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Abstract

Essential oils from citrus peels, particularly Citrus jambhiri (Jungga orange), are gaining attention for their
anticancer properties due to the presence of monoterpenes like D-limonene, y-terpinene, and B-pinene. Despite its
bioactive profile, CEO remains underexplored. This study evaluates the anticancer activity of Citrus jambhiri essential
oil (CEO) using GC-MS profiling, network pharmacology, and in vitro testing on T47D breast cancer cells. CEO was
extracted via microwave-assisted hydrodistillation, and its constituents were identified through GC-MS. Target genes
were predicted using SwissTargetPrediction, PubChem, and CTD, while breast cancer-associated genes were retrieved
from GeneCards and Open Targets. Protein-protein interaction and hub genes were analysed using STRING and
Cytoscape, with pathway enrichment assessed using DAVID and ShinyGO. Bioactivity was evaluated via MTT, Annexin
V/PI, cell cycle, ROS, and protein expression assays targeting PI3K/Akt/mTOR and BTK pathways. CEO was found to
be rich in hydrocarbon monoterpenes, mainly D-limonene (35.68%), y-terpinene (16.14%), and B-pinene (11.84%).
Network pharmacology revealed 406 overlapping targets enriched in PI3K/Akt/mTOR and BTK signalling. Key hub
genes included AKT1, EGFR, BTK, and TP53. CEO exhibited moderate cytotoxicity (ICso = 68 pg/mL) with high
selectivity (SI =4.67) compared to doxorubicin. Cell-cycle analysis showed S-phase arrest and sub-G1 elevation, while
Annexin V/PI confirmed apoptotic activity with minimal necrosis. ROS levels remained unchanged, and CEO
significantly downregulated PI3K, mTOR, and BTK, sparing Akt. CEO demonstrates selective anticancer activity through
S-phase arrest, non-oxidative apoptosis, and inhibition of PI3K/mTOR-BTK signalling in T47D cells, suggesting its

promise as an adjuvant in breast cancer therapy alongside conventional drugs such as doxorubicin.
Keywords: Citrus jambhiri, Essential oil, Breast cancer, T47D cells, Network pharmacology, /n vitro, Doxorubicin

Introduction

Cancer refers to a pathological condition marked
by the unregulated growth and division of cells, which
leads to the disruption of their normal architecture and
biological roles [1]. Among the many forms of cancer,
breast cancer remains one of the most pressing global
health challenges. Based on the World Health

Organization’s 2022 data, breast cancer accounted for
approximately 23.8% of all diagnosed cancer cases and
contributed to 15.4% of cancer-related mortality among
women [2]. These figures underscore the urgent demand
for the development of therapeutic options that are not
only more effective but also less harmful. Conventional
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breast cancer treatments include surgery, chemotherapy,
radiation therapy, hormonal therapy, and targeted
molecular approaches [3]. Although these modalities are
clinically proven, they often produce significant adverse
effects such as systemic toxicity, immune suppression,
and organ damage, which severely compromise patient
quality of life [4]. Furthermore, therapeutic resistance,
treatment failure, and high costs remain substantial
challenges that limit the success of standard therapies
[5].

In recent years, plant-derived compounds have
gained increasing attention as complementary or
alternative therapeutic agents for cancer. Among them,
essential oils (EOs) extracted from aromatic and
medicinal plants possess a broad range of
pharmacological activities including antioxidant, anti-
inflammatory, antimicrobial, and notably, anticancer
properties [6,7]. These volatile compounds are rich in
bioactive terpenoids, especially monoterpenes, which
have shown promising effects on cancer cell
proliferation, apoptosis, and signalling regulation.
Studies have demonstrated that certain monoterpenes
such as limonene, o-pinene, and [-elemene can
modulate key pathways such as PI3K/Akt/mTOR, Bcl-
2/p53, and cell cycle checkpoints, contributing to tumor
growth inhibition [8-10].

Citrus jambhiri (Jungga orange), a lesser-known
citrus species found in Southeast Asia, has traditionally
been used in ethnomedicine but remains underexplored
in modern pharmacological research. The essential oil
derived from its peel is dominated by monoterpenes
especially limonene along with other minor constituents
such as 1.4-cyclohexadiene, B-pinene, and B-ocimene
[11]. To date, the extraction of essential oils from Citrus
jambhiri fruit peels reported in various studies has
predominantly relied on conventional hydrodistillation
methods. This approach is time-consuming, energy-
intensive, and relatively inefficient, often leading to the
degradation of heat-sensitive bioactive compounds.

In this study, Microwave-Assisted Extraction
(MAE) was employed due to its established advantages
over conventional extraction techniques. MAE
facilitates rapid and uniform heating of plant materials
and solvents using microwave energy, resulting in
enhanced mass transfer and cell wall disruption. This
leads to increased extraction efficiency, shorter

processing time, and reduced thermal degradation of

bioactive compounds [12-15]. To ensure the chemical
integrity and composition of the extracted oil, the
volatile constituents were subsequently identified and
characterized using Gas Chromatography-Mass
Spectrometry (GC-MS) [16]. While the antibacterial
properties of Citrus jambhiri essential oil have been
reported previously, scientific evidence regarding its
cytotoxic or anticancer effects, particularly against
breast cancer cells, remains scarce.

This study not only introduced an improved
extraction method but also advanced the field by
investigating the anticancer potential of the Citrus
jambhiri essential oil. This systematic approach,
combining  high-efficiency  extraction (MAE),
compound identification (GC-MS), computational
target prediction (network pharmacology), and in vitro
validation, provides a robust foundation for the
therapeutic evaluation of Citrus jambhiri essential oil as
a promising adjuvant candidate in the development of
breast cancer therapy. T47D breast cancer cells were
chosen as an in vitro model due to their well-
characterised hormonal receptor profile (ER+, PR+) and
high PI3K/Akt/mTOR signalling activity, including the
involvement of non-canonical axes such as BTK, which
correspond to the molecular targets investigated in this
study. Compared with other commonly used cell lines
such as MCF-7 or triple-negative models such as MDA-
MB-231, T47D cells provide a more appropriate context
to evaluate the mechanism of action of CEO, especially

in hormone-sensitive breast cancer [17-19].

Materials and methods

CEO extraction

Essential oil from Citrus jambhiri peel (CEO) was
obtained through Microwave-Assisted Extraction
(MAE). In this process, 50 g of dried and finely ground
peel material were introduced into a 1-liter round-
bottom flask containing 300 mL of distilled water. The
extraction was carried out by heating the mixture in a
microwave oven at a controlled temperature of 90 + 5 °C
for 30 min. To enhance the yield, the distillation was
conducted in 3 successive cycles. The oil layer was then
separated from the aqueous portion using a separatory
funnel and transferred into an amber glass vial, where it

was stored at 4 °C until further examination [8].
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Determination of the chemical composition of
CEO

The chemical profile of the essential oil was
determined  using  gas
spectrometry (GC-MS) equipped with a DB-5MS

capillary column (30 mx0.25 mm internal diameter,

chromatography—mass

0.25 pum film thickness). Helium served as the carrier
gas, maintained at a constant flow rate of 1.0 mL/min.
The oven temperature program began at 40 °C (held for
1 min), followed by a gradual increase to 280 °C at a rate
of 3 °C/min, and was held at the maximum temperature
for 5 min. The sample was introduced using a split
injection mode at a ratio of 100:1. Electron impact (EI)
ionization was employed at 70 eV, with the ion source
maintained at 200 °C and system pressure set to 50 kPa.
Compound identification was performed by matching
retention indices and mass spectra against entries in the
NIST and Wiley spectral libraries [20].

Target gene prediction

To identify potential gene targets of the bioactive
compounds present in CEO, 3 publicly available
PubChem
(https://pubchem.ncbi.nlm.nih.gov/), the Comparative

databases were utilized:

Toxicogenomics Database (CTD; http://ctdbase.org/),
and Swiss Target Prediction
(http://www.swisstargetprediction.ch/). The chemical
structures of each CEO component were retrieved from
PubChem using compound ID (CID) in canonical
SMILES format. These SMILES notations were then
submitted to CTD and SwissTargetPrediction to predict
relevant molecular targets. To identify genes associated
with breast cancer, two disease-related databases -
GeneCards (https://www.genecards.org/) and Open
Targets (https://www.opentargets.org/) were queried
using the keyword “breast cancer.” The predicted targets
of CEO were then compared with breast cancer-
associated genes, and overlapping genes were

considered potential therapeutic targets [21,22].

Protein-protein interaction (PPI) network
analysis

A protein-protein interaction (PPI) network was
constructed to explore how the predicted targets of CEO
may interact with genes relevant to breast cancer.
Overlapping gene targets were uploaded to the STRING
database (https:/string-db.org/), with Homo sapiens

specified as the reference organism, to build a network
illustrating potential functional relationships. The
generated interaction map was then visualized and
analyzed using Cytoscape software (version 3.10.3). To
determine the most influential genes in the network,
topological properties such as degree centrality,
betweenness centrality, and closeness centrality were
assessed through the CytoHubba plugin [23,24].

Functional annotation and pathway analysis of
hub genes

To assess the functional significance of hub genes
implicated in the anticancer effects of CEO, enrichment
and annotation analyses were carried out. Gene
Ontology (GO) terms - covering biological processes
(BP), molecular functions (MF), and cellular
components (CC) - along with Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, were examined
using the DAVID database (https://david.ncifcrf.gov/).
For enhanced graphical interpretation, GO enrichment
was also performed via ShinyGO version 0.77, applying
a false discovery rate (FDR) cutoff of <0.05. The ten
most significantly enriched GO terms from each
category were selected for detailed analysis.
Furthermore, the SRplot platform
(https://www.bioinformatics.com.cn/) was employed to
visualize the thirty top-ranking KEGG pathways,
offering insight into the potential molecular mechanisms
regulated by CEO [25].

MTT assay

The cytotoxic potential of CEO was assessed
through an MTT colorimetric assay. T47D breast cancer
cells were seeded into 96-well plates at a suitable density
and incubated at 37°C for 24 h in a humidified
environment containing 5% CO; to promote cell
adherence. After incubation, the cells were exposed to
serial dilutions of CEO (250, 125, 62.5, 31.25 and
15.625 pg/mL). Doxorubicin, used as a positive control,
was applied at concentrations of 1.25, 0.625, 0.3125,
0.156 and 0.078 pg/mL. Following 48 h of treatment,
200 uL of culture medium supplemented with MTT
reagent (0.5 mg/mL) was added to each well and
incubated for an additional 3 h. After discarding the
medium, the formazan crystals formed were solubilized
in 100 puL of DMSO. Absorbance readings were taken at

595 nm using a microplate reader. Cell viability was
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expressed as a percentage relative to the untreated
control, and ICso values were derived from nonlinear
regression analysis of the dose-response curves. All
assays were conducted in triplicate across 3 independent
experiments [17,26].

Cell cycle analysis

Flow cytometry was employed to assess cell cycle
progression in T47D breast cancer cells following
treatment with CEO. Cells were cultured in 6-well plates
and maintained at 37 °C in a humidified incubator with
5% CO; for 24 h to ensure attachment. Afterward, the
culture medium was replaced with fresh medium
containing CEO, and incubation was continued for
another 48 h under identical conditions. Post-treatment,
both adherent and suspended cells were collected via
trypsinization, rinsed twice with cold phosphate-
buffered saline (PBS), and fixed overnight in 70%
ethanol at —20 °C. The following day, the fixed cells
were centrifuged, washed, and treated with RNase A
(100 pg/mL) and propidium iodide (PI) (50 pg/mL) for
30 min at room temperature in the absence of light. DNA
content was then analyzed using flow cytometry, and the
proportions of cells in GO/G1, S, and G2/M phases were
quantified using dedicated cell cycle analysis software
[27,28].

Apoptosis analysis

Apoptosis in T47D cells following treatment with
CEO was examined using dual staining with Annexin
V-FITC and propidium iodide (PI), followed by flow
cytometric analysis. Cells were seeded into 6-well plates
and incubated at 37 °C in a humidified atmosphere with
5% COx for 24 h to allow attachment. After 48 h of CEO
exposure, both adherent and floating cells were
harvested via trypsinization, rinsed twice with cold
phosphate-buffered saline (PBS), and centrifuged. Cell
pellets were then resuspended in 100 pL of binding
buffer containing Annexin V-FITC and PI, following
the staining protocol provided by the manufacturer. The
cell suspension was incubated in the dark at room
temperature for 15 min. Following this, 400 uL of
binding buffer was added, and the samples were
immediately analyzed using a FACScan flow cytometer
(Becton Dickinson, USA). The proportions of viable,

early apoptotic, late apoptotic, and necrotic cells were

determined based on quadrant analysis of dual-
parameter dot plots [29,30].

PI3K, Akt, and mTOR protein expression
analysis

T47D cells were cultured in 6-well plates and
incubated for 48 h at 37 °C under a 5% CO, atmosphere.
After exposure to either CEO or control medium for 48
h, both adherent and suspended cells were collected
using 0.025% trypsin, rinsed twice with phosphate-
buffered saline (PBS), and subjected to centrifugation.
The resulting pellets were incubated with monoclonal
antibodies targeting PI3K, Akt, or mTOR for 10 min at
37°C in the absence of light. Following the staining
procedure, the cells were washed again and analyzed
using a FACScan flow cytometer to assess the

expression levels of the respective proteins [31-33].

BTK expression analysis

Intracellular flow cytometry was employed to
assess the expression of BTK, a signalling component
associated with the PI3K/Akt/mTOR pathway. T47D
cells were seeded in 6-well plates and exposed to either
CEO or control medium for 24 h under standard
incubation conditions (37 °C, 5% CQO). Post-treatment,
cells were collected, washed twice with cold PBS, and
fixed in 4% paraformaldehyde for 15 min at room
temperature.  Following  fixation, cells were
permeabilized using a commercial buffer and incubated
with  fluorochrome-labeled anti-BTK monoclonal
antibodies for 30 to 60 min at 4 °C in the dark. Isotype-
matched antibodies served as negative controls. After a
final washing step, cells were resuspended in PBS and
subjected to flow cytometric analysis to quantify
intracellular BTK expression based on fluorescence

intensity [34].

Measurement of ROS

Intracellular reactive oxygen species (ROS) levels
were assessed using the cell-permeable fluorescent
probe CM-H,DCFDA (5-(and-6)-chloromethyl-2°,7’-
dichlorodihydrofluorescein diacetate), which becomes
fluorescent upon oxidation by ROS. T47D cells were
seeded and treated with CEO or control medium for 24
h at 37 °C in a humidified incubator containing 5% CO».
After treatment, cells were rinsed twice with PBS and

incubated in a serum-free medium containing CM-
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H>,DCFDA (5 - 10 uM) for 30 min at 37 °C in the dark.
Following incubation, excess dye was removed by
washing with PBS. The resulting fluorescence of the
oxidized product, DCF (2,7’ -dichlorofluorescein), was
measured using a flow cytometer with excitation at 492
- 495 nm and emission at 517 - 527 nm. ROS levels were
quantified based on mean fluorescence intensity,
representing the degree of intracellular oxidative
activity [35].

Statistical analysis

All data are expressed as mean = standard
deviation (SD) from 3 independent replicates (n = 3).
Statistical analysis was conducted using IBM SPSS
Statistics version 26.0. For comparisons between CEO
and doxorubicin in terms of ICso and selectivity index
(SI), an unpaired ¢-test was applied. One-way analysis
of variance (ANOVA) was subsequently employed to
assess differences among treatment groups. When a
significant effect was detected, Dunnett’s post hoc test
was used to compare each treatment group to the
control. A p-value of < 0.001 was considered

statistically significant.

Results and discussion

Essential oil yield from Citrus jambhiri peel

Essential oil was extracted from dried Citrus
jambhiri peel using the Microwave-Assisted Extraction
(MAE) method. Three separate batches were processed,
each with approximately 50 grams of dried, powdered
peel. The volumes of essential oil obtained were 6.0, 7.5
and 7.0 mL, corresponding to yields of 11.98, 14.99, and
13.99 %(v/w), respectively. The total yield from all 3
batches was 20.5 mL from 150.11 g of dried material,

with an average essential oil content of 13.65+1.53
%(viw).

This yield is significantly higher than those
typically reported for conventional hydrodistillation
methods, which range from 0.72% to a maximum of
4.0% [36,37]. The enhanced yield may be attributed to
the MAE mechanism, which uses rapid volumetric
heating via microwave energy to accelerate cell wall
rupture and improve the diffusion of volatile compounds
from plant tissues. MAE minimizes thermal degradation
of heat-sensitive terpenoids - particularly monoterpenes
such as limonene and B-pinene - due to its short
extraction time (30 min at 90+ 5 °C), allowing better
preservation of active compound profiles compared to
conventional methods [36,38]. Additionally, water used
as the extraction medium, acts as a microwave-
absorbing matrix, promoting the efficient release of
bioactive compounds without the need for organic
solvents [39].

Chemical profiling of Citrus jambhiri peel
essential oil via GC-MS analysis

GC-MS analysis of CEO identified 60 volatile
constituents (Figure 1). Among these, the 20 most
abundant compounds were selected and are presented in
the chromatographic profile (Table 1), collectively
representing 93.43% of the total peak area. This
composition reflects the primary chemical profile of the
oil. CEO was predominantly composed of monoterpene
hydrocarbons, with D-limonene (35.68%) as the most
abundant compound, followed by y-terpinene (16.14%),
B-pinene (11.84%), a-pinene (4.75%), and B-myrcene
(3.83%).
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Figure 1 GC-MS chromatogram of CEO showing the identified volatile constituents.

The classification of all identified compounds is
summarized in Table 2. Monoterpene hydrocarbons
were the dominant chemical class, accounting for
73.57% of the total peak area, followed by cyclic
hydrocarbons (12.85%) and oxygenated monoterpenes
(5.91%). Other classes, such as aliphatic aldehydes,
sesquiterpene hydrocarbons, fatty acid esters, and
oxygenated hydrocarbons, each contributed less than
4%. A small fraction (0.81%) remained unclassified due
to limited structural information. GC-MS profiling
confirmed that CEO is primarily composed of

monoterpene hydrocarbons, which account for over
70% of the detected compounds. The major constituents
- D-limonene, y-terpinene, B-pinene, o-pinene, and f3-
myrcene - form a characteristic chemical fingerprint
typical of essential oils from the Citrus genus [40,41].
The predominance of D-limonene is consistent with
findings from other Citrus species such as C. sinensis
and C. reticulata, which also exhibit high limonene
content and have been reported to possess cytotoxic
activity against breast, lung, and colon cancer cell lines
[42,43].

Table 1 The 20 most abundant compounds identified in CEO by GC-MS, representing 93.43% of the total peak area.

Rank Compound name Retention time Area (%) Class

1 D-limonene 4.94 35.68 Hydrocarbon monoterpenes

2 y-Terpinene 5.50 16.14 Hydrocarbon monoterpenes

3 B-Pinene 4.14 11.84 Hydrocarbon monoterpenes
Bicyclo[3.1.0]hexane, 4-

4 methylene-1-(1- 4.05 6.20 Cyclic hydrocarbons
methylethyl)-

5 o-pinene 3.52 4.75 Hydrocarbon monoterpenes

6 B-Myrcene 4.22 3.83 Hydrocarbon monoterpenes

7 Cyclohexene, 3-methyl-6- 6.03 2.55 Cyclic hydrocarbons

(1-methylethylidene)-
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Rank Compound name Retention time Area (%) Class
Bicyclo[3.1.0]hex-2-ene,
8 4-methyl-1-(1- 3.39 2.11 Cyclic hydrocarbons
methylethyl)-
9 a-Terpineol 8.26 1.52 Oxygenated monoterpenes
10 Octanal 4.39 1.29 Aliphatic aldehydes
11 Cyclohexene, .l—methy1—4- 4.71 1.20 Cyclic hydrocarbons
(1-methylethylidene)-
12 B-Bisabolene 15.93 1.08 Oxygenated monoterpenes
13 Decanal 8.51 1.02 Aliphatic aldehydes
14 Terpinen-4-ol 7.97 0.93 Oxygenated monoterpenes
15 Geranyl acetate 12.83 0.68 Oxygenated monoterpenes
16 Linalool 6.17 0.58 Oxygenated monoterpenes
17 g?mnal’ 3.7-dimethyl-, 731 0.57 Aliphatic aldehydes
2-Furanmethanol, 5-
18 ethenyltetrahydro-a,a.,5- 5.71 0.54 Oxygenated monoterpenes
trimethyl-, cis-
19 Cyclopropane, pentyl- 5.57 0.49 Aliphatic hydrocarbons
20 Nonanal 6.25 0.42 Aliphatic aldehydes

Table 2 Classification of volatile compounds identified in CEO based on chemical structure and functional groups.

Rank Compound class Number of compounds Total area (%)
1 Monoterpene hydrocarbon 9 73.57
2 Cyclic hydrocarbon (non-terpene) 7 12.85
3 Oxygenated monoterpene 20 5.91
4 Aliphatic aldehyde 6 3.67
5 Unclassified 7 0.81
6 Sesquiterpene hydrocarbon 5 0.65
7 Fatty acid ester 3 0.53
8 Oxygenated hydrocarbon 1 0.29

Integration of molecular targets between Citrus
Jjambhiri essential oil compounds and breast cancer-
associated genes

To enable a network pharmacology analysis, the
10 most abundant constituents of CEO were selected
based on their relative concentrations determined by
GC-MS. These compounds not only represent the core
chemical profile of CEO but also possess known
pharmacological properties, particularly within cancer-
related signalling pathways. This focused selection
facilitates a biologically relevant and interpretable

computational analysis. A network pharmacology
approach was employed to explore the potential
interactions between these bioactive CEO constituents
and molecular targets associated with breast cancer.
Target prediction for the selected CEO compounds was
conducted using the Comparative Toxicogenomics
Database (CTD) and SwissTargetPrediction, resulting in
451 unique compound-associated genes.

In parallel, breast cancer-related genes were
retrieved from 2 major databases: GeneCards (17.622
genes) and Open Targets (11.854 genes). An
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intersection of these datasets revealed 9.847 overlapping
genes (50.2%) (Figure 2(a)), reflecting the
complementary nature of the 2 platforms. GeneCards
integrates diverse genomic and proteomic data, while
Open Targets focuses on clinically and experimentally
validated therapeutic targets. These 9.847 overlapping
genes were selected as the breast cancer gene set for
further analysis. A comparison with the 451 predicted
CEO compound targets identified 406 shared genes
(4.1%) (Figure 2(b)). Although this represents a modest
percentage, the absolute number of overlapping genes is
substantial, providing a robust basis for downstream
network construction and functional enrichment
analysis. This intersection suggests that CEO bioactive
components may influence critical molecular
mechanisms involved in breast cancer pathogenesis.
The high proportion (over 90%) of CEO-predicted
targets found within the breast cancer gene pool

OPEN TARGET GENECARDS

7775

(39.6%)

()

underscores the relevance of CEO compounds to this
disease context. Such findings are in line with current
network pharmacology studies that leverage systems
biology to identify natural product-based therapeutic
candidates [44,45]. In addition, the overlapping target
profiles of key CEO constituents such as D-limonene, y-
terpinene, and P-pinene suggest the possibility of
pharmacological synergism among these compounds.
Although direct evidence of compound-to-compound
interactions remains limited, one study has reported a
synergistic effect between a- and B-pinene in enhancing
cancer cell cytotoxicity, including increased apoptosis
and more effective inhibition of proliferation than
individual components [46]. This supports the notion
that the anticancer activity of CEO arises not from a
single constituent, but from a multi-component synergy

that collectively enhances its cytotoxic effects.

BREAST CANCER COMPOUNDS

(0.5%)

(b)
Figure 2 (a) Overlapping breast cancer-associated genes from GeneCards (17.622 genes) and Open Targets (11.854

genes), resulting in 9.847 shared genes. (b) Venn diagram showing the intersection of 451 predicted CEO compound

targets with 9.847 breast cancer-related genes, identifying 406 common targets.

Protein-protein interaction (PPI) network and
Hub Gene analysis

To identify key molecular targets potentially
modulated by CEO in breast cancer, a protein-protein
interaction (PPI) network was constructed from 406
overlapping genes shared between CEO-related targets
and breast cancer-associated genes. The network was
analyzed using the STRING database and visualized
with Cytoscape software. Hub gene analysis was
conducted using the CytoHubba plugin, employing 3
topological centrality metrics: Degree, betweenness,
and closeness. These metrics reflect node connectivity,

control over information flow, and proximity to other

nodes, respectively [47]. Based on degree centrality, the
top 3 hub genes were TP53, AKTI, and MYC,
indicating their high levels of interaction with other
genes within the network (Figure 3(a)). For
betweenness centrality, TP53, AKTIl, and ALB
emerged as key intermediaries (Figure 3(b)), while
closeness centrality ranked TP53, AKT1, and ESR1 as
the most centrally located nodes (Figure 3(c)). Across
all 3 analyses, TP53 consistently ranked highest,
highlighting its central regulatory role in multiple
cancer-related signalling pathways [48]. Despite its
prominent network position, TP53 was excluded from

experimental validation because the T47D cell line used
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in the in vitro study harbors a loss-of-function mutation
in this gene. As a result, PI3K, Akt, and mTOR were
selected for validation instead, as these targets are
functionally intact in the model system and aligned with
the computational predictions [49]. AKT1 served as a
between  network-based and

bridge findings

experimental validation, reinforcing the biological
relevance of the selected pathway. Node color intensity
in Figure 3 represents centrality scores, with redder
nodes indicating greater influence in the network and the

top 10 genes ranked by each centrality measure are

gxomqmu‘-k-wuwg Ecwqmm&uluwg = \omqv\u‘buw»—.g

presented.
Name Score Degree
TP53 197
AKTIL 177
MYC 157
ESRIL 146
TNF 144
ALB 144
IL6 140
EGFR 138
STAT3 134
PTEN 130
Name Score Betweenness
TP53 11332.49
AKTIL 9122.54
ALB 8178.64
ESRIL 7051.04
TNF 6236.67
IL6C 5551.00
MYC 5169.79
EGFR 4824.48
PPARG 4803.74
PTGS2 4230.88
Name Score Closeness
TP53 296.50
AKTIL 288
MYC 276.83
ESRIL 272.50
ALB 271.16
TNF 271
IL6 269.33
EGFR 267.83
STAT3 265.66
PTEN 262

Figure 3 Hub gene analysis of the CEO—breast cancer PPI network using Cytoscape (CytoHubba). (a) Degree centrality,

(b) Betweenness centrality, and (c) Closeness centrality. Red nodes indicate genes with higher centrality scores. The top

10 genes and their corresponding scores for each metric are shown in the accompanying tables.

Functional annotation and pathway analysis of
CEO Hub Genes
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were
conducted to explore the molecular mechanisms
potentially underlying the anti-cancer activity of CEO.
The results indicated that the hub genes identified from
the PPI network are predominantly associated with
transcriptional regulation, xenobiotic response, and
In the
“response to

suppression of cell proliferation signals.

Biological Process (BP) category,

xenobiotic stimulus” was the most significantly
enriched term, followed by “positive regulation of
transcription by RNA polymerase II.” For the Cellular
Component (CC) category, the top enriched were

“nucleus” and “nucleoplasm,” indicating a primary

nuclear localization of the predicted targets. In the
Molecular Function (MF) category, “protein binding”
and “nuclear receptor activity” were the most prominent
functional annotations (Figure 4(a)). KEGG pathway
analysis further highlighted significant enrichment in
“pathways in cancer” and the “PI3K-Akt signalling
pathway,” both of which are central to tumorigenesis,
cellular proliferation, and survival mechanisms (Figure
4(b)). These findings align with the GO results,
reinforcing the hypothesis that CEO may influence key
oncogenic signalling cascades. To better characterize
the roles of these genes, deeper GO annotation and
KEGG pathway enrichment analyses were performed.
The GO analysis emphasized CEO targets’ involvement
in processes such as transcriptional activation mediated

by RNA polymerase II, regulation of cell proliferation,
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and inhibition of apoptotic mechanisms. The
predominant  cellular components - nucleus,
nucleoplasm, and cytosol - further support the relevance
of nuclear and cytoplasmic signalling. Functionally, the
hub genes demonstrated strong associations with DNA
binding, enzyme and receptor interaction, and zinc ion
coordination - molecular functions essential for
transcriptional regulation and signal transduction [50].
In KEGG analysis, the highest-ranking term was
“pathways in cancer,” followed by PI3K/Akt, MAPK,
BTK, and B-cell receptor signalling pathways. These
signalling routes are known to govern cell growth,
modulation, and

differentiation, immune

response to xenobiotic stimulus
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chemoresistance. Collectively, these results suggest that
the monoterpene-rich CEO - particularly through
constituents like D-limonene and y-terpinene - may act
as xenobiotic ligands capable of disrupting oncogenic
networks by targeting pivotal nodes in the
PI3BK/Akt/mTOR and BTK pathways [51,52]. The
combined GO and KEGG enrichment data provide a
comprehensive systems-level perspective on how CEO
compounds may modulate cancer-related signalling.
This integrative approach strengthens the molecular
rationale for further biological validation of CEO in

breast cancer models using in vitro assays.
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Figure 4 Functional enrichment analysis of CEO hub genes. (a) GO enrichment analysis across 3 domains: Biological
Process (BP), Cellular Component (CC), and Molecular Function (MF). (b) KEGG pathway enrichment of hub genes,

highlighting cancer-related signalling pathways. The top enriched terms are shown based on p-value significance.

Cytotoxicity and selectivity of CEO

The cytotoxic effect of CEO was evaluated using
the MTT assay on T47D breast cancer cells. As shown
in Table 3, CEO exhibited moderate cytotoxicity, with
a half-maximal inhibitory concentration (ICso) of
68.49+0.58 ug/mL. In comparison, doxorubicin
demonstrated significantly higher potency, with an ICs

0f 0.096 £0.004 pg/mL (p < 0.001 vs CEO). However,
CEO showed superior selectivity toward cancer cells. Its
ICso on normal Vero cells was 319.74 £3.30 pg/mL,
resulting in a selectivity index (SI) of 4.67+0.04. In
contrast, doxorubicin displayed an SI of only 2.13 = 0.02
(»p < 0.001 vs CEO), indicating greater cytotoxicity

toward non-cancerous cells.

Table 3 ICso values and selectivity indices (SI) of CEO and doxorubicin on T47D breast cancer cells and normal Vero

cells.
ICso Vero
Sample ICs0 T47D (ng/mL) 95% ClI 95% CI SI (T47D/Vero) p value
(ng/mL)
CEO 68.49 £0.58 66.9 - 70.1 319.74 £ 3.30 313.5-325.8 4.67£0.04
<0.001
Doxorubicin 0.096 = 0.004 0.089 - 0.103 0.205 £ 0.002 0.199 - 0.211 2.13+£0.02
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These findings suggest that CEO has a more
favorable therapeutic window, selectively targeting
cancer cells while sparing normal ones. This is further
illustrated in Figure 5, where CEO induced a
concentration-dependent decrease in T47D cell
viability, with a marked reduction observed at
concentrations above 125 pg/mL. Doxorubicin, on the
other hand, produced a sharp decline in viability even at
very low concentrations. Consistent with predictions
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from the network pharmacology analysis, the selective
cytotoxicity of CEO may be attributed to its major
lipophilic monoterpenes, such as D-limonene, Y-
terpinene, and B-pinene. These compounds tend to
accumulate in cancer cell membranes due to differences
in lipid composition - particularly cholesterol content
and lipid saturation - potentially increasing
susceptibility to monoterpene-induced cytotoxicity [53-
55].
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Figure 5 Cell viability of T47D and Vero cells after 48 h of treatment. (a) CEO treatment on T47D cells, (b) Doxorubicin

treatment on T47D cells, (c) CEO treatment on Vero cells and (d) Doxorubicin treatment on Vero cells.

Effect on cell cycle and apoptosis

To investigate the mechanism underlying CEO-
mediated cytotoxicity, the cell cycle distribution of
T47D cells was analyzed by flow cytometry after 48 h
of treatment. As shown in Figure 6(a), treatment with
CEO at 20 pg/mL slightly increased the Sub-Gl
population to 0.43+0.05%, a marker of DNA
fragmentation and early apoptosis, while no Sub-Gl
population was detected in control cells. In contrast,
doxorubicin resulted in a higher Sub-G1 fraction of
0.76 £0.05% (p < 0.001 vs. CEO), consistent with its
known pro-apoptotic effects. Further analysis revealed
that CEO treatment caused an increase in the proportion
of cells in the S phase and Sub-G1 phase, without

significantly affecting the G2/M phase. This profile
indicates the presence of replication stress, likely
mediated by compounds such as limonene and carveol,
which are known to inhibit ribonucleotide reductase,
leading to depletion of deoxynucleotide triphosphates
(dNTPs) and cell cycle arrest [56]. The accumulation in
S phase suggests that CEO may inhibit DNA synthesis
and promote programmed cell death.

Quantitative data from cell cycle analysis (Figure
6(b)) showed that CEO reduced the GO/G1 population
from 62.20+0.26% (control) to 58.20 +0.10%, while
increasing the S phase fraction from 7.60+0.10% to
11.43 £0.05%, indicative of disrupted DNA replication.
The G2/M population remained largely unchanged
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(30.13 £0.15% in control vs. 30.16 + 0.11% with CEO),
suggesting that CEO primarily induces cell cycle arrest
before mitosis. In comparison, doxorubicin caused a
modest increase in the S phase (8.76 £0.05%) and a
slight decrease in G2/M (28.90+0.10%) (p < 0.001 vs.
CEO).

To assess whether S-phase arrest was associated
with apoptosis, Annexin V-FITC/PI staining was
performed (Figure 7). CEO treatment (20 pg/mL)
significantly increased both early and late apoptotic
populations (6.18% and 14.57%, respectively), while
inducing minimal necrosis (3.02%), compared to
untreated controls, which largely consisted of viable

cells. In contrast, doxorubicin (0.01 pM) markedly
reduced cell viability (22.83%) and induced substantial
late apoptosis (39.72%) and necrosis (31.88%) (p <
0.001 vs. CEO). These findings confirm that CEO
selectively induces apoptosis without triggering
significant necrosis, suggesting a controlled, non-
genotoxic, ROS-independent mechanism of action. This
contrasts with doxorubicin, which acts as a DNA
intercalator and oxidative stress inducer, resulting in
more extensive necrosis. The apoptotic specificity of
CEO highlights its potential as a safer adjuvant agent in
breast cancer therapy, with reduced risk of off-target

tissue damage [57,58].
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Figure 6 Cell cycle profiles of T47D cells after 48-hour treatment. (a) Representative PI histograms of cells treated with
CEO (20 pg/mL) or doxorubicin (0.01 uM), and control. (b) Quantitative distribution across cell cycle phases (G0/G1, S,
G2/M, and Sub-G1). p < 0.001 indicates statistical significance.
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Figure 7 Apoptosis analysis of T47D cells after 48-hour treatment with CEO (20 pg/mL) or doxorubicin (0.01 pM).
(a) Representative Annexin V-FITC/PI dot plots showing the distribution of live, early apoptotic, late apoptotic, and

necrotic cells. (b) Quantitative comparison of cell populations, expressed as percentages. p < 0.001 indicates statistical

significance.

Effect on protein expression

Protein expression analysis revealed that CEO
downregulated several key survival-related proteins in
T47D breast cancer cells (Figure 8). Flow cytometry
data indicated that treatment with CEO (20 pg/mL)
reduced PI3K expression from 92.83% (control) to
81.26% (p <0.001), and mTOR from 90.70% to 70.73%
(p <0.001), suggesting inhibition of both upstream and
of the PI3K/Akt/mTOR
signalling pathway. Akt levels were only slightly
diminished, from 92.70% to 90.60% (p < 0.001),
whereas BTK expression decreased from 89.00% to
76.26% (p <0.001), indicating additional modulation of
non-canonical survival pathways. As a positive control,
doxorubicin  (0.01 puM)
reductions across all proteins examined: PI3K, Akt,
mTOR, and BTK levels decreased to 58.86%, 75.37%,
67.50%, and 51.10%, respectively (p < 0.001 wvs.
control; p <0.001 vs. CEO).

downstream  elements

induced more substantial

Quantitatively, CEO treatment led to a 12%
reduction in PI3K, 20% in mTOR, and 13% in BTK,
with minimal effect on Akt (only 2%). This selective
inhibition suggests a targeted suppression of the
PI3K/mTOR axis and BTK, while sparing Akt - an
essential kinase involved in metabolic regulation in
normal cells. Such selectivity may help avoid adverse
metabolic effects typically observed with broad-
spectrum Akt inhibitors [59,60]. Notably, this dual
inhibition was achieved by a natural mixture of CEO
compounds, potentially eliminating the need for multi-
drug regimens.

Integration of GC-MS profiles,

in silico

predictions, and in vitro validation provides a
mechanistic framework for CEO’s anticancer activity.
Major CEO constituents - D-limonene, y-terpinene, and
B-pinene - likely bind to the catalytic sites of PI3K,
mTOR, and BTK, thereby disrupting key proliferative
and survival signalling cascades in cancer cells. This

action contributes to S-phase arrest, likely through
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dNTP depletion caused by ribonucleotide reductase subunit, leading to suppression of Akt activation via

inhibition, followed by non-oxidative, caspase- PIP; inhibition. vy-Terpinene stabilizes the tumor
dependent apoptosis [61]. Each major CEO compound suppressor protein p53 and attenuates mTORCI
plays a distinct role in regulating cancer-associated activity.  Additionally, o- and p-pinene have
signalling pathways, particularly the PI3K/Akt/mTOR- demonstrated BTK-inhibitory activity, interfering with
BTK axis. D-limonene is reported to inhibit PI3K by non-canonical pathways relevant to aggressive breast
directly targeting the catalytic domain of the pl110a cancer phenotypes [62,63].
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Figure 8 Protein expression analysis of PI3K, Akt, mTOR, and BTK in T47D cells after 48-hour treatment with CEO
(20 pg/mL) or doxorubicin (0.01 pM). (a) Representative flow cytometry histograms showing fluorescence intensity for

each target protein. (b) Quantification of relative protein expression levels in treated versus control groups. p < 0.001
indicates statistical significance.

ROS analysis significantly increase ROS production compared to the

Flow cytometry analysis of intracellular ROS untreated control (p > 0.001, Figure 9). The comparable

levels revealed that CEO at 14 pg/mL did not ROS signal indicates that CEO-induced cytotoxicity is
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not primarily mediated through oxidative stress. In
contrast,
reduction in ROS levels relative to both the CEO-treated
and control groups (p < 0.001), potentially reflecting

doxorubicin (0.1 uM) elicited a modest

mitochondrial dysfunction or cellular degradation
during late-stage apoptosis. The absence of increased
ROS in CEO-treated cells suggests that its cytotoxic
mechanism is independent of oxidative pathways,
consistent with findings from recent observations that
certain essential oils can induce apoptosis through
mitochondrial disruption or modulation of the mTOR
pathway without increasing ROS [64,65]. In contrast,
doxorubicin, known to induce oxidative stress through
DNA intercalation and free radical formation, exhibited

a paradoxical decrease in ROS levels, possibly due to

mitochondrial damage in viable cells, increased
mitophagy, or a cellular antioxidant response that
regenerates after sustained oxidative stress [66,67].

confirm that CEO

apoptosis through a ROS-independent mechanism,

These findings induces
although the precise molecular pathway remains
elucidated. The absence of oxidative stress induction
highlights the CEQO’s suitability as an adjuvant,
particularly when combined with chemotherapeutic
agents susceptible to redox damage. This characteristic
reduces the potential for oxidative toxicity and supports
its use in therapeutic regimens that minimise cellular

side effects.
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Figure 9 Intracellular ROS levels in T47D cells following 48-hour treatment with CEO (14 pg/mL) or doxorubicin

(0.1 uM). (a) Representative flow cytometry histograms showing ROS fluorescence intensity. (b) Bar graph comparing

ROS induction across treatment groups. p < 0.001 indicates statistical significance.

While the findings support the anticancer potential
of Citrus jambhiri essential oil (CEO) through in vitro
further

investigations are encouraged to strengthen translational

and network pharmacology approaches,

relevance. In vivo studies may provide deeper insights
into its pharmacokinetics and systemic effects, while
additional molecular analyses could help clarify

downstream signalling mechanisms. Variations in
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essential oil composition due to environmental factors
also present opportunities for standardisation in future
research. Moreover, nanoformulation strategies, such as
SLN or PLGA-based carriers, may enhance CEO’s
bioavailability and tumour-targeting efficiency. These
approaches should be explored alongside xenograft-
based in vivo models to validate efficacy and safety.

Conclusions

The in vitro and in silico findings collectively
demonstrate that Citrus jambhiri essential oil (CEO)
exerts selective anticancer activity against T47D breast
cancer cells through a non-oxidative, multitarget
mechanism.  GC-MS  profiling  identified a
predominance of monoterpenes such as D-limonene, y-
terpinene, B-pinene, a-pinene, and B-myrcene which
possess physicochemical properties that promote
preferential accumulation in cholesterol-rich cancer cell
membranes and facilitate inhibition of the
PI3K/Akt/mTOR-BTK  signalling axis. Network
pharmacology analysis revealed 406 compound-
associated gene targets involved in cell survival
pathways, while protein expression assays confirmed
the downregulation of PI3K, mTOR, and BTK, with
minimal impact on Akt activity preserving signalling
essential for normal cell homeostasis. Biologically,
CEO exhibited moderate cytotoxicity (ICso = 68 pg/mL)
but demonstrated a high selectivity index (SI = 4.67),
inducing S-phase cell cycle arrest and apoptosis without
increasing ROS levels. Compared to doxorubicin, CEO
induced less necrosis and maintained ROS neutrality,
underscoring its potential to reduce off-target toxicity.
These findings highlight CEO’s promise as an adjuvant
agent capable of supporting anthracycline dose
reduction to mitigate systemic toxicity. Further studies
involving nanoformulation strategies and in vivo
xenograft models are warranted to evaluate the
pharmacodynamics of PI3K-BTK inhibition and to
explore synergy with low-dose chemotherapy regimens.
In summary, CEO selectively inhibits key oncogenic
pathways PI3K/Akt/mTOR and BTK while sparing
normal cells, offering a strong rationale for its
development as a complementary agent in breast cancer

therapy.
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