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Abstract

Lung cancer was among the primary contributors to mortality within the realm of cancer-related ailments. Multiple
research projects had demonstrated Ocimum sanctum’s diverse biological and pharmacological characteristics, including
its antioxidant, neuroprotective, and anti-cancer capabilities. However, limited evidence supported the assertion that O.
sanctum on human lung adenocarcinoma cancer cells. Here, we inspected ethanol extract O. sanctum’s (EEOS) impact
on cellular apoptosis and the suppression of Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-kB) in
A549 human lung adenocarcinoma cancer cells. The chemical composition of EEOS was analyzed using gas
chromatography-mass spectrometry (GC-MS), while antioxidant potential was assessed via the DPPH radical scavenging
assay. Apoptotic activity was evaluated through Hoechst 33342 nuclear staining, mitochondrial membrane potential (JC-
1) assay, and Reactive Oxygen Species (ROS) detection using DCFH-DA. Protein expression of NF-kB, Apoptotic
Protease Activating Factor 1 (Apaf-1), caspase-9, and caspase-3 was quantified by ELISA. Molecular docking was
performed to explore the interactions between linoleic acid - the predominant compound identified in EEOS - and key
apoptotic proteins. Additionally, the in vivo chemoprotective effect of EEOS was evaluated in benzo(a)pyrene (B(a)P)-
induced lung toxicity in C3H mice. GC-MS profiling identified 33 compounds in EEOS, with linoleic acid, phytol, and
B-sitosterol as the major constituents. EEOS exhibited moderate antioxidant activity (ICso = 46.42 pug/mL). Treatment
with EEOS significantly induced apoptosis in A549 cells, disrupted mitochondrial membrane potential, and elevated
intracellular ROS levels. ELISA analysis showed downregulation of NF-kB and upregulation of Apaf-1, caspase-9, and

caspase-3 in a dose-dependent manner. Molecular docking revealed strong binding affinity of linoleic acid to NF-xB and
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caspase proteins, comparable to cisplatin. /n vivo, EEOS mitigated B[a]P-induced lung tissue damage. In conclusion,

EEOS exerts potent pro-apoptotic effects through NF-«B inhibition and activation of the intrinsic Apaf-1/caspase-

dependent pathway, supporting its potential as a promising adjunct therapy for lung cancer treatment.
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Introduction

Lung alveolar pulmonary adenocarcinoma has
been a prominent factor in the prevalence of lung cancer
and has been linked to considerable mortality rates on a
global scale [1,2]. Lung cancer was the most general
lead of mortality among cancer patients in Indonesia [3].
The incidence of lung cancer in Indonesia has exhibited
a progressive increase over time, and patients
experience the disease at a younger age than in other
nations [4]. Global Cancer Observatory (GLOBOCAN)
data estimate that there were approximately 2.2 million
new cases of lung cancer globally in 2020, accounting
for roughly 11.4% of all cancer diagnoses. Furthermore,
lung cancer mortality is alarming: around 1.8 million
deaths were reported in the same year, representing
approximately 18% of total cancer-related fatalities
[4,5]. The epidemiology of lung cancer reflects
significant geographical variations, which largely
correlate with patterns of tobacco use. In many high-
incidence regions, particularly in countries with high
smoking prevalence, such as Indonesia (54.4%) and
China (41.5%), the incidence rates of lung cancer are
continuing to rise, which poses pressing concerns for
public health initiatives [4].

Smoking habits and environmental variables,
including air pollution and industrial waste, such as dust,
fly ash, bottom ash, and coal ash, are to blame for the
higher incidence of lung adenocarcinoma in Indonesia
than in other countries [6,7]. Numerous jobs and
industries in Indonesia involve various carcinogenic
substances. These include asbestos and silica, which are
prevalent in construction and restoration activities, and
the welding fumes found in steel processing sectors.
Additionally, truck drivers and machine engine
operators have been exposed to diesel exhaust, posing a
carcinogenic risk [7]. As concurrent therapeutic
modalities for the treatment of lung cancer, several
clinical therapies have shown efficacy, including
radiotherapies, chemotherapy, surgery, and allopathic
medicine [8]. Nevertheless, unpleasant reactions, such

as the development of chemoresistance in tumors, are

frequently linked with these therapeutic interventions
[9]. Moreover, especially in numerous developing
countries, these therapies have imposed a considerable
cost burden on healthcare systems [10]. Therefore, there
has been significant demand for adjunct and/or
alternative medicines.

The assessment of therapeutic plants for the
prevention of chemotherapy is crucial, as such plants
have the potential to offer efficacious therapeutic
alternatives with fewer unwanted effects than
conventional allopathic treatment [8]. Emerging studies
indicate that using plant-derived or herbal therapeutic
interventions might reduce cancer mortality rates by as
much as 25%, underpinning the important impact plants
or herbal medicine could have in mitigating cancer
symptoms and aiding therapy [11,12]. Botanical
formulations have been increasingly used as
supplementary components in cancer therapy [13]. A
polyherbal mixture decoction has long been used as a
cancer treatment by Ayurvedic practitioners [14].
Herbal formulations have significantly impacted the
regulation of various disease targets through different
pathways, such as mitigating adverse effects, improving
efficacy, overcoming drug resistance mechanisms, and
regulating transporters and enzymes to enhance drug
bioavailability [15,16]. The herbal treatments
mentioned have shown potential as anti-cancer agents
by enhancing the immune system, mitigating
chemotherapy toxicity, and improving patients’ survival
rates [17]. In addition, herbal therapies have been widely
employed as supplementary and alternative medicines in
several geographical areas, such as the United Kingdom
(UK), Europe (France and Germany), North America,
and Australia [18]. Moreover, a substantial percentage -
specifically, 83% - of chemotherapeutic medicines that
have obtained approval from the Food and Drug
Administration (FDA) are sourced from natural origins
[19].

Ocimum sanctum, a member of the Lamiaceae

family, was often distributed in tropical and subtropical
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regions, such as Indonesia, India, and Thailand [20].
Ocimum sanctum L. (Holy Basil), a revered herb in
Ayurvedic medicine, has been utilized for centuries for
its diverse therapeutic properties [21]. Modern
pharmacological investigations have validated many of
these traditional claims, establishing the significance of
Holy Basil in contemporary phytomedicine. This
validation is largely attributed to its rich phytochemical
profile, which includes essential oils, flavonoids, and
triterpenoids [22,23]. Several studies have provided
evidence for O. sanctum’s various biological and
pharmacological properties, such as its anti-
inflammatory, antioxidant, antibacterial,
neuroprotective, and anti-cancer activities [24-27]. The
potential anti-cancer effects of the extract obtained from
the leaves of O. sanctum have been extensively studied
in different tumor types, such as gastric [28], pancreatic
[29], colorectal [30], lung [31], and head and neck
cancers [20,32].

A major focus in cancer research is the modulation
of key survival and death pathways [9]. Notably, O.
sanctum and its extracts have been extensively shown to
exert anti-inflammatory effects, primarily through the
downregulation of the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signaling
pathway [30]. Since the NF-kB transcription factor is
frequently constitutively activated in cancer - including
non-small cell lung cancer (NSCLC) - its inhibition is a
critical step in suppressing tumor growth and sensitizing
cells to apoptosis [33]. Furthermore, the compounds in
Holy Basil are known to directly influence the intrinsic
apoptotic cascade, often by promoting the expression
and activation of pro-apoptotic factors such as apoptotic
protease activating factor 1 (Apaf-1), which is central to
the formation of the apoptosome [34]. However, a
comprehensive explanation of the specific cellular
mechanisms behind the anti-cancer properties of
Ethanol extract O. sanctum’s (EEOS) leaves is lacking.
Given these findings, we hypothesize that EEOS may
exert cytotoxic and apoptotic effects on A549 NSCLC
cells through the modulation of these pathways. The
present study investigates the potential of O. sanctum
ethanol extract to induce apoptosis via the
downregulation of NF-kB and activation of Apaf-1,
providing mechanistic insight into its anticancer

properties.

Materials and methods

Plant extract preparation

Sourced of O. sanctum Linn dried leaves from CV
Merapi Farma Herbal, Industries engaged in traditional
medicine and medicinal plant cultivation in Special
Region of Yogyakarta, Indonesia. Extract preparation
was carried out by maceration technique, method was
taken from Kustiati ef al. [35]. O.sanctum Linn grinded
dried leaves weighed as much as 300 g and mixed with
96% ethanol as much as 4,000 mL. The mixture was
filtered twice to produce a filtrate. To get a thick extract,
the filtrate was evaporated in a waterbath at 60 °C using
a vacuum rotary evaporator. The filtrate will be
evaporated until it becomes a paste with a yield of

around 9%.

Chemical compound characterization using
GC-MS

Gas Chromatography-Mass Spectrometer study
was executed with Gas chromatography (Thermo
ScientificTM  series TRACE 1310) and Mass
Spectrometer (Thermo Scientific™ series ISQ LT
Single Quadrupole). This method referred to Putri et al.
[36] with some adjustment. The sample was dissolved
in ethanol absolute, homogenized, and centrifuged at
9,500 rpm for 3 min. A 1 pL of sample was injected to
the GC-MS. The GC-MS equipment in condition in a
provider gas of ultra-high pure (UHP) helium, an
injector at 290 °C, 10 mL/min mobile phase flow rate,
10 split ratio, | mL/min front inlet flow, an MS switch
line at 230 °C, an ion supply at 200 °C, 3 mL/min purge
flow, 5 mL/min gas saver flow, and a gas saver time at 5
min. The study was conducted at a relative humidity of
55% and room temperature of 23 °C. An HP-SMS Ul
column with a length of 30 m, an inner diameter of 0.25
mm, and a film thickness of 0.25 um was used to store
the GC-MS statistics. The NIST 14 standard library was
used to establish the compound’s molar mass.

In silico molecular docking

Ligand structure retrieval and modeling

The PubChem database provided the 3D structure
of linoleic acid (CID 5280450). Using the Corina
software, the structure of cisplatin (CID 5702198) was
modeled. (https://demos.mn-am.com/corina.html).

Canonical smiles of cisplatin from PubChem were
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copied and pasted into the Corina program, and then the
structure in pdb format was downloaded.

Protein 3D structure retrieval and preparation

The Protein Data Bank was used to retrieve the
target protein’s 3D structure. The target and access code
of each protein includes Nf-xB (PDB ID INFI), Apaf-1
(PDB ID 4RHW), Caspase 3 (PDB ID 3DEJ), Caspase
9 (PDB ID 4RHW). Molegro virtual docker version 5.0
was used to load the protein structures. The preparation
was done by removing the solvent and ligand attached,
then predicting the active side of each protein with a
maximum molecular surface van der Waals expansion
parameter of 5. The active side is displayed in the

protein grid that will be used for docking.

Molecular docking simulation

Target protein and target ligand were interacted
using Molegro virtual docker version 5.0 (Bitencourt-
Ferreira & De Azevedo, 2019). Docking was performed
on specific regions of each protein grid. The Nf-kB
protein grid is X =—5.28; Y = 54.24; Z =—16.46 Radius
8, Apaf-1 protein grid X =—14.17, Y =-26.38; Z=5.91;
Radius 13, Caspase 3 protein grid X = -50.50; y = 5.37,
z = —55.24, Radius 7, and Caspase 9 protein grid x =
—15.61; y =—20.54; z = 0.44; Radius 10.

Antioxidant activity using DPPH assay

The DPPH technique was carried out in
accordance with the earlier approach described by
Sukweenadhi et al. [37] with a few minor adjustments.
Solution of 2,2-diphenyl-2-picrylhydrazyl (DPPH)
(Sigma-Aldrich, Missouri, USA) was prepared by
weighing 1.98 mg DPPH powder in ethanol absolute
with volume 20 mL and then incubating it in the dark
for 2 h. As a positive control of antioxidant activity, L-
Ascorbic acid was prepared by adding L-Ascorbic acid
was diluted in ethanol absolute and prepared into
gradient solution starting at 10 with 10 ug/mL
increments at each concentration until 100 pg/mL.
Ethanolic Extract O. sanctum Linn as sample was
dissolved in absolute ethanol absolute with a definite
concentration of 100 ng/mL and diluted with the same
concentration gradient as L-ascorbic acid. DPPH
solution was moved to a conical tube and then added
with EEOS according to concentration and Tris-HCl
Buffer 0,1 M, pH 7,4 (Sigma-Aldrich, Missouri, USA)

pH 74 in a ratio of 5:1:4 (DPPH solution:
Sample/standard: Tris-HCL Buffer), homogenized -
blank solution as standard solution by adding DPPH
solution with Tris-HCI buffer with ration 6:4. Blank
solutions and various concentrations of L-Ascorbic Acid
and EEOS were allowed to stand for 30 min, transferred
to 96-well plates, and triplicated. Absorbance values
were read using a multimode microplate reader (Spark
Tecan, Tecan Trading AG, Switzerland) at 517 nm
wavelength. The absorbance data acquired were
calculated using the inhibition percentage formula to get
the inhibition proportion. The absorbance value of each
sample and blank was calculated using percentage

inhibition formula:

Standard absorbance — Sample absorbance

Scavenging ef fect (%) = X 100%

Standards absorbance

Cultivation of A549 human lung
adenocarcinoma

The A-549 cells were cultivated in a T25/T75 flask
using DMEM high glucose media supplemented with
10% FBS (Capricorn, Ebsdorfergrund, Jerman), 0.5%
penicillin-streptomycin (Capricorn, Ebsdorfergrund,
Jerman), and 0.5% amphotericin B (Capricorn,
Ebsdorfergrund, Jerman). The cells were then incubated
at 37 °C with 5% CO». The media was changed at 3-day
intervals and subcultured when reaching a confluence
state. The cells were collected using an accurate cell
detachment solution containing 0.5 mM EDTA.4Na
(Capricorn, Ebsdorfergrund, Jerman) and subsequently

used for the experiment.

Hoechst staining 33242

A coverslip was positioned at the bottom of each
24-well plate containing A549 cells. Approximately
80% confluence was attained by the cells after they were
incubated. The cells were treated with complete medium
for the untreated group, 80 pg/mL of AP3 as a positive
control, 9 ug/mL of cisplatin, and EEOS at
progressively lower concentrations (200, 100, 70 and 50
pg/mL) after confluence was reached. The medium was
taken out after a day, and sterile DPBS was used to rinse
the wells. To fix the cell, 70% ethanol was used in cold
conditions. The fixative solution was then disposed of,
and DPBS was used to rinse the cells once again. Each
well was then filled in the dark with 250 uL of 1 pg/mL
Hoechst 33342 dye (ThermoFisher Scientific,
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Massachusetts, USA). After 10 min of room
temperature incubation, the cells were examined under
a confocal microscope (Zeiss Oberkochen, Germany).
By comparing living cells and dead cells, the cell death
rate can be calculated. Living cells have a normal
nucleus morphology, but dead cells have a shrunken
nucleus in contrast. With 3 observers, calculations were
performed in 5 fields of vision. After that, the number of
cells was determined using the formula below:

Apoptosis rate = % X 100%

JC-1 staining for mitochondrial membrane
potential assay

A549 cells were cultured on well plates with the
adjusted amount and incubated until confluent. After
reaching 80% confluence, cells were treated in 7 groups:
Negative control group with complete media, positive
control with 80 pg/mL AP3, 9 pg/mL cisplatin, and
EEOS with various concentrations (200, 100, 70 and 50
pg/mL). The treatment was carried out for 24 h. The
media was removed and rinsed with JC-1 buffer
solution, JC-1 Working solution 2 pg/mL was added and
incubated again for 20 min, the dye was removed and
rinsed with JC-1 buffer solution twice, the cells were
observed on a flowcytometry with excitation of 585 nm

and emission of 590 nm.

Reactive Oxygen Species (ROS) assay using
DCFH-DA

Cells were grown in well plates until confluent,
after confluent cells were given treatment and incubated
for 24 h, the cells were detached after treatment and
centrifuged to separate cells and detachment solution.
DCFH-DA probe 10uM in medium free serum was
poured into the well, each treatment got the same
volume and incubated for 30 min in dark conditions.
After incubation, centrifugation was carried out to
remove the probe and washed once before being
observed using a BD FACSAriatm III flowcytometry
(Becton Dickinson Bioscience, New Jersey, USA) with
a wavelength of 488 and 525 nm for excitation and

emission.

A549 lysate preparation

The 5x10° A-549 cells/mL were cultured in
individual wells of a 6-well tissue culture plate and then
incubated for 1 h. The treatments in each are i) non-
treated (NT); ii) AP3 80 pg/mL,; iii) cisplatin 9 pg/mL;
iv) EEOS 50 ug/mL; v) EEOS 70 pg/mL; vi) EEOS 100
pg/mL; vii) EEOS 150 pg/mL; viii) EEOS 200 pg/mL.
The cells were incubated for 24 h. The media was
aspirated and washed on the plate using Dulbecco's
phosphate-buffered  saline (DPBS) (Capricorn,
Ebsdorfergrund, Jerman). Subsequently, 700 pL of
ready-to-use radioimmunoprecipitation assay (RIPA)
lysis buffer (Thermofisher Scientific, AS) buffer was
added. The plate underwent agitation for 15 min. Cells
were extracted from the bottom of the plate using a cell
scraper. The lysate was aliquoted into 1.5 mL
microtubes and centrifugated at 6,500 rpm for 10 min at
4 °C. Subsequently, the supernatant was conscientiously

moved to another 1.5 mL microtubes.

Protein expression using Enzyme-Linked
Immunosorbent Assay (ELISA)

This assay utilized human APAF-1, Capase3,
caspase 9 (Fine Test, Wuhan, China), and NF-kB
(Abclonal, Massachusetts, USA) ELISA KIT. The steps
were followed in accordance with the instructions in the
kit (Fine Test, Wuhan, China; Abclonal, Massachusetts,
USA). Prior to adding lysate and standard samples, the
plate was washed twice. Each well received 100 pL of
the standard and sample, which were then incubated at
37 °C for 90 min. Two washes and aspiration were
performed on the plate. After adding 100 pL of Biotin-
labeled antibody, the mixture was incubated at 37 °C for
60 min. Wash the plate 3 times after aspirating it. Each
well received 100 pL of HRP-Strepvidin Conjugate
(SABC) working solution, which was then incubated at
37 °C for 30 min. The plate underwent 5 rinses and
aspirations. The 90 pL TMB substrate was added, and it
was incubated at 37 °C for 15 to 30 min. Fifty uL of stop
solution was added, and the well plate was immediately
read at 450 nm.

Study of the acute effects of a single high dose
of benzo(a)pyrene in C3H mice

Approval No. 00053/EC-FKH/Int./2021 from the
Gadjah Mada University Faculty of Veterinary

Medicine is the ethics committee's approval number for
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this project. In this investigation, male C3H mice
(Charles River, Strain code 025) between the ages of 6
and 8 weeks were employed with weighing
approximately 19 - 22 g. Polycarbonate cages
(Techniplast, Buguggiate, Italy) were utilized to house
the mice. The mice were kept in controlled
environments with a controlled light-dark cycle, a
temperature of 22 - 24 °C, and a humidity of 55% - 65%.
They were also given unlimited access to food and
drink. Four groups of 5 mice each were randomly
selected from among the animals. Specifically, the
following groups were used: (a) a negative control group
using corn oil as the vehicle; (b) a positive group
receiving a single dose of Benzo(a)pyrene (B(a)P) (125
mg/kg in corn oil) orally in day-7; (c) EEOS (150
mg/kg) only given orally from day-1 to day-7 (d) EEOS
(150 mg/kg) given orally from day-1 to day-7, followed
by a single dose of B(a)P (125 mg/kg in corn oil). On
day-7, 2 h following the delivery of EEOS, a high single
dosage of B(a)P was given. The mice were killed the
next day so that blood samples could be taken in
Ethylenediaminetetraacetic acid (EDTA) and lung

samples could be taken for further examination.

Data analysis

Docking data was analyzed and visualized with
PyMol 2.3 and Discovery Studio version 21.1.1. Data
analysis was in the form of a 3D and 2D structure
display, the interaction between ligand and protein, and
binding energy. DPPH Assay and ELISA result was
analyzed IC50 and One-way ANOVA using GraphPad

Prism ver 8.

Results and discussion

Chemical composition of the ethanolic extract
of O. sanctum Linn leaves

The chemical components and secondary
metabolites of the extracted EEOS were analyzed

with gas chromatography-mass spectrometry (GC-
MS). This method involved detecting the volatile
substances produced by the sample. Although the GC-
MS spectra found numerous secondary metabolite
chemicals in each sample, this analysis exclusively
incorporates matching values exceeding 90% into the
NIST MS library. Approximately 33 substances,
predominantly sesquiterpenes, fatty acids, esters, and
steroids, have been found. The chemical structures of
the detected chemical compounds with a matching value
exceeding 90% are presented in Table 1 and Figure 1.
Multiple retention times observed for certain
compounds (e.g., 7-epi-trans-Sesquisabinene hydrate,
melezitose, and 1-Heptatriacotanol) may indicate the
presence of isomeric forms or structural analogues of
these metabolites. Such isomerism has been reported in
previous GC-MS studies of O. sanctum essential oils
and ethanolic extracts, where temperature sensitivity
and compound volatility often cause co-elution or
separate minor peaks for closely related molecular
structures [38,39]. This phenomenon is a direct
consequence of the presence of stereoisomers.
Stereoisomers are compounds that have the same
chemical formula and sequence of bonded atoms but
differ in the 3-dimensional orientations of their atoms in
space [40]. For sesquiterpenes such as 7-epi-trans-
Sesquisabinene hydrate, the multiple retention times
indicate the separation of geometric isomers (e.g.,
cis/trans configurations) and/or epimers (stereoisomers
differing at only one chiral center) [41]. Similarly, the
multiple peaks for 3-Hydroxydodecanoic acid are due to
the presence of both the (R)- and (S)-enantiomers [42].
Although these molecules have identical mass spectra,
the chiral stationary phase of the GC column separates
these stereoisomers, leading to distinct peaks on the
chromatogram. For the purposes of reporting, the best-
matched compound name from the NIST library is used

to represent the group of co-eluting isomers.

Table 1 Chemical composition of ethanolic extract of O. sanctum Linn leaves.

Retention time (min) Molecular name

Molecular formula Molecular weight Relative area (%)

11.17 Linalool CioH;50 154 0.61
15.28 Geranic acid C10H1602 168 2.79
7-epi-trans-
15.47;17.62; 18.81 Ci5H60 222 0.29; 1.30; 0.87

Sesquisabinene hydrate
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Retention time (min)

Molecular name

Molecular formula Molecular weight

Relative area (%)

15.77; 16.70; 18.60;

0.14; 0.56; 0.46;

3-Hyd dod i C2H240 216
20.89 ydroxydaodecanoicC 12012403 036
16.08 Caryophyllene CisHos 204 0.90
16.23 cis-a-Bergamotene CisHos 204 0.59
16.53 Humulene CisHos 204 0.37
16.64;
. 0.14; 0.13; 0.26;
18.08; 20.75; 22.75; 1-Heptatriacotanol Cs7H760 536
0.12; 0.69; 0.48
25.93;29.39
16.81 Inosine C10H12N4Os 268 1.54
16.88 Nerolidol acetate C17H230, 264 2.57
16.99; 19.17; 19.34 Desulphosinigrin C1oH17NO6S 279 2.12;1.16; 0.73
17.06; 17.15; 17.28; . 3.86;1.92;0.71;
Melezitose Ci13H32016 504
17.42;21.92 0.61;0.15
17.56 cis-a-Bisabolene CisHaq 204 2.77
18.16; 18.47 Caryophyllene oxide CisH240 220 1.08; 0.48
18.91 Pterin-6-carboxylic acid C7H5N503 207 0.44
Tetraacetyl-d-xylonic
18.99; 19.10 - C14H17NOyg 343 1.47; 1.05
nitrile
20.82 Neophytadiene CaoH3s 278 1.97
20.95;22.90; 22.98 9-Hexadecenoic acid C16H3002 254 0.25;0.24; 0.57
3,7,11,15-Tetramethyl-2-
21.26 C20H40O 296 0.91
hexadecen-1-ol
Hexadecanoic acid,
21.69 Cy7H340, 270 0.41
methyl ester
22.11 n-Hexadecanoic acid Ci6H320, 256 7.73
23.08; 26.74; 28.17; . 0.26; 0.22; 0.18;
Ethyl iso-allocholate C26H4405 436
28.35;30.46; 33.78 0.39;0.18; 0.18
9,12-Octadecadienoic
23.33 . Ci9H340, 294 0.13
acid, methyl ester, (E,E)-
9,12,15-Octadecatrienoic
23.39 . C19H32,0, 292 0.93
acid, methyl ester, (Z,Z,Z)
23.51 Phytol CooH400 296 5.48
23.72 Linoleic acid CisH3,0, 280 15.94;1.22
23.83;23.91 Linolenic acid CisH3002 278 1.90
23.97 Octadecanoic acid Ci3H3603 284 1.37
6,9,12-Octadecatrienoic
26.04 . Ci19H3,0, 292 0.41
acid, methyl ester
33.25 dl-a-Tocopherol C29Hs500, 430 0.55
35.02 Campesterol C2sHas0 400 0.77
35.63 Stigmasterol C2oHus0 412 0.78
36.86 B-Sitosterol C20Hs500 414 3.32
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Figure 1 Chemical Compounds Structure of EEOS analyzed

According to GC-MS untargeted screening
findings of EEOS active chemicals, linoleic acid is the
biggest of 33 metabolite compounds found in EEOS.

The overall GC-MS profile of the EEOS in this
study aligns well with earlier reports of O. sanctum
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by GC-MS.

phytochemistry, which identified linoleic acid, phytol,
caryophyllene, eugenol, and [-sitosterol as major
constituents [23,43,44]. These bioactive compounds are
associated with the

inflammatory, and anticancer properties, supporting the

plant’s antioxidant, anti-
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biological relevance of our extract composition.
Specifically, the identification of compounds such as
linalool and caryophyllene is consistent with previous
studies on O. sanctum extracts, which frequently cite
these as key active constituents alongside major
compounds such as eugenol and ursolic acid. The
presence of a high relative area of terpenoids (including
sesquiterpenes) and fatty acids in our ethanol extract is
particularly noteworthy [45,46]. For instance, while
monoterpenoids like eugenol are characteristic, the
significant detection of sesquiterpenes (e.g., 7-epi-trans-
Sesquisabinene hydrate) and hydroxy fatty acids (e.g.,
3-Hydroxydodecanoic acid) underscores the depth of
chemical complexity of the EEOS, which may vary due
to geographic origin, harvest time, and extraction
method. The presence of these specific classes is
chemically relevant, as many sesquiterpenes and
medium-chain hydroxy fatty acids have been previously
linked to anticancer [47] and anti-inflammatory
activities [48]. This chemical fingerprint, particularly
the synergistic presence of these components, provides
the mechanistic foundation for the observed apoptotic
activity of the EEOS against the A549 cell line.

Linoleic acid inhibits the active side of Nf-Kb,
Apaf-1, Caspase-9, and Caspase-3

Linoleic acid inhibits Nf-kB activity by binding to
IxB (inhibitor of kB), while cisplatin binds to both kB
and Nf-«B. IkB residues bound by linoleic acid are
LEU223, ILE192, LEU189, ASN145, ASNI182, and
HIS184 (Figure 2A and Table 2). Cisplatin binds to IxkB
residues at ASP226 and Nf-xB residues (ASP210,
GLY208, and ARG253). Linoleic acid binds between
Apaf-1 and Caspase-9. Apaf-1 residues bound by
linoleic acid are ARG44, ARG52, THR22, and SER23,
while caspase-9 residues bound by linoleic acid are
ALA46 (Figure 2B and Table 2). Cisplatin binds to
Caspase-9 residues at ARG6, ARG10, ASP61, and
MET39. The Apaf-1 residues to which cisplatin binds
are TYR24, GLN49, GLN50, GLU41, and THR48. The
binding of these residues causes the activation of
Caspase-9 by Apaf-1.

Linoleic acid and cisplatin bind to Caspase-9 at the
Caspase-9 activator region. The residues bound by
linoleic acid are ASP42, ARG45, ALA46, and 1LE43

(Figure 2(C) and Table 2). Residues ASP42 and
ARGH45 are also on the active side of cisplatin and
caspase-9, indicating that linoleic acid has the same
Caspase-9 activation mechanism as cisplatin. Linoleic
acid binds to Caspase-3 with 4 hydrogen-bonded
residues and 7 hydrophobic interactions. The hydrogen-
bonded residues are ARG64, GLN161, ARG207, and
SER120. MET61, HIS121, PHE128, and TYR204 were
identified to bind with hydrophobic interactions (Figure
2(D) and Table 2). Cisplatin binds with 2 electrostatic
bonds (ARG64 and ARG207) and 2 hydrogen bonds to
residue GLU123. Residues ARG64 and ARG207 were
also identified on the active side residues of linoleic
acid. In addition, some residues bound by linoleic acid
are side activators to activate Caspase-3 in the apoptotic
mechanism. Based on the binding energy, linoleic acid
produces a lower binding energy than cisplatin, which is
—320.8 kJ/mol.

Linoleic acid exhibited stronger binding affinities
than cisplatin toward all the target proteins, with binding
energies ranging from —245.6 to —320.8 kJ/mol, while
cisplatin showed energies between —40.0 and —182.6
kJ/mol. These lower (more negative) values indicate
higher predicted binding stability and suggest that
linoleic acid could effectively interact with and
modulate these apoptosis-related proteins [49]. The
docking interactions revealed that linoleic acid forms
multiple hydrogen bonds and hydrophobic contacts with
critical amino acid residues within the active or
regulatory sites of the proteins, including ASN182 and
HIS184 (NF-kB), ARG52 and THR22 (Apaf-1), ASP42
and ARG45 (Caspase-9), and ARG64 and GLNI161
(Caspase-3). Such interactions are essential for the
stabilization of protein—ligand complexes and may
facilitate activation of the intrinsic apoptotic pathway.
These findings are consistent with the in vitro results
demonstrating that EEOS downregulated NF-xB
expression and upregulated Apaf-1, Caspase-9, and
Caspase-3 activity in A549 cells, suggesting that linoleic
acid contributes to apoptosis induction via
mitochondrial signaling [50,51]. The stronger predicted
interaction of linoleic acid compared to cisplatin
highlights its potential as a natural modulator of
apoptotic signaling, although further biochemical

validation is required to confirm this mechanism.
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Table 2 Binding energy, Interaction, Distance, and Binding type of ligand (Linoleic acid, most abundant substance in
EEOS and cisplatin) and protein target (Nf-kB, Apaf-1, caspase 9, and caspase 3).

) . Binding Energy . . Lo
Ligand Protein Interaction Distance Binding type
(kJ/mol)
:10:H32 - F:ASN182:0D1 2.16212
Hydrogen Bond
F:ASN145:ND2 - :10:02 2.54885
:10 - F:LEU189 4.95058
Nf-xB —245.6 :10 - F:ILE192 4.4905
:10:C12 - F:ILE192 4.55822 Hydrophobic
:10:C12 - F:LEU223 4.17798
F:HIS184 - :10 4.67528
B:ARGS52:NE - :10:02 2.85334
B:ARGS52:NHI - :10:02 2.9928 Hydrogen Bond
:10:H32 - B:THR22:0G1 2.77354
B:ARG44 - :10 4.22386
B:ARG44 - :10 4.73831
Apaf-1 —268.2 )
B:ARG44 - :10 4.8299 Hydrophobic
E:ALA46 - :10 4.89428
E:ALA46 - :10 4.6337
B:THR22:N - :10:H32 2.16885
Linoleic Unfavorable
) B:SER23:N - :10:H32 1.86159
Acid
:10:H32 - F:ASP42:0 1.71342  Hydrogen Bond
E:ARG45 - :10 4.61842
Caspase 9 —268.8 E:ALA46 - :10 4.11221 )
Hydrophobic
F:ARG45 - :10 4.34729
:10:C12 - E:ILE43 4.30766
D:ARG64:NH2 - :10:02 2.90959
D:GLN161:NE2 - :10:02 2.92503
Hydrogen Bond
D:ARG207:NH1 - :10:01 2.98964
:10:H32 - D:SER120:0 2.04719
:10 - D:MET61 5.01617
Caspase 3 —320.8 D:HIS121 -:10 4.07815
D:PHE128 - :10:C12 4.62644
D:TYR204 - :10 4.33219 Hydrophobic
D:TYR204 - :10 5.09966
D:TYR204 - :10 4.67347
D:TYR204 - :10 5.42909
A:ARG253:NH1 - :10:Cl1 5.18849
Electrostatic
A:ARG253:NH1 - :10:C12 5.25359
Cisplatin Nf-xB -90.4
:10:H1 - A:GLY208:0 1.94113
Hydrogen Bond

:10:H1 - A:ASP210:0D1 2.06189
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. . Binding Energy . . -
Ligand Protein Interaction Distance Binding type
(kJ/mol)
:10:H3 - A:GLY208:0 2.04954
:10:Pt1 - F:ASP226:0D2 3.57653
E:ARG6:NH1 - :10:Cl1 4.65667
Electrostatic
E:ARG10:NH1 - :10:Cl1 4.79839
:10:H1 - E:ASP61:0D2 2.16693
:10:H3 - E:MET39:0 2.0765
:10:H1 - A:TYR24:0H 2.4747
:10:H1 - E:ASP61:0D2 2.73055
Apaf-1 —182.6 :10:H2 - E:ASP61:0D2 2.74142
Hydrogen Bond
:10:H3 - A:TYR24:0H 2.2521
:10:H3 - E:MET39:0 2.37061
:10:Ptl - A:GLN49:0E1 3.30203
:10:Ptl - A:GLN50:0E1 3.28255
A:THR48:CB - :10:CI2 3.44529
B:GLU41:0E1 - :10:C12 3.38415 Unfavorable
E:ARG45:NH2 - :10:C12 3.91686
Electrostatic
F:ARG45:NH2 - :10:Cl1 3.92005
:10:H1 - F:HIS38:NE2 2.70151
:10:H1 - F:ASP42:0D1 2.3583
:10:H2 - E:ASP42:0D1 1.72156
:10:H3 - E:HIS38:NE2 1.97873
:10:H3 - F:HIS38:NE2 2.53679
Caspase 9 —49.2 Hydrogen Bond
:10:H1 - E:HIS38:NE2 2.43547
:10:H1 - F:ASP42:0D2 2.47093
:10:H2 - E:ASP42:0D2 2.87185
:10:H2 - F:HIS38:NE2 2.36696
:10:H3 - E:ASP42:0D1 1.72725
E:ARG45:NH2 - :10:H2 2.51527
Unfavorable
E:ARG45:NH2 - :10:H3 2.54375
D:ARG64:NH2 - :10:Cl1 4.28428
Electrostatic
D:ARG207:NH1 - :10:Cl1 3.437
Caspase 3 -40
:10:H1 - D:GLU123:0E2 1.69064
Hydrogen Bond
:10:H3 - D:GLU123:0E2 2.33818
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Figure 2 3D and 2D interaction of linoleic acid and cisplatin over targeted protein Nf-kB, Apaf-1, Caspase-9, and

Caspase-3. (A) Linoleic acid and cisplatin’s interaction with the Nf-kB protein. (1) IkB (yellow) binds to linoleic acid
(red), which then attaches to the active side of Nf-kB (blue). (2) The active side of Nf-kB (blue) and IkB (yellow) is bound
by cisplatin (red). (B) Interaction of cisplatin and linoleic acid on the APAF-1 protein. (1) Between Apaf-1 (green) and
Caspase-9 (purple), linoleic acid (red) binds to the active side. (2) Between Apaf-1 (green) and Caspase-9 (purple),
cisplatin (red) attaches itself to the active side. (C) Interaction of cisplatin and linoleic acid on the Caspase-9 protein. (1)
The active side of Caspase-9 (purple) is bound by linoleic acid (red). (2) The active side of Caspase-9 (purple) is bound
by cisplatin (red). D. Interaction of cisplatin and linoleic acid with the Caspase-3 protein. (1) Between Caspase-3 (gray)
and Caspase-9 (purple), linoleic acid (red) binds to the active side. (2) The active side of Caspase-3 (gray) is bound by

cisplatin (red).

EEOS antioxidant activity

The DPPH assay was conducted to ascertain the
presence of antioxidant chemicals within EEOS that can
bind with free radicals. A set of EEOS as samples and L-
Ascorbic acid as standard with varying concentrations
were subjected to a reaction with DPPH reagent, and the
resulting absorbance values were recorded. The
acquired absorbance value was converted into a
percentage of inhibition, as depicted in Figure 3. The
IC50 parameter was employed to quantify the
antioxidant activity of L-Ascorbic acid and EEOS,
specifically referring to the concentration of
antioxidants present in EEOS that is necessary to inhibit
50% of the activity of free radicals. The free radical
utilized in this experiment is the DPPH reagent, also
known as 2,2-diphenyl-1-picrylhydrazyl. The IC50
value derived from L-Ascorbic acid is 30.21 + 5.02
pg/mL, while the IC50 value of EEOS was higher, at
46.42 £ 3.67 pg/mL.

The observed effect of antioxidants on DPPH is
attributed to their ability to donate hydrogen. The results
obtained from the DPPH experiment suggest that the
EEOS contains molecules that demonstrate the capacity
to scavenge free radicals utilizing hydrogen donation
[52]. The results showed that EEOS exhibited strong
antioxidant activity with an IC50 of 46.42 pg/mL.
Antioxidant activity proposed a classification system for
evaluating the antioxidant activity of compounds
concerning their ability to neutralize free radicals.
According to this system, a compound is categorized as
possessing an effective antioxidant activity if its IC50
rate is less than 10 ug/mL. Conversely, a compound is
classified as having a strong antioxidant activity if its
IC50 value is 10 - 50 pg/mL. If the IC50 rate is 50 - 100
pg/mL, the compound is deemed to have a moderate
antioxidant activity. On the other hand, a compound is
considered to have weak antioxidant activity if its IC50
value ranges from 100 to 250 pg/mL. Finally, a
compound is classified as inactive if its IC50 value
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exceeds 250 ng/mL. Based on this classification, it can
be concluded that the compound under investigation,

(A]

% of scavenging

-e- L-Ascorbic Acid

EEOS, exhibits
countering free radicals (46.42 + 3.67) pg/mL) [53].

a strong antioxidant activity in

80+

ICsp 30,21 + 5,02 pg/ml ns

R?0,9891

= EEOS
ICso 46,42 + 3,67 pg/ml

R?0,8955

T T
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Figure 3 Percentage of EEOS inhibition after DPPH test. (A) DPPH radical scavenging activity of EEOS and L-Ascorbic
acid. (B) ICso of EEOS, the IC50 value obtained from L-Ascorbic acid is 30.21 £ 5.02 pg/mL, EEOS 46.42 £ 3.67 pg/mL,

and the significant value is non-significant (ns).

EEOS induces apoptosis in A549 cells

The shape change of A549 cells was examined by
Hoechst 33342 staining to determine how EEOS caused
apoptosis in the cells. Compared to untreated cells, the
treated group had a few general apoptotic alterations,
chromosomal crenation,

including aggregation,

apoptotic bodies, and chromatin morphological
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fragmentation (Figure 4(A)). The percentage of
apoptosis was calculated by comparing living and dead
cells. EEOS was able to significantly increase the rate of
apoptosis compared to the control, as indicated by the
number of dead cells and the number of cells on
observation (p <0.001) (Figure 4(B)).

EEOS 50 jig/ml.

EEOS 200 pg/ml

Figure 4 Cellular nuclei of A549 after treatment. (A) The cellular nuclei of A549 cells were stained by Hoechst 33324
staining; the shrinking nuclei of A549 treated by EEOS were observed. (B) Hoechst staining data were performed with 3

repetitions. The statistical analysis of apoptosis rate using a 1-way ANOVA, followed by Tukey’s post hoc test, concluded

that EEOS can increase the apoptosis rate of an A549 cell line significantly (p < 0.001), scale bar 50 uL.
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Mitochondrial membrane potential disruption
of A549 cells impaired by administration of EEOS

Mitochondria may be a major therapeutic target.
Intrinsic apoptosis is closely related to mitochondrial
disruption. Therefore, to determine the potential of
EEOS against A549 cells in inducing apoptosis,
mitochondrial membrane staining with JC-1 staining
was performed. JC-1 staining turns mitochondria orange
as a result of the formation of JC-1 aggregates, and

normal cells stained with JC-1 as a monomer show green

>

Ap3 cisplatin untreated

EEOS 50 yig/ml

The ratio of red/green fluorescence

AP3

£
o
- 4
o
o

£
=]
- 4
o
~

untreated
100 pg/mi
200 pg/mi

EEOS 100 pg/mi EEOS 70 pg/mi

EEOS 200 pg/mi

luminescence (Figure 5(A)). The effect of EEOS in
agitating mitochondria, causing apoptosis, can be seen
on the JC-1 staining. The ratio of red and green
fluorescence was calculated by the Image] program to
compare the effect of EEOS on MMP changes. As
shown in Figure 5(B), as the dose of EEOS increased,
A549 cells showed lower red/green fluorescence,
suggesting that EEOS may affect mitochondria and
cause collapse in MMPs.
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Figure 5 JC-1 Staining of A549 cells mitochondrial membrane potential assay. The depolarization of mitochondrial

membrane potential cells exposed to EEOS. Polarized mitochondria accumulate more JC-1, forming red fluorescent J-

aggregates, while unhealthy, depolarized mitochondria have fewer aggregates and emit more green fluorescence from JC-

1 monomers. (B) Quantitative evaluation of the luminous intensity ratio between red and green was performed using a 1-

way ANOVA and Tukey’s post hoc; the data performed 3 replications with 3 repetition, and the results demonstrated that

EEOS with a concentration of 200 png/mL can decrease the potential membrane of mitochondria in A549 cells

significantly (p <0.0001). The scale bar represents 20 um.
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EEOS enhances ROS to induce apoptosis

The most important factor in eliminating cancer
cells is the rise in ROS in cells. The phosphorescent
DCF is formed from the oxidation of DCFH derived
from esterase in DCFH-DA cells. The graph showed
that in the untreated group, EEOS 50 pg/ml and EEOS

al,

70 pg/mL were observed to be weak. A significant
increase in luminescence was seen in EEOS 200 pg/mL,
namely, 25.8 times compared to the control. The results
showed a significant increase in ROS at EEOS 200
pg/mL, such that EEOS was able to activate apoptosis
in A549 cells (Figure 6).
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12,3 %

EEOS 50 pg/ml
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Figure 6 Flowcytometry chart of EEOS stimulating ROS to induce apoptosis in an A549 cell line. ROS levels in A549
cells treated with EEOS increased gradually and significantly in comparison to the control group. ROS was also
significantly elevated in the AP3 group, which served as a positive control. The data taken in 2 replications with 3
repetitions and analyzed using a 1-way ANOVA followed by Tukey’s post hoc. **) p = 0.0098; ***) p = 0.0004; ****)

p <0.0001; ns: non-significant.

EEOS suppresses NF-kB activity in the lung
adenocarcinoma cell line A-549

To conduct a more extensive investigation of the
anti-cancer efficacy of EEOS in the A-549 cell line, an
enzyme-linked immunosorbent assay (ELISA) was
employed to analyze the activity of NF-kB. In

comparison to the untreated group, the group exposed to
EEOS exhibited a significantly reduced expression level
of NF-kB. Furthermore, a higher concentration of EEOS
corresponded to a greater decrease in NF-kB expression
(» <0.0001) (Figure 7).
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Figure 7 The ethanolic extract of O. sanctum Linn decreased NF-kB in A549 cells. A sandwich ELISA demonstrates
decreased NF-«B expression in NSCLC (A549) (significance value p <0.0001).

EEOS induced overexpression of APAF-1,

Caspase-3, and Caspase-9 expression in lung
adenocarcinoma cell line A-549

To enhance comprehension of the anti-cancer
properties, particularly pertaining to the apoptotic
mechanism of EEOS, the ELISA approach was
employed to analyze the protein expression levels linked

to apoptosis. The A-549 cell line was subjected to

treatment with varying concentrations (50, 70, 100 and
200 pg/mL) of EEOS for a duration of 24 h.
Subsequently, quantification of protein expression was
carried out. After the application of EEOS therapy, there
was a significant upregulation in the concentration
levels of APAF-1, Caspase-9, and Caspase-3, which
exhibited a dose-dependent pattern (p < 0.001) (Figure
8).
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Figure 8 Ethanolic extract of O. sanctum Linn increases APAF-1, Caspase-9, and Caspase-3 in A549 cells. Upgraded
APAF-1, Caspase-9, and Caspase-3 concentrations in NSCLC (A549) demonstrated by sandwich ELISA. (A) EEOS can
significantly upgrade APAF-1, Caspase-9 significance value p < 0.0001, ns: non-significant.

EEOS reduced the toxic effects in mice given a single high dose of Benzo(a)pyrene in the short term.

Short-term animal models were induced in vivo using B(a)P to verify the chemopreventive efficacy of EEOS. The
figure describes the experimental design. For 7 days, EEOS (150 mg/kg body weight, oral administration) was given once
daily to male C3H mice. On day 7, 2 h after the medication was administered, the mice received a single oral dosage of
B(a)P (125 mg/kg body weight) (Figure 9(A)). Lung sections subjected to histological examination (H&E) revealed that
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B(a)P resulted in a significant increase in polymorphonuclear infiltration, alveolar thickness, and fibrin and elastin
fibroelastosis (Figures 9(B(b)) and 9(B(c)), whereas the lungs of the mice treated with EEOS showed a decrease in these
histopathological alterations (Figure 9(B)). EEOS demonstrated protective activity against acute lung tissue damage
produced by B(a)P in mice given a single dosage of the drug for a limited duration. According to these findings, EEOS
can reduce inflammation, DNA damage, and B(a)P-induced short-term lung toxicity - all of which have been linked to

lung carcinogenesis (Figures 9(B(e) and 9(B(f)). The group that only received EEOS did not show any changes indicating

lung tissue damage (Figure 9(B(d)).

[f b(a)p orally
: 125 mg/kg

--- EEOS orally 150 mgfkg---------------- . elimination

taf *ﬁ’@*"

e Ve S A - R

Figure 9 Effects of EEOS on a single hig
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h dose of Benzo(a)pyrene-induced lung toxicity. (A) Design of animal

experiments. As a negative control, group A received corn oil as a B(a)P vehicle on day 7; as a positive control, group B
received B(a)P diluted in corn oil on day 7 and as a treatment, group C received EEOS in 7 days, and group D received
EEOS on 7 days and B(a)P in corn oil on day 7. (B) The impact of EEOS on B(a)P-induced histopathologic alterations:
fibroelastosis and a significant polymorphonuclear infiltration were seen in the B group (b,c), whereas the C group
exhibited less polymorphonuclear infiltration than the B group (e,f). Sections of the lung (x10) stained with H&E for
CHs. (a) Negative control group with corn oil, (b,c) positive control group was given B(a)P on day 7, (d) EEOS only

group with 7 days’ treatment, (e,f) EEOS treatment for 7 days and given B(a)p; 100 um is the scale bar.

Secondary metabolites derived from plants are
commonly implicated in treating several ailments - the
present work employed GC-MS to run the metabolomic
analysis on EEOS. The analysis results indicated the
existence of various secondary metabolites, with
linoleic acid being identified as one of the predominant
constituents. Linoleic acid is a secondary metabolite
derived from EEOS that exhibits various beneficial
effects, including cardiovascular protection, anti-cancer
properties, neuroprotection, anti-osteoporotic activity,
anti-inflammatory effects, and antioxidative properties
[54]. Multiple studies have demonstrated that Linoleic
acid can trigger apoptosis and diminish proliferation in
various cancer types, such as human melanoma cancer

cell line WM793 [55] and colorectal cancer [50,56].
Linoleic acid binding with NF-«kB, Apaf-1, Caspase-3,
and Caspase-9 has lower affinities with energy than
cisplatin as a ligand. From this finding, we can predict
that linoleic acid in EEOS can inhibit NF-xB and
increase the apoptosis protein to induce cell death.

O. sanctum has moderate antioxidant content.
Antioxidants are substances that neutralize ROS, which
are byproducts of cellular metabolism that can induce
damage to cellular components, including DNA,
proteins, and lipids, contributing to carcinogenesis
[20,57]. In lung cancer cells, antioxidants play a dual
role. They help maintain redox homeostasis and prevent
oxidative stress, which is vital in protecting cells from
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damage that could lead to tumorigenesis [58,59]. On the
other hand, certain antioxidants can exhibit pro-oxidant
behavior under specific conditions [60]. Cancer cells
often have elevated levels of ROS as part of their
metabolic adaptations that support rapid proliferation
and invasion [61]. In these conditions, instead of
neutralizing ROS, the antioxidant can induce more
oxidative stress, potentially triggering apoptosis (cell
death) in the cancer cells [62].

Furthermore, some studies have provided
evidence of a positive correlation between the
consumption of antioxidants derived from herbal
sources and a range of beneficial effects on human
health. Numerous diseases, including cancer, are
significantly influenced by free radicals. ROS and
reactive nitrogen species (RNS) are the most common
types of free radicals. High accumulation of ROS and
low antioxidants in cells leads to oxidative stress, which
is an imbalance in redox status. ROS causes DNA strand
breaks and can oxidize biological molecules such as
proteins, lipids, and carbohydrates, resulting in
mutagenesis and, eventually, cancer. Through both
enzymatic and non-enzymatic processes, the body
continuously produces free radicals. There is growing
evidence that free radicals increase oxidative stress,
which has a series of negative impacts on the organism
[63,64]. Antioxidants are known to have an important
role in minimizing the adverse effects of free radicals in
various disorders, including cancer, emphasizing their
considerable importance. Previous research shows that
EEOS contains phenols, flavonoids, and tannins [35].
These phytochemicals are sources of antioxidant and
scavenging activity. Flavonoids have antioxidant
activity, will provide hydrogen molecules from
hydroxyl groups, resulting in more stable and less
reactive radicals, and can inhibit the initiation of
oxidative reactions [65]. The current investigation
provides evidence that the EEOS extract exhibits
antioxidant characteristics, indicating its potential as a
therapeutic intervention to ameliorate the progression of
many disorders linked to oxidative stress, such as
cancer. In this study, the possible antioxidant properties
of inosine were investigated through GC-MS. Preceding
studies have demonstrated that the ingestion of inosine
through oral administration results in increased levels of

antioxidants in the bloodstream [27,66].

In the current research, we inspected the cellular
mechanism underlying the anti-cancer properties of
EEOS. The study’s findings demonstrated that the
treatment of EEOS on the A549 showed suppression of
the activation of NF-kB, a well-established
inflammatory transcription factor playing a crucial role
in several biological phenomena, and exhibited a dual
impact on cancer progression. NF-kB and ROS are both
key players in lung cancer development and have a
reciprocal crosstalk relationship. NF-xB promotes
cancer by boosting cell proliferation and survival, while
ROS contributes to DNA damage and other pro-
tumorigenic changes. In turn, ROS can either stimulate
or inhibit NF-kB signaling, and NF-xB can regulate
ROS levels, creating a complex feedback loop that
drives lung tumorigenesis [67]. NF-kB is required to
regulate ROS levels. In some cancers, NF-kB is
activated to maintain intracellular ROS at a certain level
to prevent cell death. When NF-«B is inhibited, ROS
levels can increase significantly, causing activation of
the proapoptotic pathway [68].

Furthermore, the research findings indicated a rise
in Apaf-1 activation, along with overexpression in the
expression of Caspase-9 (which serves as the initiator of
apoptosis) and Caspase-3 (which acts as the executor of
apoptosis), which are responsible for executing the
demolition stage of apoptosis in the A549 lung cancer
cell line. The trigger of apoptosis in A549 cells by EEOS
can be classified as an intrinsic route. Various cellular
stressors, such as DNA damage and metabolic and
endoplasmic reticulum stress, predominantly initiate the
activation of the intrinsic route. This pathway is
activated by chemotherapeutic medications and natural
treatments commonly employed in treating different
types of malignancies. The stimuli, as mentioned above,
converge against the mitochondria by causing the outer
membrane of the mitochondria to permeate, which, in
turn, releases cytochrome c from the mitochondria’s
intermembrane gap into the cytoplasm. Upon entering
the cytoplasm, cytochrome c interacts with the WD
(Tryptophan-Aspartic Acid) domain and repeats of
Apaf-1, thereby triggering a conformational alteration
that results in the unfolding of the molecule. Upon the
presence of dATP or ATP, Apaf-1 undergoes
oligomerization, leading to the assembly of the Apaf-1
apoptosome. In a sequential manner, the apoptosome

attracts and initiates the activation of Caspase-9. This
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activation subsequently triggers the caspase cascade by
cleaving the executioner Caspase-3, as described by
[69]. Our results are in accordance with prior research
demonstrating the potential of natural remedies,
including Clematis flammula L, Oryza officinalis,
Mpylabris phelerata Pallas, and Tanacetum parthenium
L., to induce apoptosis in lung cancer cells
[59,68,70,71]. Additionally, the efficacy of Flemingia
macrophylla and Camellia sinensis on prostate cancer
has been investigated [72,73]. Similarly, the impact of
Curcuma longa and Ulmus davidiana var. japonica,
respectively, on stomach cancer has been examined
[74,75].

Finally, linoleic acid, the major compound in EEOS,
exhibited strong binding affinity toward both NF-kB
and Apaf-1 in silico. Binding to NF-«xB likely disrupts
its activation and DNA-binding capacity, suppressing
the transcription of anti-apoptotic and pro-survival
genes. Concurrently, linoleic acid’s interaction with
Apaf-1 may stabilize its active conformation,
facilitating apoptosome assembly and triggering
Caspase-9 and  Caspase-3  activation.  These
computational predictions are strongly supported by our
in vitro findings, where EEOS treatment suppressed NF-
kB, increased Apaf-1 expression, induced mitochondrial
depolarization, elevated ROS, and activated caspase-
dependent apoptosis in A549 cells [76,77]. Moreover,
the in vivo reduction of B[a]P-induced lung damage is
consistent with NF-«B inhibition and enhanced intrinsic
apoptosis, supporting the physiological relevance of
these mechanisms. Together, the in silico, in vitro, and
in vivo data converge to demonstrate that EEOS induces
apoptosis primarily through NF-«kB inhibition coupled
with Apaf-1/caspase pathway activation [78].

Conclusions

The findings presented above are corroborated by
the GC-MS and DPPH analysis, which verified the
existence of many secondary metabolites that have been
documented to have anti-cancer and antioxidant
properties. Hence, it can be deduced that the observed
anti-cancer properties in the ethanol extract of O.
sanctum leaves may be attributable to the existence of
these compounds. In conclusion, we have discovered
previously unknown mechanisms that contribute to the
apoptotic impact of the ethanol extract of O. sanctum on
A549 lung cancer. The elements of EEOS have been

found to have an inhibitory effect on the expression of
NF-kB and to initiate apoptosis through the intrinsic
pathway. This apoptotic process is mediated by the
activation of Apaf-1, which is associated with caspases.
Additional research should be conducted to extract a
distinct bioactive molecule from EEOS that

demonstrates efficacy in cancer treatment
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