D, Tillack AF, Forli S. AutoDock Vina 1.2.0: New Docking
Methods, Expanded Force Field, and Python Bindings. J Chem Info Model.
2021;61(8):3891-8.

Imyanitov EN, Preobrazhenskaya EV, Orlov SV. Current Status of Molecular
Diagnostics for Lung Cancer. Explor Target Anti-tumor Ther. 2024;5:742-65.

Garg P, Singhal S, Kulkarni P, Horne D, Malhotra J, Salgia R, et al. Advances in Non-Small
Cell Lung Cancer: Current Insights and Future Directions. J. Clin Med. 2024;13:4189.
Petrella F, Rizzo S, Attili |, Passaro A, Zilli T, Martucci F, et al. Stage Ill Non-Small-Cell
Lung Cancer: An Overview of Treatment Options. Curr Onco. 2023;30(3):3160-75.
Amicizia D, Piazza MF, Marchini F, Astengo M, Grammatico F, Battaglini A, et al.
Systematic Review of Lung Cancer Screening: Advancements and Strategies for
Implementation. Healthcare. 2023;11(14):2085.

Varela-Ramirez A, Costanzo M, Carrasco YP, Pannell KH, Aguilera RJ. Cytotoxic Effects
of Two Organotin Compounds and Their Mode of Inflicting Cell Death on Four
Mammalian Cancer Cells. Cell Bio Toxicol. 2011;27:159-68.

Hess JD, Macias LH, Gutierrez DA, Moran-Santibanez K, Contreras L, Medina S, et al.
Identification of a Unique Cytotoxic Thieno[2,3-c]Pyrazole Derivative with Potent
and Selective Anticancer Effects in vitro. Biology. 2022;11(6):930.

Contreras L., Medina S., Schiaffino Bustamante A. Y. Borrego E. A. Valenzuela
C. A, Das U, Karki SS, Dimmock JR, Aguilera RJ. Three Novel Piperidones Exhibit
Tumor-Selective Cytotoxicity on Leukemia Cells via Protein Degradation and
Stress-Mediated Mechanisms. Pharmacol Rep. 2022;3:159-74.

Gutierrez DA, Contreras L, Villanueva PJ, Borrego EA, Moran-Santibafiez K, Hess JD, et
al. Identification of a Potent Cytotoxic Pyrazole with Anti-Breast Cancer Activity That
Alters Multiple Pathways. Cell. 2022;11(2):254.

van Meerloo J, Kaspers GJ, Cloos J. Cell sensitivity assays: the MTT assay. Method Mol
Bio.2011;731:237-45.

Neophytou CM, Trougakos IP, Erin N, Papageorgis P. Apoptosis deregulation and the
development of cancer multi-drug resistance. Cancer. 2021;13:4363.

Singh V, Khurana A, Navik U, Allawadhi P, Bharani KK, Weiskirchen R. Apoptosis
and Pharmacological Therapies for Targeting Thereof for Cancer Therapeutics. Sci.
2022;4(2):15.

Qi X, Li Q, Che X, Wang Q, Wu G. Application of Regulatory Cell Death in Cancer: Based
on Targeted Therapy and Immunotherapy. Front Immunol. 2022;13:837293.

Li Y, Chen L, Zhou N, Chen Y, Ling Z, Xiang P. Microplastics in the human body: A
comprehensive review of exposure, distribution, migration mechanisms, and
toxicity. Sci Total Environ. 2024;946:174215.

Liu K, Liu PC, Liu R, Wu X. Dual AO/EB staining to detect apoptosis in osteosarcoma
cells compared with flow cytometry. Med Sci Monitor Basic Res. 2015;21;15-20.
Baski¢ D, Popovic S, Risti¢ P, Arsenijevi¢ NN. Analysis of cycloheximide-induced
apoptosis in human leukocytes: fluorescence microscopy using annexin V/propidium
iodide versus acridin orange/ethidium bromide. Cell Bio Int. 2006;30(11):924-32.
Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al. PI3K/AKT/mTOR
signaling transduction pathway and targeted therapies in cancer. Mol Cancer.
2023;22(1):138.

Fumarola C, Bonelli MA, Petronini PG, Alfieri RR. Targeting PI3K/AKT/mTOR pathway
in non small cell lung cancer. Biochem Pharmacol. 2014;90(3):197-207.

Liu F, Gao S, Yang Y, Zhao X, Fan Y, Ma W, et al. Antitumor activity of curcumin by
modulation of apoptosis and autophagy in human lung cancer A549 cells through
inhibiting PI3K/Akt/mTOR pathway. Onco Rep. 2018;39(3):1523-31.

Lv X., Li CY, Han P, Xu XY. MicroRNA-520a-3p inhibits cell growth and metastasis of
non-small cell lung cancer through PI3K/AKT/mTOR signaling pathway. Euro Review
Med Pharmacol Sci. 2018;22(8):2321-7.

Beck JT, Ismail A, Tolomeo C. Targeting the phosphatidylinositol 3-kinase (PI3K)/AKT/
mammalian target of rapamycin (mTOR) pathway: an emerging treatment strategy
for squamous cell lung carcinoma. Cancer Treat Rev. 2014;40(8):980-9.

Tewari D, Patni P, Bishayee A, Sah AN, Bishayee A. Natural products targeting the
PI3K-Akt-mTOR signaling pathway in cancer: A novel therapeutic strategy. Seminar
Cancer Bio. 2022;80:1-17.

lksen, Pothongsrisit S, Pongrakhananon V. Targeting the PI3K/AKT/mTOR Signaling
Pathway in Lung Cancer: An Update Regarding Potential Drugs and Natural Products.
Molecule. 2021;26(13):4100.

Qiang M, Chen Z, Liu H, Dong J, Gong K, Zhang X, et al. Targeting the PI3K/AKT/mTOR
pathway in lung cancer: mechanisms and therapeutic targeting. Front Pharmacol.
2025;16:1516583.

Cite this article: Xu X. Exploring the Molecular Mechanisms of Senegenin in Lung Cancer via PI3K/AKT/mTOR Pathway and Computational Docking Studies.
Indian J of Pharmaceutical Education and Research. 2027;61(1):169-79.

Indian Journal of Pharmaceutical Education and Research, Vol 61, Issue 1, Jan-Mar, 2027

179



