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Synthesis, characterization and anti-breast cancer
potential of an incensole acetate nanoemulsion
from Catharanthus roseus essential oil; in silico, in
vitro, and in vivo studyf
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The characteristics of phytocompounds and essential oils have undergone extensive research in the
medical and pharmaceutical sectors due to their extensive usage. In spite of the fact that these
molecules are widely used, terpenes, terpenoids, and their derivatives have not yet been well
characterized. This study intends to evaluate the prospective activity of incensole acetate (IA),
a compound identified and isolated from Catharanthus roseus essential oil by GC/MS analysis and
column chromatography, and to analyze the anticancer effect of an |IA biosynthesized nanoemulsion
against breast cancer. The in silico activity of IA against breast cancer targets was observed by molecular
docking, ADMET assessment and molecular dynamics simulations. The IA-mediated nanoformulation
exhibited cytotoxicity against breast cancer cell lines at an effective concentration when analyzed by
MTT and crystal violet assay. The increased interleukin serum indicators were significantly improved as
a result of nanoemulsion treatment in a DMBA-induced rat model. In addition, the anticancer properties
of IA biosynthesized nanoemulsion are supported due to their potential effects on biochemical
parameters, oxidative stress markers, proinflammatory cytokines, and upon tumor growth profiling in

rsc.li/rsc-advances cancer-induced rats.

1. Introduction

In this century, cancer is expected to be the major cause of
death among the population and is now the greatest cause of
mortality after cardiovascular diseases. However, due to the
financial costs of cancer, there are still significant disparities in
access to new cancer medications across various nations.'
Therefore, it is necessary to identify alternatives that have an
equivalent or superior therapeutic efficacy, are more cost-
effective and adhere to natural compound utilization.> Malig-
nancies, inflammatory conditions and cardiovascular diseases
can all be treated with a wide number of plant-based formula-
tions.® Terpenes, terpenoids, alkaloids, and saponins are used
as potential anticancer inhibitors. Pharmacological tests on
animal models using aqueous plant extracts have revealed their
cytotoxic, anti-cancer, and antioxidant properties.* The major
active natural metabolites isolated from plants are known for
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inhibiting human colon, ovarian, liver, breast, and prostate
cancers.’

Carcinogenesis, which causes genetic changes and the
attainment of crucial functional capacities for survival,
unchecked cell proliferation, and cell dispersion, is the result of
genomic instability and subsequent mutations, which can be
promoted by inflammatory pathways.® Terpenes and terpenoids
have been used as medicines due to their antibacterial, anti-
viral, anti-inflammatory, and immunomodulation properties.”
The chemopreventive action of terpenes can take place either
during the initiation phase of carcinogenesis, preventing the
interaction of oncogenic agents with DNA, inhibiting the
growth of cancer cells by inducing apoptosis and programmed
cell differentiation.®

According to recent data, terpenes can be therapeutically
used against different diseases, such as myrcene and B-car-
yophyllene (terpene phytocompounds) that are present in
different herbal plants, which are used to treat inflammatory
disorders and help to minimize tumor growth.® Terpenes target
key signaling pathways involved in all the hallmarks of cancer,
and are also used as complementary chemotherapeutic regi-
mens by reducing some adverse actions of chemotherapeutic
agents, such as bleeding, irritation and illness, as well as
exhibiting cytotoxicity toward cancer cells.'” The primary
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terpene active metabolites that have been identified and are
known to constrain human ovarian and prostate cancer cells are
promising targets for cancer chemoprevention because they can
obstruct the growth of malignant cells by reducing angiogenesis
and inducing apoptosis.™

Terpene treatment decreases pro-inflammatory cytokine
production, edema, and cell migration to the region of
inflammation in different inflammation mechanisms.” Some
of the terpenoids that have been discovered have anticancer
properties that include suppressing angiogenesis and metas-
tasis in the late stages of tumor development by controlling
different intracellular signaling pathways.’* Some terpenoid
compounds aid in the initiation and progression of tumori-
genesis by inducing tumor cell differentiation and apoptosis.**
Terpenoids control tumor cell growth and proliferation through
inducing cellular changes in the genes that activate apoptosis
and inhibit hormonal activity. p-Limonene, a common terpene
molecule, has the benefit of being a powerful malignant and
stem cell inhibitor.*

Polymeric nanosized lipid carriers and nano emulsions have
been shown to be a great approach for drug delivery, treatment
and drug absorption for cancer ailments.'® Nanoparticles used
in in vitro and in vivo experimental models are characterized by
oil-in-water or water-in-oil nano-emulsions that have excellent
biological properties. The DNA-binding and DNA-destructive
properties of nano formulations may be linked to cellular
apoptotic activity, laying the groundwork for new cancer treat-
ment strategies."”

Therefore, in this study, incensole acetate (IA), a terpenoid
molecule isolated from C. roseus essential oil, was assessed via
an in silico docking study against breast cancer targets, wherein
a biosynthesized nanoemulsion of IA was characterized and its
anticancer effects were evaluated in a 7,12-dimethylbenz[a]
anthracene (DMBA)-induced cancer rat model.

2. Materials and methods
2.1 Collection of plant material

Catharanthus roseus fresh plants were collected from local
nursery farms in spring. Plant specimens were identified by Dr
Iftikhar Ahmad and a voucher specimen (181-1-23) was depos-
ited at Agriculture University Faisalabad. Fresh plants were air-
dried at 25 to 28 °C and ground into powder form.

2.2 Extraction of essential oil and GC/MS analysis

C. roseus oil was extracted using Clevenger-type hydro distilla-
tion apparatus. 100-150 mg of dried powdered plant was put
into distillation flask in distilled water as a solvent. The mixture
was left to stand for an hour, followed by heating at 100 °C for 4-
6 h. This mixture then brought to boil constantly and vapors
were condensed on a cold surface by means of a condenser
attached to distillation apparatus. The essential oil (EO) was
extracted based on the difference in density and then collected
for further analysis and compound isolation. EO was collected
in Eppendorf tubes, then stored at 4-6 °C for GC-MS analysis
and isolation of phytocompounds.' The GC-MS analysis of the
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C. roseus oil was performed using a multi-dimensional gas
chromatography technique coupled with a mass spectropho-
tometer, employing a capillary column and helium as the
carrier gas." First, 0.2 pL of essential oil was injected into the
column at 1 pL, min~" at 250 °C and the oven temperature was
adjusted to 60 °C for 15 min and then progressively raised to
280 °C for 3 min. Comparison of the mass spectra and retention
indices served as the basis for identifying compounds. Peak
area normalization was used to express the relative percentage
of each extract constituent as a percentage. The mass spectra of
the plant extracts were interpreted using the National Institute
of Standard and Technology (NIST) library's database.

2.3 Isolation of terpenes

The isolation of terpenes from C. roseus essential oil was carried
out by successive purification through column chromatog-
raphy. In the column chromatography, silica gel 60 (E. Merck,
70-230 mesh size) was used and the mobile phase comprised
acetone, ethyl acetate, dichloromethane and methanol. In order
to perform column chromatography, the essential oil from C.
roseus was dissolved in solvents and triturated with silica. A
slurry of silica gel and solvent was poured into the glass column.
The packed column was left for a few hours before the sample
was added using the wet-packing method to the packed
column's top. The valve on the column was opened and around
10 to 30 mL of the solvent exiting the column were collected in
test tubes. To determine the retention factor (R¢) of components
that showed up as spots, samples from the column fractions
were analyzed using TLC (thin layer chromatography) plates in
distilled water: ethyl acetate (4:2, v/v) solvent systems. The
percentage of separated components was calculated after
solvent separation.*

2.4 Characterization of terpenes

NMR is a biophysical tool that has found widespread usage in
drug discovery research. Analyses can be performed on a sizable
number of samples in both the solution and solid states.”* NMR
spectroscopy was carried out using a JEOL JNM-ECA 500 spec-
trometer to measure the "H and *>C spectra at 500 and 125 MHz,
respectively. In order to get the sample deep enough for an NMR
spectrometer to study, the sample was diluted in 0.8 mL of
deuterated chloroform (CDCl;) and poured into the tube. Tet-
ramethyl silane (TMS) was used as the internal standard and
chemical shifts were recorded as ¢ (ppm) units along with
coupling constants (J) in Hz. Using JEOL's DELTA version 5.0.4
software, "H-NMR and *C-NMR data were combined. Based on
the database of typical NMR absorptions published in Organic
Chemistry and a likely proposed structure provided by the NIST
library, https://www.nist.gov/nist-research-library, the peaks of
the "H-NMR and "C-NMR spectra observed were assigned.?

2.5 In silico prediction and computational analysis

Computational tools. Tools used in this study comprised
a DELL audio computer system (Intel Core i6, 64 GB RAM,
Windows 10 operating system), and the PubChem database,
Protein Data Bank, ChemDraw 3D Pro 12.04v, OpenBabel GUI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.1.1, AutoDock tools in AutoDock 4.6 program, Python, Lig-
Plot" version v.2.2.8, Desmond simulation package (Schré-
dinger Release 2020-4) and Discovery Studio 4.0. were the
software used for the in silico analysis.

Protein and ligand selection. The three-dimensional protein
structures of the human estrogen receptor (PDB id 2iok),
human progesterone receptor (PDB id 1e3k), and HER2 receptor
(PDB id 3pp0) were downloaded in PDB format from the protein
databank (https://www.rcsb.org/pdb/home/home.do) (Fig. 1).
Protein preparation was used to arrange and refine the
structure to progress docking. The binding site was analyzed
for all receptors, and protein files were prepared in the
AutoDock4 program to save in PDBQT format. Docking
studies used AutoDock Vina and Discovery Studio version 4.0.

Incensole acetate was identified from the GC/MS analysis of
Catharanthus roseus essential oil and verified using the Pub-
Chem database (https://pubchem.ncbi.nlm.nih.gov). Its 3D
structure was attained from open-source PubChem (https://
pubchem.ncbi.nlm.nih.gov/) in SDF format. The ligand was
then transformed into PDB files using the Open Babel

Estrogen receptor
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software, as designed for this purpose.”® The grid box was
positioned surrounding the active site and the final affinity
value was determined by averaging the finest positions.** To
visualize the interaction between docked complexes, Discovery
Studio 4.0 version (2021 client) was used.

ADME analysis. In silico ADME screening is the process of
predicting a drug candidate’s pharmacokinetic features
(absorption, metabolism, distribution, and excretion).?® This
comprises forecasts of how a particular compound or medica-
tion will be absorbed, transported to various tissues, metabo-
lized, and eliminated from body (Wang et al, 2015). After
undergoing virtual screening with dock scores, the incensole
acetate was next subjected to ADME analysis utilizing the Swiss
ADME (https://www.swissadme.ch)*® and ADMET 2.0 (https://
admetmesh.schdd.com) online server tools.?”

2.6 Toxicity-based screening

The term “in silico toxicity-based screening” in the context of
pharmaceutical research refers to the application of computer-
based techniques to predict potentially harmful side effects of

HER? receptor

Fig. 1 PDB structures of breast cancer receptors.
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a drug molecule. These approaches provide details on the toxicity
of substances that have been detected.”® In silico approaches may
be used to forecast a drug candidate's probable side effects as well
as any hazardous effects it might have on specific organ systems.
In addition to lowering the price of animal testing, this can aid in
accelerating the medication development process. Incensole
acetate's toxicity was evaluated using in silico techniques after
ADME and drug likeliness analysis, and then the compound's
toxicity was explored utilizing the ADMET 2.0 server (https:/
admetmesh.scbdd.com).”

2.7 Molecular dynamics simulation

The dynamics and thermodynamics of biological molecules and
their interactions are studied using computational molecular
dynamics (MD) simulation methods in a simulated environ-
ment. In order to depict the interactions between atoms or
molecules, this approach integrates the equations of motion.*®
MD simulations may be used to analyze the interactions
between drugs and their intended protein targets, determine
potential binding sites, and calculate the binding affinities of
medications.®® With the ability to predict conformational
changes, protein-ligand interactions, the stability of a protein
and provide atomic level details of the structural changes
occurring within a system, MD simulations can be a useful tool
to supplement experimental data. The Desmond module
(Schrédinger Release 2020-4) package was used to run an all-
atom NTP simulation of the incensole acetate docked complex
that was energy-minimized, with a TIP3P water model being
used to fill in the empty space.**

2.8 Preparation of the nanoemulsion

IA-mediated nanoemulsion was prepared following a literature
method,* with adjustments. The nanoemulsion was formu-
lated utilizing a spontaneous emulsification process, which
naturally takes place when an organic and aqueous phase are
combined and then sonicated. Tween 80 (12.2% v/v) was used to
create the nanoemulsion in order to formulate nano-sized
droplets and to maintain the stability of the particles. Tween
20 (8% v/v) was used due to the emulsifying properties of this
surfactant to prepare an oil in water nanoemulsion. The
procedure involved mixing surfactant (Tween 80) and double-
distilled water (69.8% v/v) followed by 50 min of stirring to
create a homogeneous aqueous phase. Then, the combined
mixture of Tween 20 and isolated IA (10% v/v) from EO of C.
roseus was dropwise added for 20 min at 8000 rpm using
a magnetic stirrer. It was believed that the combination of the
self-emulsifying process and sonication can increase nano-
emulsion stability. A 20 kHz sonicator (Ultrasonic Processor,
GEX 750, USA) with a maximum power output of 750 W was
used to sonicate the emulsion for 10 min and the operation was
carried out in an ice bath to prevent oil phase deterioration
brought on by the sonicator's 150 °C heat output.** The
prepared emulsion was continuously stirred for 4 h at room
temperature to ensure the complete removal of solvent and then
centrifuged at 4000 rpm. The nanoemulsion was finally filtered
through a membrane syringe filter with a pore size of 0.45 um
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for removal of impurities and separation of the excess concen-
tration of surfactants and then used for further characteriza-
tion. As terpene compounds are volatile in nature and light
sensitive, the entire preparation of the IA-mediated nano-
emulsion was performed in the dark and under controlled
temperature conditions.

2.9 Entrapment efficacy

The IA-mediated nanoparticles were separated from the produced
formulations containing free IA by centrifugation, and the
proportion of this isolated component in the emulsified nano-
particles was calculated. The quantity of free chemical in the
supernatant was determined using a UV spectrophotometer at
268 nm after centrifuging the emulsion that resulted from solvent
evaporation. The difference between the drug (IA compound)
utilized in the formulation and the amount of IA in the super-
natant was used to calculate the quantity of drug trapped inside
the nanoparticles.* The following is the equation used to deter-
mine the percentage entrapment effectiveness:

Entrapment efficacy (%) = actual drug content in nanoparticles/
total amount of drug used x 100

The EE% assay was performed in triplicate, and values were
recorded as the mean =+ SD.

2.10 Characterization and stability study of the
nanoemulsion

The prepared nanoemulsion storage stability was studied by
dynamic light scattering measurements, PDI values and Zeta
sizer measurements. These metrics indicate the stability and
homogeneity of a nanoemulsion. An ultraviolet/visible (UV)
spectrophotometer and Fourier-transform infrared (FTIR)
spectroscopy analysis were used to determine the homogeneity
of the oil droplets in nanoparticles and a Malvern Zeta sizer was
used to determine the size distribution of the nanoemulsion.*®

2.11 Droplet size determination

The size distribution of the augmented formulation was deter-
mined by photon correlation spectroscopy using a Delsa Nano C
Zetasizer (Zetasizer ZS90, Nanoseries, Malvern, UK). For the
purpose of measuring the globule size, the nanoformulation
was diluted ten times with double-distilled water and poured
into quartz cuvettes with 2 mL of nanoemulsion. Measurements
were conducted in triplicate, and the final calculation used the
average results. The nanoemulsion's physical stability was
determined according to particle charge. Surface charges of the
nanoemulsion were determined using a Beckman Coulter Delsa
Nano C particle analyzer.*”

2.12 pH, accelerated stability tests and viscosity
determination

In a test tube, 9.0 mL of distilled water and 1.5 mL of nano-
emulsion were added and homogenized. By placing the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrode directly into the sample, the pH value was calculated
using a digital pH meter (Mi 151 Martini Instruments).

The nanoemulsions considered stable by preliminary tests
were stored under different conditions: 4 + 3 °C; 25 + 4 °C
(room temperature), and 40 + 4 °C. The samples were main-
tained under these conditions for 40 days. Up to 3 mL of fresh
nanoemulsion were transferred to a glass tube and transition
from a steady state to aggregation and cohesion was studied
during the storage period.

The dynamic viscosity was measured using a VR 3000 digital
viscometer at 200 rpm at 25 °C without any dilution.?®

2.13 UV/visible and FT-IR spectroscopy

An attribute of chemical composition is the wavelength of light
that the substance absorbs. The stimulation of electrons (atoms
and molecules) to higher energy levels is related to how visible
and UV light are absorbed. Using a UV-visible NIR spectropho-
tometer (Jasco SLM-468, Japan) in absorbance mode with
a wavelength of up to 1000 nm, the turbidity of the nano-
emulsion was examined.*

In transmission mode, the 500 to 4000 cm™
region of the spectrum was examined. A few absorption bands
with minuscule variations were visible in the IR spectra. FT-IR
spectroscopy was used to evaluate the structures of the nano-
formulations (Thermo Nicolet, Madison, WI, USA). Prior to
recording the spectra, the samples were mixed with potassium
bromide powder in a 100 : 1 ratio and pressed into discs. An FT-IR
spectrophotometer was used to record the samples' IR spectra.*’

1 wavenumber

2.14 SEM and EDX spectroscopy

A scanning electron microscope (SEM) was used to examine the
shape and structure of IA-based nanoemulsions at various
magnifications. This method showed the surface morphology,
including the size, structure, homogeneity, and roughness, of
the nanoparticles. The samples were prepared via a simple drop
coating of prepared formulation on a clean glass, the solvent
was allowed to evaporate, and then at room temperature, the
coated glass slide was dried and finally analyzed using a high-
resolution field emission scanning electron microscope (Nova
Nano SEM, Japan). After striking the sample with an electron
beam, the sample produced secondary electrons, backscattered
electrons and particular X-rays. Samples were photographed by
SEM using a high-pressure technique at 20 kV with a working
distance at magnification of 5000 x.*

Energy dispersive X-ray (EDX) spectroscopy is a method of
elemental analysis. This method confirms the presence of silver
and other basic components. EDX analysis of the sample was
determined using an SEM. Samples were made on grids of holey
carbon, and the instrument's signals were observed in graphs.*

2.15 Determination of the DPPH antioxidant activity

A DPPH free-radical scavenging assay was conducted to determine
the antioxidant activity of the compounds and nanoformulations.
Ascorbic acid was used as a standard control and 3 mL of the
selected concentration of IA and nanoemulsions with different
concentrations (0.25, 0.5 and 1 mg mL ™) were mixed with 5 mL of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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methanolic DPPH (0.2 mmol L") solution. The content was
incubated in the dark at room temperature for 30 min. A UV
wavelength of 516 nm was used to assess the sample's absorption
activity in triplicate. As the proportion of DPPH fell in comparison
to the control, the inhibitory activity was determined. The
proportion of DPPH that dropped in comparison to the control
was used to calculate the inhibitory activity.*

2.16 MTT cytotoxicity assay

The antiproliferative activity and cell viability of IA and the IA-
mediated nanoemulsions was determined using the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay. The MDA-MB-231 breast cell line and HMEpC healthy
epithelial cells were obtained from the Institute of Molecular
Biology and Biotechnology Department at The University of
Lahore. Cancer cells were injected into microtiter plate wells at
a density of 6 x 10° and the medium used was 100 uL cells per
well. To aid in the cell adhesion, the plate was then incubated in
a CO, incubator for an additional night. To each well containing
cells, test complexes (IA and different concentrations of nano-
emulsion) were added separately. For 72 h at 37 °C, the plates
were kept incubated. Each well received 20 pL of MTT reagent
and then re-incubated after 4 h. The plates were then scanned
using a traditional ELISA microplate reader at wavelengths of
570 and 620 nm.* The results were obtained to determine how
the test complexes affected the viability of cells and the ability to
stop cancer cell growth. The optical density (OD) determined
from the MTT experiment was used to quantify the percentage
of growth inhibition.*

2.17 Crystal violet assay

The cell viability of the MDA-MB-231 cancer cell line and HMEpC
cells and the maximum cytotoxicity concentration of IA and the
nanoemulsion prepared from IA was determined by using a crystal
violet staining method by adopting a recognized protocol.*® The
96-well plate used for this method was washed with PBS after the
medium from each experimental group was removed. After
cleaning, 2% ethanol and 0.1% crystal violet dye were added to the
wells. At room temperature, incubation was carried out for 15 min.
To stop cells from rising out of the well, wells were properly
cleansed and the dye was disposed. After that, the stain was
solubilized by adding 200 pL of 1% SDS to each well and the
absorbance was measured at 540 nm on a microtiter plate.

2.18 Animal experimental design

Female adult SD rats (weighing 150-170 g), obtained from the
laboratory animal center of the Institute of Molecular Biology
and Biotechnology, University of Lahore, were used in this
experimental study. Institutional animal ethics for control and
supervision of experimental animals' regulations were followed
strictly. The rats were kept in a controlled environment with
a 12 h light/dark cycle, humidity of 50% and temperature of 24-
27 °C. Rats were randomly assigned to control and experimental
groups (7 rats in each group) after acclimatizing for a set
number of days. Each group had its own identity and was
housed in a separate cage. DMBA (7,12-dimethylbenz[a]
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anthracene) manufactured by Macklin (China, product number
D807576-100 mg), was used for breast cancer induction in rats.
Rats were divided into six distinct groups at random after
a week of acclimatization. Rats in the vehicle group received
neither DMBA exposure nor nanoemulsion treatment; those in
the positive control group received only a 50 mg per kg dose of
the nanoemulsion; those in the DMBA group received a 25 mg
per kg dose of DMBA without receiving IA or nanoemulsion
treatment; those in the IA treated group, received a 25 mg per kg
dose of DMBA and a 25 mg per kg dose of IA; those in the
nanoemulsion treatment group were treated with nano-
emulsion at 50 mg kg™ after DMBA administration; rats in the
EO group were exposed to 25 mg per kg DMBA and were treated
with 20 mg kg™ of EO.

Breast cancer was induced and tumor palpation was
observed in the DMBA-administered animals after 4-5 weeks of
administration of a single dose of DMBA injected intra-
peritonially in the mammary glands. After tumor induction
given intragastric EO, IA and nanoemulsion treatment for 4
weeks was carried out on every alternate day in the morning at
a particular time. Blood samples were collected from the heart
via cardiac puncture using a sterile syringe and needle. The
whole blood sample was divided into two fractions, one fraction
was put into plain sample tubes while the second fraction
containing whole blood cells was put into EDTA sample
collection tubes. For serum collection, blood was centrifuged at
3000 rpm to separate serum and plasma. Following centrifu-
gation, the serum samples were stored at —20 °C for stress
marker and cytokine cancer marker analysis. The blood
samples collected to the EDTA bottles were shaken gently to mix
them with anticoagulant and prevent them from cell hemolysis.
The hematological and biochemical analyses were carried out
as soon as the blood samples were collected.

2.19 Measurement of tumor volume and tumor ratio

The tumor growth rate in all the experimental groups after
administration of DMBA in the rats was monitored and then
treatment was initiated with IA and the nanoemulsion in the
respective groups for 5 weeks. The weight of the animals and
tumor size were regularly measured. The tumor size was
measured using a Vernier caliper to analyze the tumor growth
rate, and the tumor volume and data are presented as the mean
+ S.E.*” Rats were checked for palpable tumors and the tumor
volume was recorded using length and width diameters by
employing the following formula:

Tumor volume (mm?®) = [(W? x L))/2

The tumor growth ratio (V/V,) can be calculated from the
final tumor size of the treated group divided by the initial tumor
growth at the baseline (before starting treatment).*®

2.20 Biochemical analysis

A hematological auto-analyzer (Abacus 380) was used to
measure the levels of hematological indices, including
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hemoglobin (Hb), red blood cells (RBC), platelets, monocytes,
lymphocytes, and white blood cell (WBC) count. Each sample
that was collected underwent serum biochemistry analysis.
Concentrations of aspartate transaminase (AST), alanine
transaminase (ALT), alkaline phosphatase (ALP), total protein,
and albumin were measured in liver function tests for analysis.
Utilizing an auto-analyzer (the Cobas C111 Chemistry analyzer),
electrolytes (sodium, potassium, chloride, and bicarbonate
ions), creatinine and urea were measured in order to evaluate
the in vivo toxicity study of the kidney function tests.

2.21 Oxidative markers (CAT, GPx, SOD, GSH) analysis

Glutathione reductase, superoxide dismutase, glutathione per
oxidase and catalase were assessed from collected serum
samples of tested compound IA and nanoemulsion treated rats
as indicators of oxidative stress in DMBA cancer-induced
animals using ELISA Kkits in accordance with established
protocols.*®

The Aebi (1974) approach was used to determine the pres-
ence of catalase. First, 50 pL of 10% homogenate was poured
into a container, to which 1.95 mL of potassium phosphate
buffer (pH 7.0) and 1 mL of 30 mM H,0, were added.” The
absorbance was measured at 240 nm after 30 s and again after
a 15 s delay.*

Glutathione peroxidase activity was determined by Paglia
and Valentine. GPx catalyzed the reduction of hydrogen
peroxide, oxidizing the reduced glutathione to form oxidized
glutathione, and NADPH oxidation caused the decrease in
absorbance at 340 nm, which could be measured
spectrophotometrically.*

A superoxide dismutase (SOD) test kit-WST was used to
measure the total SOD activity (Sigma-Aldrich, Switzerland).
Spectrophotometric analysis at 450 nm was used to determine
the WST-1 formazan dye. Assay was accomplished as per the
manufacturer's protocol and a microplate reader was used to
read the absorbance after the plate had been incubated for
20 min at 37 °C.»

Following the method of Sedlak and Lindsay (1968), the GSH
level was measured by precipitating a 10% tissue homogenate
with 50% trichloroacetic acid and centrifuging the sample for
5 min at 1000 rpm. Thereafter, 0.5 mL of the supernatant was
added to 2 mL of Tris-EDTA and mixed with 0.1 mL of 5,5-
dithio-bis-(2-nitrobenzoic acid) (DTNB) compound. The reac-
tion mixture was measured at 412 nm absorbance.**

2.22  Determination of inflammatory markers (IL-1, IL-6, IL-
23 and TNF-o)

In all the experimental groups, cytokine markers and interleu-
kins (IL-1, IL-6, IL-23 and TNF-o) were measured in the samples
by using ELISA kits according to the manufacturer's instruc-
tions. To quantify IL-1, IL-6, IL-23 and TNF-o,, ELISA was per-
formed using Ready-SET-BT Lab Kits (IL-1, E0107Ra; IL-6,
E0684; IL-23, E0125Ra; TNF-0, E0764Ra) as per the manufac-
turer's instructions. Standard solutions, specified antibodies,
and control and test samples were applied to each pre-coated
plate. The manufacturer's instructions were followed for all
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operations, including plate washing, and addition of anti-
bodies, substrates and stop solution.>®

2.23 Cell apoptosis assay

Following the manufacturer's instructions, standard kits were
used to assess the apoptotic activity of the breast cancer
samples of rats. Apoptotic cells were subsequently stained with
Annexin VFITC/PI Kit Cat. No. E0457Ra and the results were
assessed using ELISA analysis. Then, 50 pL of standard solution
was added to the well and 40 pL of sample was poured into the
sample wells followed by 10 pL of anti-ANX-5 antibody in the
wells. Subsequently, 50 pL of substrate solution A was added to
each well, followed by 50 pL of substrate solution B. After the
addition of stop solution, there was a waiting period of 10 min
before measuring the optical density of each well using
a microplate reader set to 450 nm analysis.>®

2.24 Analyses of histopathological changes

Mammary tumor specimens were taken from slaughtered
animals at the end of study and fixed in buffered formalin
before being cleaned, then fixed for 24 h at room temperature
with 4% paraformaldehyde. Sections of the fixed tissue (5 mm
thick) were cut and embedded in paraffin. After being stained
with hematoxylin for 10 min, the slices were rinsed with tap
water. The slices were then sealed with neutral glue and images
were captured by digital camera using an optical microscope.®”

The liver and kidneys were also taken out of the experimental
animals to determine the histopathological changes caused by
IA and the synthesized nanoemulsion on such vital organs.
Liver and kidney specimens were fixed in 10% buffered
formalin, and then processed for histological analysis. Hema-
toxylin and eosin staining was performed, tissues were moun-
ted with DPX mountant on glass slides, and microscopic
analysis of tissues embedded in paraffin wax was performed on
histological sections cut at a thickness of 5 pm. Photomicro-
graphs of particular slides selected for study were taken by
a digital camera mounted on an optical microscope.

2.25 Statistical analysis

The levels of analysis in each experiment were contrasted with
the vehicle control group and the DMBA-induced group (left
untreated). For statistical analysis, SPSS statistics software
version 25 (SPSS Inc., USA) and graph pad prism program
version 9.5.1 were utilized. ANOVA, followed by Dunnett anal-
ysis, was used to examine differences between the means of
each sample. p values of 0.05, 0.001 and 0.0001 were used to
determine statistical significance.

3. Results
3.1 GC-MS of C. roseus essential oil

Essential oils are complex combinations of volatile chemical
molecules that are produced by plants as secondary metabo-
lites. The essential oil's content was measured at 6.41 4 0.21%,
which demonstrates that a significant amount of the plant's
essential oil is extracted using hydro distillation from C. roseus.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A GC/MS chromatogram of the analysis of the chemical
constituents of C. roseus essential oil produced by HD
methods (A method in which plant materials are boiled in
solvent and vapors are condensed to collect droplets) is shown
in Fig. 2 (percentage compositional data are given in Table T1 in
the ESIt). IA was isolated by silica gel column chromatography
and thin-layer chromatography. The calculated RT (time taken
for a solute to pass through a chromatography column) of IA is
28.69, the calculated RI (retention index of compound is
retention time interpolated between adjacent n-alkanes) is
2173, and the literature cited RI is 2195.°® IA isolation was
previously reported in Boswellia resin essential oil.>

3.2 IR spectrum analysis

The IR spectrum of IA indicates the presence of sp® hybridized
carbon, and the presence of carbonyl carbon was indicated by
the appearance of a stretching frequency at 1643 cm™'. The
presence of unsaturated bonds was indicated by the presence of
signal at 1436 cm ™', while a C-O band appeared at 1376 cm ™.
Stretching corresponding to sp® hybridized C-C-H was also very
prominent in the spectrum, indicating the sample compound to
be a hydrocarbon with some degree of unsaturation (Fig. S1 in
the ESIt).

3.3 NMR spectroscopy analysis

NMR spectroscopy analysis uses proton (*H) and carbon (**C)
NMR to integrate and assign each proton and carbon to the
observed compound. 34 total proton resonances were observed
during the "H-NMR observation, and the hypothesized chem-
ical structure is based on the splitting pattern. The "H-NMR
spectrum of IA indicates the presence of six methyl groups;
two methyl groups appeared as a broad singlet at 1.66 ppm of
six-proton integration and two more methyl groups appeared as
a singlet at 1.74 ppm, with a more downfield signal of four-
proton integration appearing at 4.71 ppm, corresponding to
a methyl group and a proton. The downfield protons were
attributed to the attachment of a methyl group to a highly
electronegative atom. Two olefinic protons were also observed,
which appeared as a doublet of doublets (J = 0.84, 2.66 Hz) at
5.41 ppm. Another methyl group appeared as a multiplet at
1.87-1.96 ppm. Alongside these protons, the "H-NMR spectrum
also indicated the presence of 16 protons that appeared as two
sets of doublets at 1.46 and 1.51 ppm. Two more protons
appeared as two sets of doublets of double doublets at 1.80 and
1.82 ppm, with the splitting pattern of these protons indicating
them to be diastereotopic protons next to a chiral center. Two
protons appeared as multiplets at 1.97-1.98 ppm, with eight
more protons appearing as a multiplet at 2.02-2.14 ppm (Fig. S2
in the ESIY).

C bond signal was allocated to the proposed chemical
structure of the compound in terms of its "*C-NMR character-
istic absorptions as reported in the spectroscopic identification
(Fig. S3 in the ESIf). A total of 22 carbon resonates were
observed in the carbon spectrum of compound terpene II. *C-
NMR indicated the presence of six types of aliphatic carbons at
20.7,23.4,27.9, 30.6, 30.8 and 40.1 ppm, two doublet carbons at
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Fig. 2 GC/MS spectrum of Catharanthus roseus essential oil.

108.4 ppm, two singlet olefinic carbons at 120 and 133 ppm, and
a singlet carbon at 149.9 ppm corresponding to the carbonyl
group attached to an electron donating group. The LC ESI MS of
the sample indicated the appearance of a molecular ion peak at
348 amu and a loss of 43 amu corresponding to the loss of an
acetyl group. From this spectroscopic and spectrometric data,
the compound was identified as IA, with a molecular weight of
334 g mol . The compound eluted at 28.693 min in the GC/MS
analysis of C. roseus essential oil.

3.4 Molecular docking results

To better understand how IA interacts with breast cancer
receptors, docking studies were performed with the modeled 3D
structures of ER, PR, and HER2, and the results are shown in
Table 1. The free binding energy and hydrogen bonding mole-
cules were observed clearly, and the negative least free energy
value of binding demonstrates a strong favorable bond between
estrogen and the HER2 receptor with IA in the most favorable
conformations.

IA showed better interaction with the ER protein with
a docking score of —8.0 kcal mol™', with the intermolecular
interactions at residues LEU 346, ALA 350, MET 388, PHE 404
and hydrogen bond interactions with ALA 354, LEU 375 and
MET 388. The Van dDer Waals interactions were observed at

32342 | RSC Adv, 2023, 13, 32335-32362
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residues LEU 384, MET 388, PHE 404, and GLY 521. Interactions
with progesterone protein showed that IA has a docking score of
—4.6 keal mol™" as well as Van Der Waals interactions with
amino acid residues, MET 759, LEU 887 and TYR 890 and
hydrogen bonding at residues GLY 722 and CYS 891. A pi-pi
interaction was observed at amino acid residues ASN 719, MET
909 and LEU 718. Similarly, the docking results of the IR-HER2
complex showed hydrogen bonding interactions with the amino
acid residues GLY 804, ASP 863, LYS 853 and ALA 730, with
a binding score of energy of —3.4 kcal mol ', as well as pi-pi
interactions with VAL734. Moreover, van der Waals interactions
were observed with the amino acid residues THR 862, MET 801,
ASP 863 and LEU 800. The 3D interaction of IA with BC targets is
shown in Fig. 3 and a ligplot representation is shown in Fig. 4.
From the binding affinity score, it was observed that IA docked
fine with ER with a high binding energy value of —8.0 kcal-
mol™' with three hydrogen and multiple hydrophobic
interactions.

3.5 ADME analysis

Eleven rotatable bonds, seven H-bond donors, and twelve H-
bond acceptors were discovered to be present in the molec-
ular structure of IA. The molecule received high marks, with
a synthetic accessibility value of 5.33, and the ligand showed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Molecular interaction profile of breast cancer targets with IA
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No.of H H-bond length  Hydrogen bond Docking score

Target Van Der Waals interactions  bonds (&) residues Pi-pi interactions (keal mol ™)
Estrogen receptor ~ LEU 384, MET 388, 3 2.196 ALA 354 — —8.0

PHE 404, GLY 521 2.160 MET 388

2.178 LEU 375

Progesterone MET 759 3 1.91 GLY 722 ASN 719, MET 909 LEU 718 —4.6
receptor LEU 887 2.46 GLY 724

TYR 890 2.08 CYS 891
HER?2 receptor THR 862 4 1.797 ALA 730 VAL 734 —3.4

MET 801 1.746 LYS 853

ASP 863 2.058 LEU 806

LEU 800 GLY 804

substantial gastrointestinal absorption as well as blood-brain
barrier permeability. The IA ligands were initially screened
using Lipinski's rule of five, PAINS, and gastrointestinal reten-
tion characteristics, a standard criterion for assessing drug-

likeness. For additional testing, a drug that met Lipinski's
rule of five, had significant gastrointestinal retention, and dis-
played no PAINS signals was employed. The ADME parameters
of IA are shown in Table 2.

Fig. 3 3D interaction diagram of IA with cancer targets (A) IA-ER, (B) IA-PR, and (C) IA-HER2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Two-dimensional LigPlot* representation of IA with the amino acid residues of receptor proteins.

3.6 Toxicity screening analysis

The toxicity profile of IA was evaluated by performing the ADME
study. IA was used to estimate the toxicity profile using the
docking score with the ER receptor as the anticancer target (PDB
ID 2Iok). IA showed no evidence of potential for tumorigenesis,
mutagenesis activity, or reproductive consequences, however, it
did demonstrate moderate irritating qualities (Table 3).

32344 | RSC Adv, 2023, 13, 32335-32362

3.7 Molecular dynamics simulations

Understanding the relationship between protein structure
dynamics and the atomic-level residues of a ligand is greatly
facilitated by MD simulation studies.®® Following the virtual
screening of phytocompounds, MD simulations at nanosecond
time scales were used to assess compound stability and receptor
flexibility.
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Table 2 Absorption, distribution, metabolism, and excretion (ADME)
properties of I1A

ADME parameter ADME score/prediction

Molecular weight 348.27 g mol !

nHet 3
Fraction C sp® 0.773
TPSA 35.53
iLOGP 4.999
LOGS —5.431
HIA 0.012
PPB 96.09%
GI absorption High
BBB penetration 0.299
Pgp substrate 0.003
CYP1A2 inhibitor 0.054
CYP3A4 inhibitor 0.568

Lipinski violations 1

CYP2C19 inhibitor 0.155
Bioavailability score 0.55
PAINS alerts 0
Lead likeness violations 0

Molecular dynamics simulations analysis. First, 100 ns MD
simulation trajectories were examined in order to judge the
stability and accuracy of systems. The RMSD of the IA-ER
complex is shown in Fig. 5. Co. RMSD increases up to 27 ns
before clearly increasing again at around 34 ns. Throughout the
simulation, the ligand-bound protein stabilizes at 44 ns with
a tolerable average RMSD of 2.9 + 0.04 A. The tolerated range
for the RMSD of IA in contact with protein is 0.4-1.9 A up to 27
ns, after which it progressively rises to 3.2 A owing to eleven
rotatable bonds, even if the ligand is kept in the protein's active
site throughout the simulation. The IA-ER complex protein-
ligand RMSF is seen in Fig. 6. Atomically speaking, IA's RMSF
ranges from 1.1 to 2.4 A. Higher loops (Fig. 6A) show that there
are a variety of rotatable bonds present in its structure. Residue-
wise, the average RMSF stays within 3.8 A, with greater peaks at

Table 3 Toxicity parameters of IA®

Prediction
Toxicity parameter value Outcome
hERG blockers 0.007 Active blocker
AMES toxicity 0.006 Moderately toxic
H-HT 0.285 Moderately toxic
Rat oral acute toxicity 0.001 Highly toxic
DILI 0.358 Mild toxic
FDAMDD 0.078 Positive
Mutagenic 0 alert No risk
Tumorigenic 0 alert No risk
Reproductive effects 0 alert No risk
Skin sensitization 0.948 Sensitizer
Carcinogenicity 0.033 Mild carcinogenic
Respiratory toxicity 0.014 Mild toxic
Eye corrosion 0.006 Non corrosive
Eye irritation 0.095 Mild irritant

% Mutagenic potential of chemical compound (AMES), human
hepatotoxicity (H-HT), drug-induced liver injury (DILI), FDA maximum
recommended daily dose (FDAMDD).
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Fig.5 RMSD of the Ca atoms of ER and ligand IA. The Y-axis (blue line)
on the left side shows the variation of protein RMSD while the Y-axis
(red line) on the right side shows the ligand variation during the
simulation.

the beginning (between 10 and 25 residues), middle (150 to 175
residues), and N and C terminals (Fig. 6A). Higher peaks (which
indicate loop areas) reach a maximum of 5.8 A and show flexi-
bility. An average experimental (crystallographic) B factor of
5.81 A suggests some degree of thermal mobility in the crystal
structure. Values for the RMSF and B factors at the residue level
provide information on protein structural mobility. As a result,
these results suggested that the IA-ER complex demonstrated
a strong affinity for protein binding in terms of binding energy.
The protein-ligand interactions over a period of 100 ns of
simulation and interaction diagrams are summarized in Fig. 7.
Most residues, including nonpolar aliphatic Met 343, Leu 346,
Ala 350, Leu 384, Met 388, Val 418, Leu 525, and positively-
charged Glu 353 and Leu 387, form hydrophobic-type interac-
tions. His 524, which is negatively charged, forms H bonds with
IA, whilst Glu 353 and Leu 387 residues serve as water bridges.
IA-ER complex systems interact with the active site residues
during simulation, which indicates their stability. Fig. 8 depicts
the ligand torsion profile of the IA complex during the simula-
tion time range of 0.00 ns to 100.00 ns. A 2D representation of
the ligand with rotatable bonds is shown in Fig. 8A. Rotatable
bonds are denoted by various colors, while Fig. 8B shows dials
and bar graphs that indicate how the ligand's conformation
changes when it interacts with the receptor. Among all 12
rotatable bonds, six bonds appear near to 180°.

3.8 Nanoemulsion characterization

Encapsulation efficacy of the nanoemulsion. The entrap-
ment efficiency (EE%) of the IA-mediated nanoemulsion was
found to be 53.22 £ 0.31%. The surfactant concentration has
a minor effect on the entrapment efficiency of the developed 1A
nanoparticles. The isolated compound (IA) and surfactant
concentration was kept constant throughout the entire formu-
lation process as it was observed that by increasing the
concentration of the surfactant, the entrapment efficacy some-
what increased. Based on the data derived from the EE% of the
prepared IA-based NE, it was conferred that the increase in the
EE% was also due to an increase in viscosity. The increased

RSC Adv, 2023, 13, 32335-32362 | 32345


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06335f

Open Access Article. Published on 02 November 2023. Downloaded on 7/15/2025 7:14:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

—-iphas

!v‘
wA M \
JVW A
A / A WA

P, v

‘l

lf

\\‘a,‘\m
W™

D %00
Residue Index

View Article Online

Paper

Wt on Protein

RMSF (A)
R

s

12 3045 6 7 8 910111213 1151617 1819200212223 225
Atom Index

Fig. 6 Residue-wise RMSF of |A with respect to target ER (blue color) and atom-wise RMSF of protein (red color).

0.20 4
——
c
S
S 0.15
E
£
- _
5 _—
S 0.10 4
(%}
o
i3
g
£
0.05 4
0.00 T T T T T T T T T T T T T T T T T T T
%] © %) Q o] > S A > g > N N ] 9 > D 2] >
ST TG F T T TN
TV PP E Y E Y EYE

Fig.7 Histogram summary of contacts between protein—ligand interaction during the MD simulation that occur at >30.0% of the simulation run

time.

surfactant or polymer concentration increases the viscosity,
which inhibits the diffusion of the drug into the external phase
and improves the incorporation of the drug in the developed
nanoparticles.®* These results are also in accordance with the
study presented by Sharma et al. in 2014.%*

3.9 Size, zeta potential and viscosity analysis

The size distribution of IA-based nanoparticles appeared to be
polydisperse and exhibit nanoparticle sizes. It was possible to
see the average distinctive peak at 263.8 nm (Fig. S8 in the ESIT).
The PDI of the nanoemulsion was observed as 0.460, with an
average range of around 0.3 to 0.5, showing the homogeneity of
the particles. The zeta potential of is the nanoemulsion shifted
to —23.8 (mV) with a single significant peak of 100% area, zeta
deviation of 4.51 (mV), and a conductivity of 0.0160 (mS cm ™)
(Fig. S9 in the ESIT). Table 4 shows the viscosity and pH of the
nanoemulsion after formulation and at different time intervals
to determine the stability and nature of the prepared
formulation.

3.10 UV and FTIR analysis

The UV-visible spectra of IA, the IA-containing nanoemulsion
and EO exhibit broad absorption peaks, and, at the same time,
shifted absorption to longer wavelengths and a substantial drop
in absorption intensity were observed when the concentration

32346 | RSC Adv, 2023, 13, 32335-32362

of the nanoparticles was reduced in the sample. IA in pure form
showed an absorbance of 2.63 at the wavelength with the largest
peak, which was 536.79 nm.

The sharp maximum absorption peaks of the nanoemulsion
concentrations at 487 nm and 513 nm were indicative of the
presence of spherical-shaped nanoparticles (Fig. 9). The wave-
length of the nanoparticles was observed to fall within the
necessary range, proving that nanoparticles were produced.
Physical analysis revealed that the isolated nanoparticle-
containing natural compounds remained stable in solution
for 4-6 weeks following their production.

The FTIR spectroscopic analysis of the nanoemulsion made
from the isolated compound IA was used to identify the
potential functional groups that were likely responsible for the
reduction of different ions present in the formulation. The
nanoemulsion showed a number of distinctive absorption
bands at 3358.3 cm ™%, 2922.2 em ™%, 2853.3 cm ™}, 1742.5 cm-,!
1636.3 cm ',1457.4 cm %,1349.3 cm ', and 1088.4 cm™1
(Fig. 10). The vibrational peak at around 3358.3 cm™"' was
assigned to O-H possibly derived from carbohydrate or
phenolics. The peak at 2922.2 cm ™" was ascribed to the C-H of
an alkyl group, the peak at 1636.3 cm ™' was indicative of a C=0
of a carboxyl group or esters and the peak at 1088 cm ™" is likely
due to C-O from phenols. The tentative assignment of the peaks
was supported by published literature reports.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.11 SEM and EDX analysis

The IA-mediated nanoemulsion sample was subjected to SEM

analysis to determine its particle shape and size (Fig. 11). The

findings revealed that the freshly generated nanoparticles were

nanosized, with a typical average size range of between 170 nm

© 2023 The Author(s). Published by the Royal Society of Chemistry

and 275 nm. The image identifies that the nanoemulsion
particles have a non-spherical, slightly clustered structure due
to the molecular weight of the IA compound and the presence of
an isoprene ring. The growth of particles may be due to the
coalescence of the nanoparticle droplets at some stage in the

RSC Adv, 2023, 13, 32335-32362 | 32347


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06335f

View Article Online

RSC Advances Paper

Table 4 Dynamic viscosity and pH of the nanoemulsion

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 November 2023. Downloaded on 7/15/2025 7:14:49 AM.

(cc)

Days Viscosity (mPa s) + SD pH £ SD
Day 1 2.01 £ 0.11 6.34 £ 0.04
After 14 days 2.14 £ 0.11 6.36 £ 0.01
After 28 days 2.15 £ 0.21 6.33 £ 0.04
After 40 days 2.23 £0.20 6.30 £+ 0.02
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Fig. 9 UV-visible absorption spectra of the samples.

formulation process as a result of the nature of the emulsifying
agents used, as supported by previous studies.*

An EDX study was carried out to explore the elemental
composition of the nanoparticles. Typical peaks were recorded
at approximately apparent concentrations of 29.23, 21.55, 1.49,
11.15 and 1.2% (Fig. S10 in the ESI{). The spectral signals of
carbon (C) and sulphur (S) also revealed the presence of mole-
cules that were adsorbed on the nanoparticles. Weak peaks for
Zn and intense peaks were also present for carbon and oxygen.

3.12 Antioxidant activity (DPPH assay)

The DPPH technique was used to assess the in vitro antioxidant
activity of IA and its nanoemulsion at various concentrations

antioxidant activity of IA was greater than that of the nano-
emulsion formulation. A dose-dependent increase in the DPPH
activity of the nanoemulsion was observed and the maximum
DPPH activity was observed with the highest 1 mg mL™’
concentration of nanoemulsion at 54.29%. At a concentration
in the range of 0.25-1 mg mL ", IA showed a scavenging activity
of 46% to 53% and the nanoemulsions showed a scavenging
activity of 43% to 55% with an average ICs, value of 0.67 £ 0.05,
but it was observed that the maximum observed antioxidant
activity of the nanoemulsion was lower than that of standard
ascorbic acid, at around 64%. At all the studied concentrations,
1 mg mL ™" of nanoemulsion exhibited significantly higher
DPPH radical scavenging activity than those recorded for IA and
the other NE concentrations (p < 0.05).

3.13 Cytotoxicity assay

The cytotoxicity of IA and the nanoemulsions were investigated
with different concentrations of the test samples (0.10 pg mL ™",
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Fig. 10 FT-IR spectrum of the IA-mediated nanoemulsion.
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Fig. 13 Cytotoxicity analysis of IA (A) and nanoemulsions (B) using MTT assay. Data are representative of three experiments, mean + SD. Means
with *(p < 0.05), **(p < 0.001), and ***(p < 0.0001) are statistically significant compared with the control and DMBA control groups.

0.25 ug mL™ ", 0.5 pg mL ™" and 1 pg mL™") over various time
periods. The antiproliferative effect depends on the time dura-
tion and concentration of nanoemulsions used against the
MDA-MB-231 cancer cell line and HMEpC healthy epithelial
cells. A very significant p value of 0.0001 indicated that
unpackaged IA is more harmful than the nanoparticle formu-
lations when compared to 58.7% viability with nanoemulsions
at a dose of 1.0 pg mL ™" when cells were treated with IA.
Notably, 0.5 ug mL ™" of pure IA showed significant cytotoxicity,

© 2023 The Author(s). Published by the Royal Society of Chemistry

with p < 0.001, whereas for 0.25 pg mL™", the observed cyto-
toxicity was reduced (p > 0.05) (Fig. 13A). The nanoemulsion
reduces the viability of cancer cells, but significant cytotoxicity
was observed for the 1 ug mL ™" (p < 0.001) and with 0.5 pg mL ™"
(p < 0.05) concentrations as compared to untreated MDA-MB-
231 cells (Fig. 13B). The maximal ICs, concentration of the
nanoemulsion was 1 ug mL ™", and the observed inhibition rate
at 24 and 48 h was >50%. The cytotoxicity increased as the
concentration of the nanoemulsion increased. In comparison,

RSC Adv, 2023, 13, 32335-32362 | 32349
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Fig. 14 Cytotoxicity analysis of IA and nanoemulsions on MDA-MB-231 and HMEpC cells via crystal violet assay. Means with *(p < 0.05), **(p <
0.001), and ***(p < 0.0001) are statistically significant compared with the control and DMBA control groups.

Table 5 Effect of IA and the nanoemulsion on the tumor volume and tumor ratio in the control and experimental groups

Parameter Vehicle control Nanoemulsion control DMBA DMBA + 1A DMBA + NE DMBA + EO
Tumor volume mm?® (pre-treatment) 0 0 8.339 8.27 8.286 9.108
Tumor volume mm?® (post-treatment) 0 0 10.36 6.647 5.435 7.012
Tumor ratio 0 0 1.24 0.80 0.65 0.769
18- mm pretreatment (insignificant) with nanoemulsion concentrations compared to
control untreated cells.
—~ 15+ = posttreatment

xxK

Tumor volume (mm®
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Fig. 15 Pretreatment and posttreatment tumor volume. Means with
*(p <0.05), **(p < 0.001), and ***(p < 0.0001) are statistically significant
compared to the control and DMBA control groups.

the HMEpC healthy cell lines did not show any significant effect
on cell growth and viability, except for the nanoemulsion with 1
ng mL~ ', where p < 0.001.

MDA-MB-231 cells in crystal violet assay (live cells detection)
treated with IA and nanoemulsion concentrations showed fewer
live cells compared to the viability of HMEpC cells (Fig. 14). IA
showed significant absorption (p = 0.0013) compared to
untreated MDA-MB-231 cells, while nanoemulsion concentra-
tion (0.2, 0.5, 1 1.0 ug mL™ ") also showed cytotoxicity (p < 0.05)
toward cancer cells. The cell viability of HMEpC healthy cells
was observed to be p = 0.028 when treated with IA and p = 0.052

32350 | RSC Adv, 2023, 13, 32335-32362

3.14 Effect of IA and nanoemulsion on tumor volume

The effects of IA and the IA-mediated nanoemulsion were
observed on tumor features (Table 5). Tumor incidence was
highest in DMBA control group rats compared to the vehicle
control group (p < 0.0001) that was not further treated using the
nanoformulation. A decrease in the tumor incidence was
observed in the IA-treated group (0.0024) and the
nanoemulsion-treated group (p < 0.001).

Similarly, the tumor volume decreased significantly (p =
0.001) with IA treatment compared to the DMBA control group
(Fig. 15). The tumor size was the highest in the DMBA control
group, whereas in the nanoemulsion-treated groups, the
decrease in tumor size was evident significantly, with a p value
of 0.0034.

3.15 Hematological analysis

Hematological analysis after 4 weeks of administration of IA
and nanoemulsion treatment on control and DMBA-induced
rats showed some changes in the blood profiles of the experi-
mental animals. Elevated levels of platelets, WBCs and RBCs
were detected in the DMBA group (not treated with the nano-
emulsion) compared to the control group, whereas, reduction in
WBCs (p < 0.001) in the nanoemulsion-treated group was noted.
A significant increase in the number of WBCs (p < 0.001) was
observed in the DMBA group compared to the normal group.
RBCs and hemoglobin (HB) were reduced significantly (p <
0.001) due to the administration of the synthesized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Effect of IA and the nanoemulsion on the hematological parameters of cancer-induced rats”
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Parameter Vehicle control Nanoemulsion control DMBA control DMBA + IA DMBA + NE DMBA + EO
RBCs (><106/LlL] 7.64 £ 0.05 8.42 £ 0.08 10.83 £+ 0.13 7.82 £ 0.11 9.32 £+ 0.54 10.43 £+ 0.33
WBCs (><103/uL) 11.25 £ 0.25 13.21 £+ 0.41 16.44 + 0.22** 12.76 + 0.43* 11.21 + 0.11%** 13.76 £ 0.77
Platelets (XlOs/uL) 934.00 + 13.01 1233 + 14.8 1743 + 12.8 1487 + 10.9%* 1287 + 12.9* 1598 + 13.98
TLC (><103/}J.L) 8.77 £ 0.16 7.97 £0.14 13.44 + 0.81 13.22 + 0.17 12.87 + 0.19 14.65 £+ 0.17%*
Hb (g del) 13.72 + 0.31 15.0 £+ 0.21 18.5 £ 0.22%* 14.9 £+ 0.13 14.1 £ 0.18 17.5 £ 0.71
Neutrophils (%) 26.50 + 2.12 30.1 £ 2.11 33 4 2.42%* 314231 34 +2.32 28 + 2.16
Monocytes (%) 2.17 £ 0.22 3.11 £ 0.12 4.5 +0.42 4.1+ 0.54 4+0.16 3.76 £ 0.91*

“ The results represent the mean =+ standard deviation of the group results obtained (7 = 7). Means having *(p < 0.05), **(p < 0.001), ***(p < 0.0001)
are statistically significant compared with the control group and DMBA control group (RBCs = red blood cells, WBCs = white blood cells, TLC =

total leukocyte count, and HB = hemoglobin).

Table 7 Effect of IA and the nanoemulsion on the kidney function tests of the cancer-induced rats”

Na' mmol L™*

K'mmolL™* ClI” mmolL™* HCO;™ mmol L™*

Group Urea mmol L' Creatinine mmol L™
Vehicle control 6.23 + 1.53 61.77 £+ 2.41
Nanoemulsion control 6.81 + 0.78 64.33 £+ 3.21
DMBAcontrol 9.14 4+ 0.47* 81.0 £ 4.12%*

DMBA + IA 8.13 £+ 0.98 67.21 £ 2.11

DMBA + NE 6.11 &+ 1.31** 64.3 + 2.61%

DMBA + EO 7.42 £+ 0.76 69.42 + 3.15

139.70 + 2.06 4.43 £ 0.26 104.75 + 1.26 24.50 £+ 1.29
146.1 £ 2.4 4.76 £ 0.31 113.43 + 1.42%* 27.22 £ 1.14
151.5 £ 2.3 6.73 £ 0.52 95.43 + 1.12%* 35.65 + 1.16**
148.5 £+ 1.9% 6.13 + 0.41%* 107.43 + 1.51 28.03 £ 1.11
143.9 £ 2.6 5.51 £ 0.22 97.2 £ 0.98* 34.97 + 1.17*
154.7 £+ 2.8%* 5.69 &+ 0.37 116.4 £+ 1.32%* 26.82 £ 1.06

“ The results represent the mean =+ standard deviation of group results obtained (n = 7). Means having *(p < 0.05), **(p < 0.001), ***(p < 0.0001) are
statistically significant compared with the control group and DMBA control group (Na' = sodium, K' = potassium, Cl~ = chloride, HCO;~ =

bicarbonate).

Table 8 Effect of IA and the nanoemulsion on the liver function tests of cancer-induced rats®

Group AST (UL ALT (UL ALP (UL Total protein (mg dL ™) Albumin (mg dL ™)
Vehicle control 123 4+ 12.43 56.43 £ 2.56 61.87 £ 3.11 0.13 + 0.12 0.12 £+ 0.05
Nanoemulsion control 135.4 £+ 14.32 54.32 £ 5.61 67.23 £ 4.12 0.24 £ 0.04 0.22 + 0.01

DMBA control 165.4 £ 17.32%%* 79.14 £ 3.22% 89.54 + 4.53%* 0.52 £ 0.51* 0.41 £ 0.51*
DMBA + IA 161.3 £ 19.31* 82.32 £ 3.12%** 81.32 £ 3.21* 0.31 £ 0.32* 0.37 £+ 0.32

DMBA + NE 148.4 + 13.64 76.21 + 4.24% 63.87 £ 1.43 0.24 + 0.03 0.39 £ 0.06*
DMBA + EO 156.4 £ 11.65* 69.21 £ 5.21 72.54 £+ 2.54* 0.27 £ 0.24 0.36 + 0.01

% The results represent the mean =+ standard deviation of group results obtained (n = 7). Means having *(p < 0.05), **(p < 0.001), ***(p < 0.0001) are
statistically significant compared with the control group and DMBA control group.

nanoemulsion in the cancer-induced rats compared to the
DMBA group. The hemoglobin level was reduced in the IA-
treated group, but this was not statistically significant. IA
improved the WBC count (p < 0.05) and platelet count (p < 0.001)
compared to those of the DMBA-induced untreated group.
Neutrophils and monocytes were increased in the IA terpene
treated group and the nanoemulsion treated group compared to
the control (p < 0 0.001). It was noted that the IA-mediated
nanoemulsion has substantial effects on WBCs, TLC and
platelet profile of the DMBA cancer-induced rats (Table 6).

3.16 In vivo toxicology analysis

When compared to the normal control, the DMBA-induced
cancer-induced rats' levels of urea and creatinine were clearly
higher (p < 0.05). The groups treated with IA and NE exhibited
a notable rise. Serum creatinine is a significant predictor of
renal health and is a result of the metabolism of biomolecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry

According to statistical analysis, DMBA induction caused
increases in the urea and creatinine levels, and treatment with
IA considerably (p < 0.001) raised the urea levels in comparison
to the normal control group. The increase in urea levels brought
on by DMBA was considerably (p < 0.001) reduced by nano-
emulsion administration. The elevation of creatinine levels in
all the groups shows that more creatinine was retained in the
blood of all the DMBA-administered rats. ANOVA analysis
showed that treatment with IA reduced creatinine levels as
compared to the DMBA control animals, but this difference was
insignificant. Similarly, treatment with the nanoemulsion
significantly (p < 0.05) inhibited the DMBA-induced increase in
creatinine levels. The balance of electrolytes (sodium, potas-
sium, chloride, and bicarbonate) in the blood is a reliable sign
of how effectively the kidneys are working. The results showed
that in comparison to the vehicle control group, the DMBA
cancer-induced rats have raised sodium and potassium levels

RSC Adv, 2023, 13, 32335-32362 | 32351
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Fig. 16 Effects of IA and the nanoemulsion on the CAT and GPx levels. Means with *(p < 0.05), **(p < 0.001), and ***(p < 0.0001) are statistically

significant compared with the control and DMBA control groups.

(statistically insignificant), while the EO treated group have
significantly increased sodium levels (p < 0.0010). However,
nanoemulsion administration significantly (p < 0.05) reduced
the DMBA-induced rise in the chloride ion levels compared to
the vehicle control group (Table 7).

For the experimental groups receiving IA and the IA-
mediated nanoemulsion in comparison to the vehicle control
group and DMBA control group, statistical analyses and
comparisons of the mean concentrations of AST, ALT, ALP,
albumin, and total protein were conducted (Table 8). The
experimental groups receiving IA and the IA-mediated

SOD (Uimg)

nanoemulsion compared to the control group are significantly
different from each other. In comparison to the control group,
the DMBA control, DMBA + NE treatment, and EO treated
groups had significantly higher mean blood concentrations of
the AST enzyme (p < 0.05). Similarly, the mean serum concen-
trations of the ALT enzyme and serum albumin levels in the
DMBA + NE group relative to the control group increased
significantly at the level of p < 0.05. Also, the mean serum AST,
ALP and total protein levels in the IA-treated group showed
a significant increase compared to the control group at the
levels of p < 0.05 and p < 0.001.

ok

GSH (Ulg)

N w » (4] (2]

o o o o o
1 1 1 1 (]

Fig. 17 Effects of IA and the nanoemulsion on the SOD and GSH levels. Means with *(p < 0.05), **(p < 0.001), and ***(p < 0.0001) are statistically

significant compared with the control and DMBA control groups.
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3.17 Oxidative stress markers

Antioxidative parameters were evaluated in stressful situations
in the body and it was essential to detect levels of antioxidant
enzymes related to DMBA-induced cancer and then evaluate the
effects of the pure isolated compound IA, EO and nanoemulsion
on different stress markers. The CAT level decreased (p = 0.404)
in all the treatment groups compared to the untreated DMBA
group (untreated group) but this decrease was not significant.
The CAT level was improved in the IA-treated group to 16.32 +
0.84 units per mg and p < 0.05. The maximum CAT level was
observed in the DMBA-induced untreated group of 26.65 + 0.33
units per mg. CAT values were observed as p = 0.091 in the NE-
treated groups compared to the control group (Fig. 16).

The DMBA control group exhibited GPx activity (p = 0.0001)
in comparison to the control group. The nanoemulsion treat-
ment group shows significant values (p = 0.001) compared to
the control group, while the EO group exhibited p = 0.0001. It
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was also shown that GPx concentration increased in the DMBA-
induced and treated groups in comparison to the vehicle
control group. IA and the IA-based nanoemulsion significantly
improved GPx activity (p < 0.01) in rats with DMBA-induced
tumors and it was concluded that IA has potential effects on
glutathione peroxidase levels.

The DMBA control group exhibited SOD activity (p = 0.035)
in comparison to the vehicle control group. The nanoemulsion
treatment group exhibited p = 0.0012. It was also shown that
SOD concentration increased in DMBA-induced rats after they
were treated with IA and IA-based nanoemulsion formulations
compared to untreated DMBA-induced rats. The GSH levels
were estimated in normal, untreated DMBA-induced, IA-treated
and nanoemulsion-treated mammary tumor-induced rats. It
was detected that the levels of glutathione reduced in DMBA-
induced rats to 18.60 % 2.76 units per g after tumor induction
significantly (p = 0.0025) compared to the control group rats.
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Fig. 18 Effect of IA and the nanoemulsion on the IL-1, IL-6, IL-23 and TNF-a levels. Means with *(p < 0.05), **(p < 0.001), and ***(p < 0.0001) are
statistically significant compared with the control and DMBA control groups.
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Fig.19 Effects of IA and the nanoemulsions on apoptotic activity. Means
with *(p < 0.05), **(p < 0.001), and ***(p < 0.0001) are statistically
significant compared with the control and DMBA control groups.

Nanoemulsion treatment increased the levels of GSH in the
DMBA-induced rat group (p = 0.429), but this was not signifi-
cant in comparison to the control group (Fig. 17).

3.18 Inflammatory cytokine marker analysis

The concentration of proinflammatory cytokines IL-1, IL-6, IL-
23 and TNF-o. were measured in the serum samples of DMBA-

View Article Online

Paper

induced mammary cancer-induced rats and cytokine levels
were monitored. A rise in the level of serum IL-1 (p = 0.020) was
observed in DMBA cancer-induced rats. The nanoemulsion-
treated group showed IL-1 levels of 24.64 pg mL™* (p > 0.05)
compared to the vehicle control and DMBA-induced groups,
which was statistically non-significant. However, IA improved
the IL-6 levels in DMBA-induced rats, as shown in Fig. 18.
Moreover, considerably improved levels were observed in the
DMBA + EO treated group (p < 0.05). A significant difference was
observed in IL-6 levels, where p = 0.017. An increase in the
serum levels of IL-6 (p < 0.05) and (p < 0.01) was observed in
DMBA cancer-induced rats in comparison to the vehicle control
and nanoemulsion control groups. Animals treated with IA and
nanoemulsion show no significant improvement in IL-6 levels,
as shown in Fig. 18. The nanoemulsion positive control group
showed decreased levels of IL-6 in comparison to the DMBA
control group (p = 0.0284); a difference that was significant. A
reduction of 36.33 £ 0.92 in the IL-6 levels was noted in the
DMBA-induced group treated with the nanoemulsion, but
according to one-way ANOVA analysis, this was observed to be
non-significant.

A significant rise in the level of IL-23 was observed (p =
0.001) in the DMBA cancer-induced rats in comparison to the
vehicle control and nanoemulsion positive control groups. A
significant improvement was detected in the IA-treated group,
where a p value of p = 0.015 was observed compared to the

Fig. 20 Representative histology images of (hematoxylin and eosin) of mammary gland tissues of control, cancer-induced and nanoemulsion-
treated rats. (A) Vehicle control group showing mammary acini and the appearance of adipose tissues in mammary gland cells, (B) the DMBA-
induced untreated group with alveoli hyperplasia and the growth of carcinoma-like cells, (C) the DMBA + IA treated group with specific foamy
vacuolation and the presence of epithelial cells, and (D) the DMBA + IA mediated nanoemulsion treated group with an improvement in the

proliferation of the lining and with no invasive growth of cells.
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control group and a remarkable difference was also observed in
the essential oil treated group of rats treated by C. roseus EO (p =
0.014). The positive control group showed increased levels of
TNF-a. in comparison to the vehicle control group (p < 0.05). The
serum level TNF-o was detected to be increased in the DMBA-
induced group, which was suggestively different from that of
the control animals (p = 0.005) and nanoemulsion positive
control group (p = 0.015). The serum levels of the
nanoemulsion-treated groups receiving 50 mg per kg nano-
emulsions showed a reduction in TNF-o in comparison to the
DMBA-induced cancer untreated group, but this was not
statistically significant. However, both the treatments, ie., IA
and the nanoemulsion, markedly reduced the levels of TNF-a in
the serum samples compared to in the untreated tumor-
induced group. It was also observed that the serum TNF-
a levels improved significantly upon treatment with IA, with an
observed p value of 0.044.

3.19 Apoptosis assay

Apoptosis is a programmed death mode induced in cells by
physiological and biochemical factors and it is the most
common behavior of plant extracts or phytocompounds that
exerts anti-tumor activity.®® The apoptosis rates of the IA-treated
and nanoemulsion-treated groups were suggestively higher (p <

View Article Online
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0.05) than that of the vehicle control group (Fig. 19). The
apoptosis rates were 5.31 ng mL ™" (vehicle control group), 5.88
ng mL~ ' (nanoemulsion control group) 10.23 ng mL ' (DMBA
group), 11.76 ng mL ™" (IA group), 9.92 ng mL ™" (nanoemulsion
group) and 7.26 ng mL ™" (EO group). The apoptotic activity in
the DMBA-induced group (left untreated by nanoemulsions)
was significantly observed to be p = 0.005. Significant apoptotic
events were more demonstrated by nanoemulsions at a dose of
50 mg per kg body weight (p = 0.000) compared to the control
and DMBA-induced untreated nanoemulsion groups.

3.20 Histopathology of mammary tissues

Fig. 20 displays the histoarchitecture of DMBA-induced tumors
in rat mammary glands following H&E staining. The mammary
glands of healthy rats had normal lobules, mammary acini and
likewise showed normal morphology. Histopathology identified
the tumor type in the group treated with DMBA as a differenti-
ated adenocarcinoma. Proliferative lesions and lobular alveolar
hyperplasia were visible in breast tissue samples of cancer-
induced animals. Comparing the IA group to the DMBA
group, there was a very minor decrease in the tubular forma-
tions with surrounding fibrosis. Examination of mammary
tumors from rats given nanoemulsion revealed an adenocarci-
noma, which was supported by a mild disruption of mammary

"\'-" 33
. * )i,
’

.
as A

Fig. 21 Histopathology images of liver tissues of control, cancer-induced and nanoemulsion-treated rats. (A) Vehicle control and H&E-stained
section of liver showing normal hepatic cells with cytoplasm and prominent nucleus, (B) section of liver fromm DMBA cancer-induced rats showing
loss of granular cytoplasm and the presence of some intrahepatic spaces, (C) DMBA + |A treated rats showing improved architecture of hepatic
cells with minimal inflammatory cells, and (D) rats treated with DMBA + nanoemulsion showing restoration of hepatocytes at some positions.
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cells. Animals post-treated with the terpene nanoemulsion
showed modestly reduced lobular alveolar damage and an
architecture that was close to normal. Nanoemulsion treatment
can reduce the hyperproliferation of breast tumor-bearing rats,
which is extremely important for extending their lifespan.

3.21 Histopathology of liver and kidney

The liver and renal tissues of the rats treated with the IA-
mediated nanoemulsion after cancer induction showed no
discernible histological alterations compared to the control
group. Observations of the liver's morphology (Fig. 21) revealed
that the organ was enlarged (hepatomegaly) and that it differed
from healthy control group rats in terms of color, size, and
texture. In H&E (hematoxylin and eosin) stained liver slices of
the NE-treated rats, abnormal architecture and granular cyto-
plasm with neoplastic cells and intrahepatic spaces were
observed. The morphology of the kidneys did not exhibit any
enlargement and was comparable in terms of size and texture
between the normal and cancer-induced groups. In the group
that had been exposed to DMBA, which causes cancer, the renal
characteristics included some minor degenerative alterations of
renal glomeruli with normal tubules, as well as modest atrophy
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in certain glomeruli. The absence of tubular degeneration in the
kidney tissue of the nanoemulsion-treated group compared to
the normal control group (Fig. 22) indicated that there were no
major alterations in kidney cells. Fig. 21 and 22 depict the
histological alterations in the liver and kidneys.

4. Discussion

IA is a terpene compound and terpenes are therapeutically used
for their cytotoxic and antiproliferative activity in multiple
cancer treatments. It has been reported that there are abundant
terpenes, triterpenes and terpenoids present in plant extracts,
which are major constituents of essential oil, that show anti-
inflammatory, apoptotic, anti-cancer and anti-oxidant effects.
As IA is a diterpenoid compound isolated from C. roseus
essential oil, the in vitro and in vivo anticancer activities of this
compound were investigated. It was of great significance to
systematically investigate its effect in a breast cancer model by
formulating a nanoemulsion of this compound for effective and
safe drug delivery. There were no clear data reported for the
anticancer activity of the IA-mediated nanoemulsion in a cancer
model so this molecule was suggested for investigation in an in

Fig. 22 Histology images of the kidneys of control, cancer-induced and nanoemulsion-treated rats. (A) Vehicle control group showing normal
kidney tissues with tubular epithelial cells, (B): DMBA-induced untreated group showing a slight hyperplastic cell, (C) DMBA + IA treated group
with specific glomerular cells and the appearance of minor dilatation, and (D) DMBA + |IA mediated nanoemulsion-treated group represented by

minimal degenerated cells.
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silico, in vivo and in vivo breast cancer study. As consolidated by
our analysis, the IA-synthesized nanoemulsion exerts anti-
oxidative, anticancer and anti-inflammatory properties. It was
reported in previous studies that cytokine-mediated NF-kB
activation was stimulated by IA.** This repressive impact indi-
cated that particular IA therapy significantly reduced inflam-
mation in a mouse model. Moreover, pre-treatment with IA
decreased levels of various stress markers, interleukin-6,
malondialdehyde, while increasing levels of SOD and CAT.*

Natural remedies can significantly aid in dealing with
a number of human illnesses, including cancer, which is
a major cause of mortality worldwide after cardiovascular
diseases.®*®” To find new hits or leads against certain physio-
logically active macromolecules, in silico drug design uses
theoretical and computational methodologies. The computer-
aided drug design (CADD) techniques utilized today to find
medicines and other physiologically active chemicals include
pharmacophore modelling and dynamic simulation methods.
Whenever a chemical attaches to a designated macromolecule
and triggers a certain reaction, its biological function may be
evaluated using an in silico molecular docking method.®®

Naturally occurring terpene and terpenoids can be found in
many different plants and herbs and some of them serve as
a chemical intermediary in the synthesis of biochemical
metabolites.®” Some terpenes are also said to be able to lessen
oxidative stress and inflammation in animals being experi-
mented on. Linalool, geranyl acetate, a-terpinene and o-pinene
were found to be present in coriander EO, and act as anti-
inflammatory agents, as suggested in a prospective study.”
Traditional uses of Annona muricata leaves have considerable
ameliorative benefits due to the presence of terpenoid
compounds. The research investigation involved the distillation
of essential oils to identify their volatile components. Animals
were put into three groups, control, DMBA group and experi-
mental group, with differential doses of EO and DMBA. EO
reduced the frequency of tumors, the amount of oxidative stress
and the tumor volume due to the presence of terpene phyto-
compounds. These ameliorative and protective effects of A.
muricata EO leaves were concluded in a BC murine model.”

A monoterpene that has been examined in vitro against liver
cancer cells is geraniol, and this molecule aids the prevention of
human breast and liver cancer cells from proliferating. The in
vivo and in vitro activities of these medications were highlighted
to identify molecular pathways.” The triterpenoids glycyrrhizic
acid and oleanolic acid have immunomodulatory and anti-
cancer characteristics and these phytocompounds might
initiate diverse proapoptotic signaling cascades, leading to
apoptosis in cancer cells. The ability of these terpenoid
compounds to inhibit the growth of tumor-induced angiogen-
esis and metastatic spread has been well demonstrated. The
chemoprotective and chemo preventive qualities of these
compound indicate that they have a potential role in modern
anticancer therapy.” A natural compound from a plant-based
study demonstrated the ameliorative effects of ellagic acid
and Punica granatum extracts on cancer-induced biochemical
alterations and revealed that they were effective in protecting
against hepatic function tests and antioxidative enzymes. It was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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determined that the ameliorative action against radiation-
induced biochemical changes in mice of natural extracts and
the biosynthesized nanoformulations may be related to their
capacity to stimulate antioxidant enzymes and scavenge free
radicals.” According to the findings of an experimental model,
the levels of blood liver enzyme biomarkers, total bilirubin,
lipid profile, total protein levels, lipid peroxidation, tissue
morphology, and histopathological injuries can all be success-
fully restored by the use of herbal medicinal plants. In order to
prevent hepatotoxicity and deliver prospective positive activity,
they also switched up different molecular functions and path-
ways.”” Animals treated with plant-containing substances dis-
played variable degrees of improvement in the biochemical and
pathological evaluated indices of RFT. The findings suggested
that a number of phytocompounds derived from plant compo-
nents might be used as a readily available treatment for aber-
rant kidney biochemical parameters.

Cytokine and lipopolysaccharide-mediated NF-kB activation
were suppressed by IA as it prevented the TAK/TAB-mediated
phosphorylation of the IKB activation loop. The repressive
impact indicates that particular IA therapy significantly reduced
inflammation in the mouse model. As a result, diterpenoid IA
and its derivatives, which were once used as anti-inflammatory
herbal medicines, may represent a possible new class of NF-kB
inhibitors.”® Moreover, pre-treatment with IA decreased levels of
interleukin-6, tumor necrosis factor-alpha, malondialdehyde,
and metabolites while increasing levels of IL-10, SOD, CAT and
brain-derived neurotrophic factor. IA lessened the memory and
learning deficits brought on by LPS.* After a head injury, the
mice brains were treated with IA, which decreased glial activa-
tion, inhibited the production of IL-1 and TNF-o. mRNAs and
caused cell death in macrophages.”” IA can prevent oxidative
stress, inflammation and death in neural progenitors and AB,s-
35 induced growth and differentiation. In addition to restoring
dysregulated MMP, ROS levels, dysregulated apoptosis and
inflammation-related mRNA/protein expression were also
minimized and this neuroprotective impact was also linked to
decreased inflammation.”

It has been discovered that IA, obtained from Boswellia resin,
inhibits nuclear factor-kB, a critical transcription factor in
multiple inflammatory responses. IA lessens the production of
many kinds of inflammatory mediators in an in vitro model
system employing C6 glioma and in human peripheral mono-
cytes. IA induced cell death in macrophages around the site of
damage, reduced glial activation, and lowered the production of
interleukin-1p and TNF-a mRNAs to minimize inflammatory
response in cells.* The effect of the nanoemulsions of Mentha
piperita EO was still noticeably superior to that of the EO M.
piperita, and by creating dosage form nanoemulsions, the
anticancer properties were further enhanced due to the pres-
ence of some terpene compounds, such as menthone and
camphane.” Significant dose- and time-dependent anticancer
effects were also observed in breast cancer cells (4T1), along
with less cytotoxicity in non-tumor cells upon the use of the
pequi oil nanoemulsion. Pequi oil also serves as a structural
component of the nanoemulsion and a potent cytotoxic agent
for BC cells. These findings point to the pequi oil-based
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nanoemulsion serving as a viable nanosized platform for usage
as an adjuvant therapy for treating breast cancer.** Such nano-
formulations are used to enhance drug-specific targeting and
direct uptake into BC cells, thus improving therapeutic effec-
tiveness. Engineered NPs used in nanomedicine-based delivery
can improve therapeutic and diagnostic results, raising patient
survival and their overall wellbeing.**

5. Conclusion

Nanoparticles and natural compounds with anti-cancer thera-
peutic properties may assist formulations to be delivered safely.
In this study, a phytocompound IA-based nanoemulsion was
synthesized, which was identified from the essential oil of the
Catharanthus roseus medicinal plant. The results were found to
be positive and comparable to improvements in breast cancer
via biochemical measures and molecular markers. Molecular
docking, molecular dynamics simulation, drug similarity anal-
ysis, and ADMET profiling were used to examine how IA inter-
acts with breast cancer targets. The binding cavities of the ER,
PR, and HER2 receptors were predicted by docking studies to
identify best docked complex with highest binding affinity. It
was determined from the docking study of all complexes that ER
had the best docking interaction with IA. Hydrophobicity,
interactions between hydrogen atoms in hydrogen bonds, and
Van Der Waals interactions, had a substantial impact on the
stability of the receptor-ligand complexes. The biosynthesized
IA-containing nanoemulsions also showed remarkable in vitro
antioxidant and cytotoxic activity. IA and the prepared nano-
formulations also showed some improved biochemical param-
eters, oxidative stress markers and inflammatory cytokine
markers in a cancer-induced rat model. Overall, it was deduced
that biogenically produced nanoemulsions IA have the potential
to be employed in targeted treatment for cancer indicators and
have a selective anticancer impact. Given the potency of IA-
mediated nanoparticles, future research must focus on
carrying out exhaustive preclinical studies on bioavailability,
pharmacodynamics, biomarkers, and tumor suppression
parameters.
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CADD Computer-aided drug design

EOs Essential oils

GC/MS Gas chromatography-mass spectrometry
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