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included cytotoxicity (MTT and ICy), apoptosis (flow cytometric analysis) in addition to
genetic assessments for some intrinsic and extrinsic genes relevant to apoptosis and
survival pathways.

Results: Chromatographic analysis of frankincense essential oil revealed that a-pinene
is the major volatile compound which constituent about 60% of that oil. Emulsification
of the oil using the low energy technique gave nanoemulsions having major intense
particles population (85-90%) with z-average diameter below 20.0 nm. Frankincense
oil nanoemulsion fabricated with (PG) showed the best cytotoxic activity toward lung
cancer A549 cell compared to PG-free nanoemulsion, a-pinene and the reference
drug doxorubicin, along different incubation periods. Flow cytometric analysis also
indicated that PG-containing nanoemulsion can induce cancer cells toward apoptosis
better than the other formula and the pure oils. The same nanoemulsion was found to
upregulate the pro-apoptotic genes [DR5, FAAD, Caspase 8 (Cas8), p53, and Bax] and
downregulate the anti-apoptotic and reoccurrence genes (Bcl-2, NF-kB, and STAT-3).
Most importantly, the PG-containing nanoemulsion had the least cytotoxic effect on
the normal WI-38 lung cells.

Conclusions: These results point out to the potentials of frankincense essential oil
(rich in a-pinene) and its PG-nanoemulsion as a promising adjuvant from plant-source
to potentiate the activity of the systematic anti-lung cancer drugs.
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Background

Lung cancer accounts for about 13% of all new cancer cases in both sexes worldwide
(Siegel et al. 2021). It is classified into two main histological groups including small cell
lung carcinoma which represents 15% of all lung cancers, and non-small cell lung cancer
which represent the rest 85% of all lung cancers (Suster and Mino-Kenudson 2020). The
latter group is further divided into three sub-groups known as adenocarcinoma, squa-
mous cell carcinoma and large cell carcinoma (Rodriguez-Canales et al. 2016).

The primary treatment of lung cancer depends on surgical treatment (Hoy et al. 2019).
In addition, patients after surgery may undergo additional adjuvant treatments (Passiglia
et al. 2021). That can include chemotherapy (Li et al. 2022), radiation therapy (Khalifa
et al. 2021), immune therapy (Xue et al. 2022), hormone therapy (Titan et al. 2020),
and targeted therapy (Tan et al. 2022).

Beside the previously mentioned systematic procedures which are adopted in lung
cancer management, phytochemicals are also emerging as adjuvants that can comple-
mentary participate in the therapy regime (Nguyen et al. 2021; Singh et al. 2021; Bittoni
et al. 2021). Phytochemicals are chemical compounds derived from plants which have
been used, since early times in folk medicine. Nowadays, different plant-based antican-
cer drugs are commercialized in the pharmaceutical marker including for instance vin-
plastine, etoposide, paclitaxel and camptotecin (Huang et al. 2021; Omara et al. 2020).
These drugs have natural identity, equal efficiency and lower side effect compared to
synthetic drugs.

Frankincense oleogum resin is considered to be a promising source of phytochemi-
cals with diverse medicinal properties (Kieliszek et al. 2020). The oleogum is an exudate
obtained by tapping the trunks of some trees belong to genus Boswellia. The anticancer-
active phytochemical principle of frankincense was identified as boswellic acids (Katra-
gunta et al. 2019). They are a family of pentacyclic terpenoid molecules found in the
non-volatile fraction of frankincense. The family consist of six members which showed
diverse medicinal activity against inflammations (Borner et al. 2021), Alehimer’s (Sid-
diqui et al. 2021), different types of cancer (Efferth and Oesch, 2020), including lung can-
cer (Lv et al. 2020).

Beside boswellic acids in the non-volatile fraction, frankincense also contains a vola-
tile oil fraction (called essential oil) which constitute 5-15% of the oleogum (Mertens
et al. 2009). Frankincense essential oil (FEO) from different species showed potentials
for application as supportive therapy for cancer-related fatigue (Reis and Jones 2018). In
addition, different studies reported the inhibitory activity of FEO against various types
of cancer cells via different mechanistic pathways (Hakkim et al. 2020; Ren et al. 2018;
Suhail et al. 2011).

Despite the diversity of the above-mentioned studies beside others in the same line
who evaluated many essential oils (Yoo et al. 2020), we noticed that there is no conclu-
sive work on FEO which is directed specifically against lung cancer.

The number of new lung cancer cases, fatalities, and disability-adjusted life years was
rising over the world. For example, that number showed twofold rise in 2017 compared
to 1990 (Deng et al. 2020). Therefore, the current study aims to conduct in vitro com-
prehensive investigation in this direction to shed more light on the activity of FEO as

potential lung cancer suppressing phytochemical. The study will also evaluate the effect
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of nanoemulsion formulation of FEO on the its anticancer activity in terms of apopto-
sis and genetic regulations including those which control survival pathways. Nanoemul-
sions are used as delivery system due to its water-based nature which allow intravenous
administration, better cytotoxicity, enhanced therapeutic properties, long circulation
time in the blood, beside other therapeutic benefits (Wilson et al. 2022; Ceramella et al.
2021). That is due to their small particle size which is normally in the range of 100 nm.
The common methods used for nanoemulsion formulation include the low energy (Edris
2021) and the high energy (Falleh et al. 2021) techniques. In the current work, the low
energy technique is adopted due to its different advantages that are discussed in the pre-
viously mentioned reference.

Materials and methods

Materials

Frankincense oleogum (Boswellia sacra), grade “Hougari, Fig. 1” was purchased from the

‘Luban market” which is located in the city of Salala, Dhofar region, Sultanate of Oman.
Cremophor® RH40 (PEG-40 hydrogenated castor oil) and propylene glycol (PG) were

purchased from Sigma Aldrich, USA. Sunflower oil was obtained from the local market.
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Fig. 1 A Frankincense oleogum; B, C appearance of frankincense essential oil nanoemulsions; D particle size
distribution of nanoemulsions at zero time (left) and after 6 months storage period (right); E TEM photos of
the nanoemulsions at zero time
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The lung cancer A549 cell line and normal lung W1I-38 cell lines were purchased from
American Type Culture Collection (ATCC) supplied from VCSERA.

Isolation of FEO essential oil

The hydro-distillation technique was used to isolate the essential oil of frankincense.
Different batches of frankincense gum (100 g each) were ground into fin powder and
mixed (each) with 1000 ml of distilled water in 5L round bottom flask equipped with
Clevenger-type apparatus. The gum powder and water were brought to boil for 2.5 h
continuously using a heating mantle (Electrothermal EM 3000/CE). The vapors were
condensed and the essential oil was collected as an upper layer from the side arm of
the Clevenger apparatus at the end of distillation process. Finally, the collected oil was
dried over anhydrous sodium sulfate, weight and stored in dark glass vials at — 4 °C until
analyzed.

Characterization of FEO volatile components

Gas chromatography (GC-FID) and gas chromatography—mass spectroscopic (GC—
MS) analysis were used to separate and identify the major volatile constituents of FEO.
The GC instrument equipped with flam ionization detector was Berkin Elmer Auto sys-
tem XL, USA. For GC-MS analysis, Agilent model 8890 GC, 5977B GC/MSD system,
USA was used. Details of the procedure including the conditions of analysis, the specifi-
cation of the separating capillary column, along with the approaches of identification of
the volatile compounds were fully described in our previous investigation (Abd-Rabou
and Edris 2021).

Formulation of FEO nanoemulsions

Two FEO nanoemulsions denoted by (F1) and (F2) were formulated for the evalu-
ation of their anti-lung cancer activity. Nanoemulsion F1 comprises FEO (5.0%), sun-
flower oil (1.0%), Cremophor RH40, (6.0%) and water (88.0%). Similarly, nanoemulsion
F2 comprises FEO (5.0%), sunflower oil (1.0%) Cremophor RH40 (6.0%), water (87.0%)
with an additional ingredient, namely, propylene glycol PG (1.0%), which was used as a
co-surfactant.

The low energy emulsification technique was used for the formulation of both nanoe-
mulsions. Briefly, all ingredients, except water, were mixed intimately in glass vials, then
titrated into water with mild stirring using magnetic bar to give spontaneously FEO
nanoemulsions. A detailed description of the emulsification process was indicated in our
previous investigation (Abd-Rabou and Edris 2021).

Characterization of FEO nanoemulsions

Visual inspection

The samples of nanoemulsions were visually inspected by the naked eye against bright
white light for detection of the general appearance regarding transparency and opales-
cence, which are a preliminary indication of the formation of nanoemulsion. The visual
inspection was continued regularly during a storage period of 6 months.
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Particle size analysis

The particle size of the nanoemulsions was measured, after equilibration period of
1 week at room temperature, using the dynamic light scattering instrument Zetasizer
(Nano-ZS model ZEN3600, Nanoseries, Malvern Instruments, UK). Details of sample
preparation and conditions of measurements were indicated in details in our previous
relevant investigation (Abd-Rabou and Edris 2021).

Transmission electron microscopy (TEM)

Particle morphology of the formulated nanoemulsions was examined using TEM
(Philips CM-10 FEL In., Hillsboro, OR, USA). 50 ul of each nanoemulsion was dropped
into Formvar-coated copper grids and left to dry. Then, the samples were stained using
2% w/v uranyl acetate as a negative staining agent. Image capture and analysis were done
using Digital Micrograph and Soft Imaging Viewer software (Electron Microscope Unite
services), NRC, Egypt.

Physical stability

Samples of equal volumes (10 ml) of each of the freshly prepared nanoemulsions were placed
in transparent screw-caped glass vials and left undisturbed upright on the bench at room tem-
perature (25 °C=+2) for 6 months. During this period, the samples were subjected regularly to
visual inspection to observe any aspects of physical instability, such as oil separation or cream-
ing. Particle size analysis was conducted one more time at the end of the storage period for
more confirmation of the stability nanoemulsion particles.

Cancer cell cultivation

Lung cancer A549 cell line and normal lung WI-38 cell lines were cultivated in RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/
ml streptomycin, and 100 U/ml penicillin (Gibco) at 37 °C in a humidified 5% CO, atmosphere.

Cell proliferation assay

All formulations were evaluated by MTT cytotoxic assay (van Meerloo et al. 2011) using lung
cancer A549 cells and normal lung W1I-38 cells. The cells were seeded in 96-well plates at a
density of 1x 10* cells/well and incubated for 4 h, 24 h, 48 h, and 72 h. Then, the cells were
subsequently treated with 0, 20, 40, 60, 80, and 100 pug/ml of FEO (denoted as F0), FEO nanoe-
mulsions (F1, F2), a-pinene (denoted as PIN), and the reference drug Doxorubicin (denoted
as DOX). On the other hand, control cells were treated with PBS which was incorporated in
medium. After that, the cells were incubated with 1 mg/ml of MTT reagent at 37 °C for 4 h, and
then, it was discarded. The formed formazan crystals were dissolved using 100 ml of DMSO,
followed by incubation and shaking. Finally, colorimetric analysis using a multiplate reader was
measured at absorbance Ag,, nm. The cell proliferation (%) was calculated and compared with
control.

Measurement of the half inhibitory concentration and the fold change
The half maximal inhibitory concentrations (ICg;) values were obtained by plotting the
percentages of A549 and WI-38 cell viabilities versus the concentrations of the sample
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using polynomial concentration-response curve fitting models (OriginPro 8 software).
The fold changes of IC;, values of FEO nanoemulsions relative to the neat unformulated
pure FEO (F0) and the positive control (reference drug, DOX) were calculated for all
cells.

Flow cytometry-based apoptosis assay

Flow cytometry was used to detect the early and late apoptotic cell distributions and
healthy populations. Lung cancer A549 and normal W1I-38 cells were seeded at a density
of 1 x 10° cells and incubated for 24 h. Cells were treated with the IC;, of the FO0, F1, F2,
PIN, and DOX and cultivated for 24 h incubation. After 1 day, all cells were stained with
Annexin V FITC and propidium iodide (PI) (Thermo Scientific). The apoptosis of the
treated and untreated cells was analyzed by flow cytometer (Beckman Coulter Instru-
ment, USA). 25,000 events were recorded per each sample. Apoptotic distributions were
measured using Flow Cytomerty and analyzed using Flow]Jo-V10 software.

Quantitative Reverse transcription-polymerase chain reaction (QRTPCR)

Total RNA Extraction: Total RNA was extracted from A549 and W1I-38 cells at a density
of 1 x 10° cells using the Invitrogen RNA Purification kit (Thermo Fisher) according to
the manufacturer’s protocol. Cells were applied with the IC,, dosage of the proposed
treatments and incubated for 24 h. The concentration and the purity of RNA were
assessed by Nanodrop Technologies at 260/280 ratio.

Conversion of RNA to ¢cDNA: First-strand cDNA was synthesized with 1 pg of total
RNA using a RevertAid First strand cDNA synthesis kit (Thermo Fisher Scientific, USA)
in accordance with the manufacturer’s instructions.

Real-Time PCR reactions: Quantitative real-time PCR was performed using the MiS-
cript SYBR Green PCR kit which was purchased from (Qiagen, USA), in addition to the
forward and reverse primers for each gene. The nucleic acid sequences of the forward (F)
and reverse (R) primers of DR5, FAAD, Caspase 8 (Cas8), p53, Bax, Bcl-2, NF-kB, and
STAT-3 genes compared to GAPDH as a housekeeping gene are illustrated in Table 1.

Real-time PCR mixture consisted of 10 pl of SYBR PCR Master Mix, 1 ul of F primer, 1
ul of R primer, 1 ul cDNA, and 7 ul Rnase-free water in a total volume of 20 ul. Ampli-
fication conditions and cycle counts were a temperature of 95 °C for 15 min for the ini-
tial qPCR step, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s, and elongation at 72 °C for 30 s. Melting curves were performed after gPCR to
demonstrate the specific amplification of the genes of interest. Relative fold changes in
the expression of the proposed genes were accomplished using the comparative 2744t
with the housekeeping GAPDH gene to normalize the expression levels. AACT is the
difference between the mean ACT (treatment group) and mean ACT (control group),
where ACT is the difference between the mean CT gene of interest and the mean CT
internal control gene in each sample.

Measurements of ROS markers

Nitric oxide (NO)

After treatments with FO, F1, F2, PIN, and DOX, nitric oxide (NO) of lung can-
cer A549 and normal lung WI-38 cell lines was measured using NO colorimetric kit
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Table 1 Primer sequences for real time gRT-PCR

Gene Primer sequence
DR5 F 5'-CCAGCAAATGAAGGTGATCC-3'

R 5'-GCACCAAGTCTGCAAAGTCA-3'
FADD F 5'- CTCAGGTCCTGCCAGATGAAC-3

R 5'-GGACGCTTCGGAGGTAGATG-3'
Caspase8 F 5'- AGAGTCTGTGCCCAAATCAAC-3'

R 5'- CTGCTTCTCTCTTTGCTGAA-3"
P53 F 5'-GTCTATAGGCCCACCCC-3

R 5'-GCTCGACGCTAGGATCTGAC-3'
Bax F 5'-ATGGCTTCTATGAGGCTGAG-3'

R 5'-CGGCCCCAGTTGAAGTTG-3'
Bcl-2 F 5'-CTGCACCTGACGCCCTTCACC-3"

R 5'-CACATGACCCCACCGAACTCAAAGA-3'
NF-k@ F 5'-ATGGCTTCTATGAGGCTGAG-3'

R 5-GTTGTTGTTGGTCTGGATGC-3"
STAT-3 F 5/-CATATGCGGCCAGCAAAGAA-3/

R 5/-ATACCTGCTCTGAAGAAACT-3/
GAPDH F 5'-GTCTCCTCTGACTTCAACAGCG-3'

R 5'-ACCACCCTGTTGCTGTAGCCAA-3

F =forward primer

R=reverse primer

(Bio-Diagnostics Co., Egypt) according to Abd-Rabou et al (2020). Nitric oxide (NO) is
rapidly oxidized into nitrite and nitrate which are used to quantitate NO production. In
details, both cell lines were cultured in 96-well plates at a density of 1 x 10* cells/well. In
the second day, the IC, dosages of the proposed treatments were added in the media.
Nitrate reductase was first used to converts nitrate to nitrite. Then, Griess reagent was
used to converts nitrite to a deep purple azo compound. The amount of the azo chromo-
phore accurately reflected NO amount in the samples. Finally, optical density was meas-
ured at 540 nm using the microplate reader (BMG Labtech, Germany).

Inducible nitric oxide synthase (iNOS)

iNOS enzyme activity of A549 and WI-38 cells were measured after treatments with FO,
F1, F2, PIN, and DOX using ELISA kit (Wuhan Fine Biotech Co., China). The provided
microtiter plate has been pre-coated with target. During the reaction, target in the sam-
ple or standard competes with a fixed amount of target on the solid phase supporter
for sites on the Biotinylated Detection Antibody specific to target. Excess conjugate and
unbound sample or standard were washed from the plate, and HRP-Streptavidin (SABC)
was added to each microplate well and incubated. Then substrate solution is added to
each well. The enzyme—substrate reaction is terminated and the color change is meas-
ured spectrophotometrically at absorbance A,;, nm. The concentration of iNOS in the
samples is then determined by comparing the absorbance of the samples to the standard

curve.
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Statistical analysis

Results of FEO isolation, analysis and formulation of nanoemulsions were an average of
at least two replications + standard deviation (SD). On the other hand, Results of the
biological activity (represented as graphs) were conducted using the one-way ANOVA
(SPSS program, version 21). Bars in all graphs were represented as mean of three differ-
ent experiments (n=3) = SD. Significant difference between treated groups and control

means p value less than 0.05.

Results and discussion

Characterization of frankincense essential oil (FEO)

Distillation of frankincense oleogum gave a colorless transparent essential oil having
a characteristic spicy-woody aroma similar to its parent oleogum. The yield of FEO
was 5% +0.05 (w/w), which came in accordance with the literature which indicates
that the oil yield can vary between 5 and 15% (Mertens et al. 2009). Table 2 shows
that a-pinene is the major constituents of FEO (~60%) as determined by GC-FID
and identified by GC-MS analysis. This result came in agreement with Woolley et al.
(2012) who previously confirmed that this compound is the major volatile compound
of FEO (68%), and is linked specifically to frankincense which belongs to Boswellia
sacra species. On the other hand, Van Vuuren et al. (2010) reported lower content
of a-pinene from B. sacra ranging between 18 and 22% and even much lower value
(5.3%) was also reported for FEO from the same species (Al-Harrasi and Al-Saidi
2008). In fact, the amount of a-pinene varies radically not only among the 17 spe-
cies of genus Boswellia (Mertens et al. 2009) but also varies within the same B. sacra
species (Van Vuuren et al. 2010). That is due to the variation of the geographical loca-
tion, climate, harvest conditions in addition to other factors (Mikhaeil et al. 2003).
Therefore, it is important to correlate the results of the anti-lung cancer activity of
FEO which will be reported in the current investigation to the chemical composition
illustrated in Table 2, rather than to generalize it to any other B. sacra species.

Table 2 Chemical composition of FEO as revealed by GC-FID and GC-MS analysis

Identified compounds* Area % (after FID)
a-Pinene 59.54+09
Camphene 1.994 0.01
Sabinene 44+£0.09
B-Pinene 167 +£0.04
B-Myrcene 0.27 £0.001
delta-3-Carene 2434004
p-Cymene 1.0140.02
Limonene 499+0.1
Cis (or trans) verbenol** 3.89+0.06
Total identified compounds 80.10%

" Using GC-FID and GC-MS by comparing their retention time with standard samples and by matching their mass spectrum
with those of standards stored in the electronic mass library

" Identified by GC-MS only with matching percentage 94% with the standard MS of that compound stored in the mass
library
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Characterization of FEO nanoemulsions

The low energy emulsification technique was used for the fabrication of two formu-
las of FEO nanoemulsions, namely, F1 and F2. This technique is simple and requires
no high shear equipment for fabrication, instead it just requires a fine management
of some parameters related to the interfacial properties of the system. That include
surfactant type, the ratio between surfactant and the essential oil, incorporation of
Ostwald ripening inhibitor and co-surfactant (Edris 2021). Visual inspection of the
nanoemulsions (F1 and F2) right after formulation indicate that both nanoemulsions
exhibited a bluish fluorescence with translucent appearance (Fig. 1b). That manifest a
Tyndall scattering effect which is a visual characteristic which indicates the formation
of nanoparticles. During storage at room temperature, both nanoemulsions tend to
equilibrate gradually until exhibiting a crystal-clear transparent appearance (Fig. 1c),
which confirms the occurrence of major population of FEO nanoparticles having
diameter < 100 nm. No sign of phase separation, cloudiness nor opaqueness were
detected during storage for 6 months at room temperature indicating high kinetic sta-
bility toward gravitational separation.

Figure 1d illustrates the particle size distribution of FEO nanoemulsions at the zero
time and after 6 months of storage. At the zero time (left), both nanoemulsions showed
bimodal size distribution in which particles are distributed among two populations. The
first is a major intense population (85%—90%) with particles~10.0-20.0 nm, and the
second has less intense population (9-12%) with particles>100 nm. Nanoemulsion F1
which was fabricated without the co-surfactant (PG) had z-average (d. nm) 95.57+0.3
with poly-dispersibility index 0.162. On the other hand, nanoemulsion F2 that contained
1% (PG) had a z-average (d.nm) 28.7 £1.9, and poly-dispersibility index 0.32.

TEM photos (Fig. 1e) confirm the major nano-size population (< 100 nm) of F1 and F2.

After 6 months of storage (Fig. 1d, right), a large population of nanoparticles (10—
20 nm) was still prevailing indicating no aggregation and high stability. It was interesting
to find that the size distribution of nanoemulsion F2 improved after storage, so that it
eclipsed with the size distribution of F1 to become almost the same pattern. This indi-
cates that during storage particles are equilibrating continuously till reaching their final
size distribution pattern. That behavior was confirmed visually in Fig. 1b, c and also in
our previous investigation (Abd-Rabou and Edris 2021).

Assessment of the cytotoxicity

The cytotoxic effect of pure unformulated FEO (F0) and its two formulated nanoemul-
sions (F1 and F2) as well as a-pinene (PIN), the main volatile constituent of FEO, and
doxorubicin (DOX), a positive control, was evaluated against lung cancer A549 cells and
normal lung WI-38 cells. The former cell lines are commonly used as a model for in vitro
evaluation of cytotoxicity of the non-volatile fraction of frankincense (boswellic acids),
which is a potential candidate for lung cancer treatment (Minghe et al. 2020). The cyto-
toxicity effect in the current investigation was evaluated and represented in two terms,
namely, cell proliferation percentage (Fig. 2a—d) and ICg, values (Table 3). The results of
these two evaluations accompanied by discussion and rationalization are presented in
the next passage.
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Fig. 2 Cytotoxicity of different doses (0-100 pg/ml) of the tested formulas against lung cancer cell lines
(A549) versus normal WI-38 cells. Cells were incubated with these formulas for 4 h (A), 24 h (B), 48 h (C), and
72h (D)

Cytotoxicity of pure unformulated FEO (F0)

The results in Fig. 2 generally revealed that there is a significant (P <0.05) dose-depend-
ent and time-dependent decrease in cancer A549 cell proliferation percentage upon
treatment with FO after 4 h (Fig. 2a), 24 h (Fig. 2b), 48 h (Fig. 2c), and 72 h (Fig. 2d) incu-
bation periods. FEO (F0), after 4 h incubation with 100 pug FEO/m], inhibited cell prolif-
eration to 44.54% and 74.02% for cancer A549 and normal W1I-38 lung cells, respectively
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Table 3 IC,, and fold changes of lung cancer A549 and normal WI-38 cell lines upon different

treatments

Incubation  1C;;and Lung cancer cell line Normal cell line

period fold
changes FO F1 F2 PIN DOX FoO F1 F2 PIN DOX

4h ICsq 6411 6034 5215 7247 5803 7781 8562 8810 7239 8464
FC1 1.0 1.06 1.23 0.88 1.10 1.0 0.91 0.88 1.07 0.92
FC2 0.91 0.96 1.11 0.80 1.0 1.09 0.99 0.96 117 1.0

24h (@ 60.12 5542 4707 6627 5411 7298 8185 8365 6919 79.16
FC1 1.0 1.08 1.28 091 1.1 1.0 0.95 0.93 112 0.98
FC2 090 098 115 082 10 108 097 095 114 10

48 h ICsq 4789 3872 3050 5458 4538 6207 7247 7274 6021 68.65
FC 1.0 124 157 083 106 10 086 085 103 090
FC2 0.95 117 1.49 0.83 1.0 1.11 0.95 0.94 1.14 1.0

72h ICsp 3460 2222 1488 4129 3209 5030 6570 6634 5344 61.88
FC 1.0 156 232 084 108 10 077 076 094 081
FC2 0.93 144 2.16 0.78 1.0 1.23 0.94 0.93 1.16 1.0

FC1: Fold change (1), the ration between ICy, of FO to that of all other tested formulas and compounds
FC2: Fold change (2), ration between the IC5, DOX to that of all other tested formulas and compounds

(Fig. 2a). The highest cytotoxic effect appeared after 72 h incubation period at 100 pg/
ml, where cell proliferation reached 12.33% and 33.77% for cancer A549 and normal
WI-38 lung cells, respectively (Fig. 2d).

Regarding cytotoxicity of FO in terms of IC;, results in Table 2 indicates that 34.60 pg/
ml of FEO is required to eradicate half population (50%) of lung cancer A549 cells after
72 h incubation period. On the other hand, 50.30 pg/ml is required to do the same effect
in case of WI-38 normal cell line. Results in Table 3 also showed that lung cancer cells
were more sensitive to FEO compared to the normal lung cells. This observation was
also reported for FEO (belong to the same sacra species) against some breast cancer
cells (Suhail et al. 2011). However, we wanted to compare our results with relevant inves-
tigations which also evaluate FEO against lung cancer A549 cells, rather than any other
cancer cell type. Unfortunately, these key investigations are seldom, which makes our
study an initiative (first report) that exhibits the potentials of FEO (from B. sacra) as a
cytotoxic plant-based volatile oil against lung cancer non-small cells (A549).

In general, the biological activity of plant extracts is directly linked to their chemical
composition and their active principles. Regarding FEO, the major volatile constituent
was found in this investigation to be a-pinene (PIN) which represent ~60% of the total
essential oil composition (Table 2). This volatile monoterpene compound showed cyto-
toxic activity against different types of cancer cells (Kumar et al. 2021; Zhao et al. 2018;
Chen et al. 2015). It exerts it activity through induction of cell cycle arrest and apoptosis.
Concerning previous investigation on lung cancer cells, it was reported that a-pinene
(individually) did not produce significant cytotoxicity on lung cancer A549 cells (Zhang
et al. 2015). However, combining a-pinene with a protocol-prescribed anti-lung cancer
drug like paclitaxel enhanced the cytotoxicity of the drug against these cancer cells by
synergistic effect (same reference).

Based on that notification, the authors of the current study included individual
a-pinene (PIN) in the cytotoxicity evaluation along with FEO (Fig. 2a—d and Table 2),
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to compare their activity. Results showed that FEO (FO0) inhibited cancer cell prolifera-
tion percentage compared to PIN after 4 h up to 72 h, indicating higher cytotoxic effect.
This result is also confirmed through the IC, evaluations (Table 3) which showed that
after only 4 h incubation period the IC;, was 64.1 for FO versus 72.4 for PIN with a fold
change 0.88.

After 72 h, the IC;, value was further decreased to 34.6 and 41.2 for FO and PIN,
respectively, with a fold change 0.84. These results indicate that FEO which contains
only ~60% o-pinene is more cytotoxic to A549 lung cancer cells than pure individual
a-pinene. That is most probably due to the synergistic effect between a-pinene inher-
ently present in FEO and the other neighboring volatile components which all together
constituents that oil. Here, we would like to point out to the fact that 80.1% of FEO
volatile compounds were identified (Table 2), while 19.9% minor compounds are still
unknown, which may also participate in the anti-lung cancer activity of FEO.

Even though the fold change of IC;), between FEO and PIN is only 0.8, formulation of
the former in nanoemulsion form will increase this value and make FEO is unexchange-
able with pure individual a-pinene, as will be manifested in the next passage.

Cytotoxicity of FEO nanoemulsion (F1)

Water-based nanoemulsions afford administration and delivery of lipophilic drugs
through aqueous media (like blood) via intravenous injection. In addition, drug nano-
particles can enhance the cytotoxic activity of drugs due to better diffusion of nanopar-
ticles into the cancer cells, as was proven in our previous investigation (Abd-Rabou and
Edris 2021). Therefore, FEO in the current study was formulated in two water-based
nanoemulsions, namely, F1 and F2, which differ from one another in the content of the
co-surfactant, propylene glycol (PG), as described previously.

Regarding F1 (formulated without PG), it was found that this nanoemulsion inhibited
cell proliferation of lung cancer cells to become 35.59% after 4 h incubation at 100 pg
FEO/ml (Fig. 2a). This inhibition in cancer cell proliferation was almost equals to that
caused by the reference drug DOX (35.60%), but lower than that caused by a-pinene
(PIN, 57.2%). On the other hand, normal lung cells were less affected by F1, where cell
proliferation was kept at 75.02%, under the same conditions. Both cells proliferation was
inhibited gradually in time-dependent manner until reaching the highest inhibition after
72 h incubation. At that time, the proliferation of lung cancer cells was greatly inhibited
by F1 to reach only 1.61%, at the highest tested dose. That indicates more cytotoxic effect
compared to BIN and the reference drug DOX, which both showed cell proliferation at
19.8% and 8.3%, respectively. Meanwhile, the proliferation of normal lung cells was less
affected (52.77%) by nanoemulsion F1 after 72 h incubation period (Fig. 1d).

In line with these results, Table 3 also confirmed the previous finding, where the ICy,
of F1, BIN and DOX after 72 h incubation was 22.22, 41.2 and 32.09 ug FEO/ml, respec-
tively. On the other hand, the IC;, of F1 for normal lung cells was 65.70 ug FEO/ml
under the same conditions.

Comparing the cytotoxicity of pure unformulated FEO (F0) with that of FEO nanoe-
mulsion (F1) one can clearly observe the enhanced cytotoxic effect of the latter due to its
content of nanoparticles. Cell proliferation of lung cancer cells were almost ceased after
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72 h incubation (Fig. 2d) with nanoemulsion F1. That indicates higher cytotoxicity than
FO, where cell proliferation reached 12.3% after the same incubation period.

More interestingly, the cytotoxicity of nanoemulsion F1 surpassed that of the refer-
ence drug DOX in which about 8.3% lung cancer cell were still proliferating after 72 h
incubation period with the drug.

Regarding cytotoxicity in terms of ICy, values, Table 2 indicates that this value was
always lower for nanoemulsion F1 compared to FO, PIN and DOX throughout the whole

incubation periods.

Cytotoxicity of FEO nanoemulsion (F2)

FEO nanoemulsion F2 has the same composition as F1 with an extra ingredient incor-
porated within the formula which is 1.0% PG. This compound was used commonly as
a co-surfactant to facilitate nanoemulsion formation as was previously indicated (Edris
2021). However, we noticed that it was possible to formulate FEO nanoemulsion even
without using PG, as the case of nanoemulsion F1. This observation indicates that FEO
has an inherent tendency to lend itself easily to nanoemulsion formation. That could be
due to the compatibility between the chosen surfactant (Cremophor RH40) with the
ingredients of the essential oil (FEO), in the sense of their hydrophilic-lipophilic balance
(Tokuoka et al. 1993).

In the current section we are going to evaluate if there is any difference in cytotoxicity
following the incorporation of PG in nanoemulsion F2, compared to the unformulated
FEO (F0), PG-free nanoemulsion (F1), a-pinene (PIN), and the drug (DOX).

Figure 2a indicates that F2 inhibited lung cancer cells proliferation to a higher extent
compared to FO, F1, PIN and DOX at all incubation periods. After 48 h incubation,
nanoemulsion F2 at the highest does was able to induce profound inhibition toward can-
cer cell proliferation, while FO, F1, PIN and DOX treated cells were still proliferating at
24.4%, 7.5%, 31.9% and 20.5%, respectively (Fig. 2c). After 72 h incubation period nanoe-
mulsions F1 and F2 were the only tested formula which were able to inhibit (almost
completely) the cell proliferation of cancer cells (Fig. 2d).

Results illustrated in Table 3 confirmed the previous data, where the ICy, of both F1
and F2 were the lowest (22.22 and 14.88 pg of FEO/ml, respectively) among the other
tested compounds after 72 h incubation period.

From the same table, it can be noticed that F2 recorded the highest fold change (FC1),
where there is 2.32-fold increase of F2 compared to FO and 2.16-fold increase (FC2)
compared to the drug DOX. For normal lung WI-38 cells, there is 0.94-fold decrease
(FC1) of F2 compared to FO and 0.93-fold decrease (FC2) of F2 compared to DOX.

It is clear from the above-mentioned results that PG has a significant role in increasing
the cytotoxicity of FEO nanoemulsion (F2). The mechanism of action could be similar to
that which was previously reported by Zhao et al. (2013) for PG-liposomes delivery sys-
tem against multidrug resistant cancer cells. They postulated that PG has potentials to
improve membrane permeability and to increase the fluidity and flexibility of liposomes
to make it more deformable and more easily being taken by cancer cells. Regarding
incorporation of PG in the nanoemulsion, it was reported that this compound has the
ability to arrange itself along with the main surfactant used for emulsion formation at
the interfacial layer between the oil and water phases (Garti et al. 2001). That orientation
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(Fig. 3) leads to the formation of a mixed surfactant film which is more flexible than
single-surfactant film. This behavior imparts more flexibility and fluidity to FEO nano-
particles in nanoemulsion F2 to diffuse through the cell wall of cancer cells easier than
F1, as predicted from the enhanced cytotoxicity of F2.

It is worth to indicate that in the previous investigation, Zhao et al. (2013) formulated
PG-liposomes containing 16% PG. On the other hand, in our current investigation,
nanoemulsion F2 was fabricated using only 1.0% PG. This gives a preliminary indica-
tion that more PG in FEO nanoemulsion may potentially manifest even more cytotoxic
effect than that reported in the current study. However, that hypothesis must be verified
through a complementary investigation which we plan to conduct in the next project.

Cytotoxicity and safety of FEO and its nanoemulsions on normal lung cells WI-38
The major liability of chemotherapeutic drugs is the lack of selectivity which leads to
deleterious effects on normal tissues. Therefore, finding tumor-specific therapy which
can target only cancer cells, while sparing normal cells is a prerequisite. Based on that, in
the current study, the cytotoxicity of FEO along with the other tested formulas was also
evaluated against the normal WI-38 lung cells to estimate the safety of these formulas.
Figure 2a indicates that after 4 h incubation period, the drug DOX and a-pinene PIN, at
the highest dose, were more cytotoxic to normal lung cell, where cell proliferation was inhib-
ited to 60.9% in both cases. On the other hand, F0, F1, and F2 were less cytotoxic to normal
lung cells with significantly higher cell proliferation percentage (74.0%, 75.0% and 80.2%),
respectively. After 72 h incubation, the cytotoxicity of DOX and PIN was further increased,
and consequently normal cell proliferation decreased to reach 37.6% and 34.7%, respectively.
Meanwhile, 0, F1 and F2 showed relatively less cytotoxic effect with higher cell proliferation
percentage reaching 33.7%, 52.7% and 56.0%, respectively. Table 3 illustrates a larger safety
limit of F1 and F2 toward normal lung cells, where the IC;, values (65.70 and 66.34 pg of
FEO/ml) were the highest among the other tested compounds after 72 h incubation period.
Therefore, it is obvious that FEO nanoemulsion F2 was relatively the least cytotoxic among
all tested compounds against normal lung cells. Interestingly the very same nanoemulsion
was also manifested the highest cytotoxicity against lung cancer cell as shown previously,
indicating the specific attitude of nanoemulsion F2. Data in Table 3 regarding cytotoxicity in
terms of IC;, values confirmed the same results.

@ Original surfactant

(Cremophor RH40)

@ i

g <
gy
o

@ Co-surfactant (PG)

(Nanoemulsion F1) (Nanoemulsion F2)

Fig. 3 Schematic representation of single surfactant film (F1) and PG-mixed surfactant film (F2) of FEO
nanoemulsions
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It is well known that p53 activation protects normal cells from the cytotoxicity of chem-
otherapy through modulation of cell cycle checkpoints (S-phase or M-phase). This idea
opened a therapeutic window in developing new anti-cancer candidates (e.g., nanoemulsion
F2 in the current study), which can up-regulate p53 gene expression. That is in one direc-
tion induce apoptosis in cancer cells, while in another direction, keep normal cells healthy
through regulation of their cell cycle checkpoints (Cheok 2012).

Apoptosis

After studying the cytotoxic effect of FEO and its two nanoemulsions against lung cancer
A549 and normal lung WI-38 cells, this section investigates the mechanistic approach of
killing lung cancerous cells. That approach was fulfilled through flow cytometric analysis
together with genetic expressions of pro-apoptotic (DR5, FAAD, Caspase 8 (Cas8), p53, and
Bax) and anti-apoptotic (Bcl-2, NF-kB, and STAT-3) gene markers.

Flow cytometric analysis

Flow cytometric analysis is a laser-based technique used to detect and measure physical and
chemical characteristics of a population of cells. It is one of the most popular applications of
studying programmed cell death (apoptosis). The apoptotic diagrams of lung cancer A549
and normal lung W1I-38 cells (Fig. 4a, b) along with their graphical representation (Fig. 4c—f)
after treatment with the different FEO formulations, were presented.

From Fig. 4a, b, it is evident that the count percent of lung cancer A549 cells in the quad-
rant of negative annexin V/negative PI were decreased gradually after treatment with FO, F1,
and F2, respectively. Figure 4c shows the un-apoptotic lung cancer A549 cells upon different
treatments, recording gradual decrease in a significant manner after treatment with F0, F1,
and F2, respectively, with highest reduction observed for nanoemulsion F2 (47.4%). Thus,
there was more than half percentage of lung cancer A549 cells that shifted toward apoptosis.
On the other hand, pure a-pinene (PIN) and the drug (DOX) recorded an inhibition in the
un-apoptotic A549 cells approximately similar to the effect of FO, (around 70%).

For normal lung WI-38 cells, F2 (89.3%) and F1 (85.0%) recorded a non-significant
decrease in the un-apoptotic population. Thus, there was very low percentage (around
10.0%) of normal cells that shifted toward apoptosis.

Figure 4d shows the cells that stained with Annexin V dye, i.e., early apoptotic cells,
indicating that FEO nanoemulsions F2 followed by F1 induced the highest early apop-
tosis on lung cancer A549 cells, with the highest percentage shown for F2 (51.6%).
Figure 4e shows the cells that stained with propidium iodide dye, i.e., necrotic cells, indi-
cating that F1 followed by DOX then FO induced little necrosis in A549 cells, with the
highest percentage found for nanoemulsion F1 (0.13%). Figure 4f shows the cells that
stained with both Annexin V and propidium iodide dyes, i.e., late apoptotic cells. The

(See figure on next page.)

Fig. 4 Apoptotic screening using flow cytometry of the tested formulas against lung cancer A549 versus
normal WI-38 cells. A apoptotic diagrams of A549 cells, B apoptotic diagrams of WI-38 cells. C Cells did not
stain with dyes and named un-apoptotic cells, D cells stained with Annexin V and shifted to early apoptosis,
E cells stained with propidium iodide (Pl) and shifted to necrosis, F cells stained with Annexin V and Pl and
shifted to late apoptosis (n=3)
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figure indicates that F2, F1, PIN and DOX, induced apoptosis in A549 cells, with the
highest percentage in F1 (2.04%).

Some essential oils can promote depolarization of the mitochondrial membranes lead
to abnormal permeability of the membranes resulting in leakage of pro-apoptotic fac-
tors, such as radicals, cytochrome c, calcium ions and proteins, causing induction of
apoptosis (Yaman et al. 2021). It was reported that some terpenes from aromatic plants
(e.g., a-pinene) can induce a rapid loss in the membrane potential and activate caspases
3,6, and 7, leading finally to induction of apoptosis (Bock and Tait 2020). Parallel to this
finding, Zhang et al. (2015) indicated that the combination therapy with a-pinene and
[-pinene showed a synergistic effect on apoptosis against lung A549 cells.

Genetic expression

Gene expression of DR5, FAAD, Cas8, and p53

Genetic expressions of pro-apoptotic (DR5, FAAD, Caspase 8 (Cas8), p53, and Bax) and
anti-apoptotic (Bcl-2, NF-kB, and STAT-3) gene markers were evaluated in the current
study (Figs. 5, 6, 7) to support the results obtained from the previously discussed apop-
totic diagrams (Fig. 4). These genes are called extrinsic apoptotic genes which are dif-
ferent from the intrinsic Bax and Bcl-2 genes, which were also studied in the current
investigation, (next section).
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Fig. 5 Genetic expression of pro-apoptotic pathway, a in lung cancerous A549 cells, and b in normal lung
WI-38 cells
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Fig. 6 Genetic expression of pro-apoptotic Bax and anti-apoptotic Bcl-2 genes. A In lung cancerous A549
cells and B in normal lung WI-38 cells (n=3)

Tracking the apoptotic pathway in lung cancer A549 cells (Fig. 5a) reveals that FO, F1,
F2, and PIN upregulate DR5 expression, which is a proapoptotic death receptor. The rel-
ative gene expression was significantly increased only in case of F2 (6.43) compared to
control (1). Regarding normal lung WI-38 cells, F2 also induced the DR5 gene expres-
sion to a lesser extent (2.43) compared to lung cancer A549 cells (Fig. 5b). This result
indicates that F2 perform its killing action against lung cancer cells through DR5-medi-
ated apoptotic pathway. This data came in accordance with a previous study (Lu et al.
2008) which indicate that boswellic acid from non-volatile fraction of frankincense can
inhibit tumor cell growth and to induce apoptosis in prostate cancer cells through acti-
vation of DR5-mediated apoptotic pathway.

Activation of DR5 using FEO nanoemulsions (F1 and F2) in case of lung cancer A549
cells can produce apoptotic signals through their intracellular death domain (DD) (Gas-
parian et al. 2009). That is followed by receptor clustering leading to the recruitment
of Fas-associated protein with death domain (FADD) (Abbas and Larisch 2020). In the
current study, FADD was upregulated using all the tested formulations in lung cancer
A549 cells, with the highest gene expression was for nanoemulsion F2 (5.55) compared
to control (1), (Fig. 5a).

FADD adaptor protein recruit pro-caspase-8 forming the death-inducing signal-
ing complex (DISC) known as the primary complex. The recruitment of pro-caspase-8



Abd-Rabou and Edris Cancer Nanotechnology (2022) 13:22 Page 19 of 24

A)
1.2
(=]
<
un
< 1
ey H Control
2
g 0.8 EFO
2206 HF1
o o
5 mF2
& 04
@ HPIN
B 0.2
o m DOX
&
O .
NF-kB STAT-3
B)
1.2
®
°
E 1
S H Control
.0
a 08 mFO
<
a2
X E 0.6 - mF1l
% 04 EF2
b mPIN
£ 02 -
] ’ m DOX
(]
o
O .
NF-kB STAT-3
Fig. 7 Genetic expression of survival (anti-apoptotic) genes. a In lung cancer A549 cells and b in normal lung

WI-38 cells (n=3)

causes its activation and subsequent cleavage of caspase-3, -6, and -7 leads to membrane
blebbing, DNA fragmentation and nuclear shrinkage (Abbas and Larisch 2020). Thus,
in the current study, caspase-8 was upregulated using all the tested formulations in lung
cancer A549 cells, with the highest percentage found in F2 (6.3) compared to control (1)
(Fig. 5a). This data was also supported by the same previous study (Lu et al. 2008), which
indicate that boswellic acid from frankincense induce apoptosis through activation of
caspase-8 which was correlated with increased levels of death receptor (DR5) but not of
Fas or DR4.

P53 is considered as one of the major tumor suppressors. The main function of p53
is cancer prevention through controlling cell death pathways (Refaat et al. 2014). The
activation of p53 is essential in both cancer cells for their death and normal cells for their
survival (Cheok 2012). In the current study, p53 was upregulated after treatment with all
the tested formulations in lung cancer A549 cells, with the highest percentage found for
nanoemulsion F2 (7.5%) compared to control (1) (Fig. 5a).

Figure 5b shows some upregulation of pro-apoptotic genes in normal lung cells but
in much lower extent than the highly significant upregulation that was observed in the
cancerous lung cells.
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Gene expression of Bax and Bcl-2 genes

Regarding the intrinsic pathway of apoptosis, activated caspase-8 requires the engage-
ment of mitochondrial response in terms of Bax and Bcl-2 genes. In this pathway,
active caspase-8 upregulates Bcl-2-associated X protein (Bax), then translocate to the
mitochondria. This leads to a change in the mitochondrial membrane polarization and
release of cytochrome c (Flores-Romero et al 2022) to form a structure known as apop-
tosome. This apoptosome is essential for the activation of other caspases (9, 3, 6, and 7)
(Refaat et al. 2014). In the current study, we find that Bax levels were upregulated, while
Bcl-2 genetic levels were down-regulated after treatment with all tested formulations in
lung cancer A549 cells compared to control (Fig. 6).

The ratio of genetic expressions of pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) is
very important to confirm the apoptotic effect of any new treatment (Fig. 6). Therefore,
this ratio was calculated in the current study and shown in Table 4. The data of lung
cancer A549 cells (Fig. 6a) indicates that FEO nanoemulsion F2 has the highest Bax
genetic level (7.8) and the lowest Bcl-2 genetic level (0.1) compared to normal lung cells
(Fig. 6b). FEO nanoemulsion F1 also has high Bax genetic level (3.6) and the lowest Bcl-2
genetic level (0.35). On the other hand, F1 and F2 had non-significant changes of Bax
and Bcl-2 genetic levels (around 1) on WI-38 normal cells.

Bax/Bcl-2 ratio above (>1) is an indication of apoptotic induction, while ratio below
(<1) is an indication of apoptotic suppression, as shown in Table 4. The table illustrates
that nanoemulsion F1 showed lower ratios than F2, compared with normal cells. Nanoe-
mulsion F2 showed the highest Bax/Bcl-2 ratio, recording 78.50 for lung cancer A549
cells and 1.54 for normal WI-38 cells, respectively. On the other hand, F1 came next to
F2 in activity, recording Bax/Bcl-2 ratio with 10.00 and 1.5 for lung cancer and normal
cells, respectively.

FO, PIN, and DOX also elevate the Bax/Bcl-2 ratio but in a very lower manner com-
pared to both FEO nanoemulsion (F1 and F2). There are no remarkable changes in the
Bax/Bcl-2 ratio of FO, PIN, and DOX when comparing lung cancer and normal lung cells
(Table 4).

In general, essential oils were able to change expression levels of Bcl-2 and Bax genes
leading to release of cytochrome C and induction of apoptosis in cancerous cells (Cha
et al. 2009). That happens via activation of caspases 9 and 3 which in turn causes apop-
tosis. Antiapoptotic Bcl-2 protein is downregulated by the action of essential oil on the
cancer cells.

Gene expression of NF-kB and STAT-3 genes

Development of chemo-resistance is a well-known phenomenon that may arise after
cancer treatment. It leads to reoccurrence of cancer due to the induction of some

Table 4 The ratio of pro-apoptotic (Bax) to the anti-apoptotic (Bcl-2) gene markers (Bax / Bcl-2)

Cell lines Control FO F1 F2 PIN DOX

Lung cancer A549 cell line 1.0 213 10.00 78.50 292 4.25
Normal lung WI-38 cell line 1.0 248 1.50 1.54 233 345
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survival (anti-apoptotic) genes, such as NF-kB and STAT-3. Therefore, inhibition of
these genes is an attractive therapeutic strategy, which is included in the current study.

Figure 7a indicates that NF-kB and STAT3 genes were downregulated in lung cancer
A549 cells upon treatment with all formulations, recording the highest downregulation
with FEO nanoemulsion F2 (0.018 and 0.1, respectively) compared to control (1.0). On
the other hand, Fig. 7b shows some non-significant downregulation of survival genes in
normal lung cells but in much lower extent compared to that in the case of cancerous
lung cells.

Evaluation of reactive oxygen species

Reactive oxygen species (ROS) such as nitric oxide (NO) can cause DNA damage and
p53 activation. That leads to direct DR5 upregulation (extrinsic apoptotic pathway)
(Kannappan et al. 2010), or activation of Bax upregulation (intrinsic apoptotic pathway)
(Park et al. 2013). In addition, DR5 activators can act by the downregulation of NF-kB
and STAT pathways (Nazim et al 2020).

Therefore, measurements of ROS markers such as nitric oxide (NO) and its enzyme,
inducible nitric oxide synthase (iNOS) were conducted to study the potentials of both
FEO nanoemulsions to induce ROS-mediated apoptosis. Figure 8 shows the levels of NO
and iNOS produced by lung cancer and normal cells after treatments with the different
formula versus control. Both ROS markers (NO and iNOS) were significantly increased
(P<0.05) upon the treatments, with very high significance for nanoemulsion F2 (46.54
and 27.64, respectively) compared to the untreated control (15.6 and 6.7, respectively).
On the other hand, nanoemulsion F1 induced also significant elevation of both markers
but to a lesser extent (31.37 and 18.39, respectively) compared to the untreated control
(15.6 and 6.7, respectively).

Both FEO nanoemulsions showed non-significant increase of NO and iNOS levels in
normal lung W1I-38 cells (Fig. 8b). This result indicate that the naniemulsions activated
iNOS enzyme which induced NO-mediated apoptosis in lung cancer A549 cells but not
in normal lung W1-38 cells.

In general, essential oils were reported to induce cancer cell death by increasing ROS
production. This phenomenon led to cell death-mediated apoptosis (Sceur et al. 2011).
In addition, some terpenes (e.g., a-pinene) inhibited cell proliferation, induce oxidative
stress, increased ROS formation, and caused apoptosis (Wang et al. 2021).

Conclusions

Frankincense essential oil rich in a-pinene isolated from Boswella sacra oleogum showed
a potential for driving lung cancer A549 cells to apoptosis and prevent reoccurrence.
Formulation of that oil in a water-based nanoemulsion in the presence of propylene gly-
col as co-surfactant enhanced greatly its cytotoxicity against lung cancer cells with mini-
mum effect on normal cells. The results obtained in the current study could be useful in
developing a plant-based phytochemical from the volatile fraction of frankincense that
can potentially be used as adjuvant in lung cancer chemotherapy.
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