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ARTICLE INFO ABSTRACT

Keywords: Background: Pamburus missionis (Wight) Swingle (Rutaceae) is traditionally used in the treatment of swellings,

P. missionis chronic rheumatism, paralysis and puerperal diseases. In a previous study the authors demonstrated apoptotic

B-caryophyllene activity of Pamburus missionis essential oil (EO) on A431 and HaCaT cells. The major components of EO were p-

;\;omzladendrene oxide 2 caryophyllene (25.40%), 4(14),11- eudesmadiene (7.17%), aromadendrene oxide 2 (14.01%) (AO-(2) and
yto

phytol (6.88%).

Purpose of study: To investigate the role as well as the interactions among EO components inducing apoptosis in
A431 and HacCaT cells.

Methods: Isobolographic analysis and combination index methods were used to detect the type of interactions
among the essential oil (EO) components. Cell viability was used to detect cytotoxic activity. Mechanism of cell
death was studied using Annexin V-FITC/PI binding assay, cell cycle analysis, measurement of MMP and ROS
generation by flow cytometry. Expression of apoptosis associated proteins was investigated by western blot.
Results: Combination of P. missionis EO components: 3-caryophyllene/ aromadendrene oxide 2 (3-C/AO-(2)), 3-
caryophyllene/phytol (B-C/P) and aromadendrene oxide 2 /phytol (AO-(2)/P) inhibited growth and colony
formation ability of skin epidermoid A431 and precancerous HaCaT cells. Synergistic interaction was observed
between B-C/AO-(2) and B-C/P combination while AO-(2)/P exhibited an additive effect. Combination of
components induced chromatin condensation, phosphatidylserine externalisation, increase in sub-G1 DNA
content, cell cycle arrest at GO/G1 phase and intracellular ROS accumulation. Inhibition of intracellular ROS by
N-acetyl cysteine treatment blocked apoptosis induced by the combinations. The combinations induced apop-
tosis in A431 and HaCaT cells mediated by loss of mitochondrial membrane potential (AWm), increase in Bax/
Bcl-2 ratio, release of cytosolic cytochrome ¢ and activation of caspases (cleaved form of caspase-3, caspase-8,
caspase-9) and by PARP cleavage.

Conclusion: The present study demonstrates interactions among (3-C, AO-(2) and P in the induction of apoptosis
on A431 and HaCaT cells. These data suggest the combination of B-caryophyllene with aromadendrene oxide 2
and phytol could be potential therapeutics for the treatment of skin epidermoid cancer and precancerous cells.

Synergy
Apoptosis
Cancer therapy

Introduction Basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) are
classified as NMSCs. BCC and SCC develop in the basal and squamous

Skin cancers are by far the most common malignant form of diseases (spinosum) layers of the epidermis respectively (Wood and

in humans, particularly in the white population (D'Orazio et al., 2013; Bladon, 1985). UV radiation is the primary cause of NMSC. UV-B is the
Rogers et al., 2010). Skin cancer is broadly classified into two types most carcinogenic radiation and induces a tan in the skin. Long term
based on its origin: non-melanoma skin cancer (NMSC) and melanoma. exposure to UV-B results in photo-aging and cancer (Madan, 2009;
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EtBr, ethidium bromide; PI, propidium Iodide; MMP, mitochondrial membrane potential (AWm); JC-1, 5,5%,6,6 -tetrachloro-1,1",3,3 tetra ethyl benzimidazolyl
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Maddodi and Setaluri, 2008). Exposure to UV radiation produces spe-
cific mutations in keratinocytes which leads to precancerous stage of
actinic keratosis and development of skin cancer (Ortonne, 2002;
Rodust et al., 2009). Local treatment of NMSC is determined based on
the type, size, location of the lesion and patient age. Radiotherapy and
surgery are the main treatment strategies (McGuire et al., 2009).
Natural products such as essential oils from aromatic plants are
currently used in cancer prevention and therapeutic strategies. There
have been studies showing the interactions among EO components, viz.,
antibacterial effects of Cymbopogon citratus where the major active
components, geranial (a-citral) and neral (B-citral) are potentiated by a
non-active minor component, myrcene (Onawunmi et al., 1984). Low
et al studied the synergism of the major components of Eucalyptus ci-
triodora (where the major components citronellal and citronellol ex-
hibited a 4-fold potentiation when combined in their naturally occur-
ring ratio (90:7.5, respectively) compared to each component tested on
its own (Low et al., 1974). In recent years comparative studies on the
whole crude essential oil and its major compound from Cymbopogon
flexuosus (Kumar et al., 2008), Monarda citriodora (Pathania et al.,
2013) and Piper cernuum (Girola et al., 2015) have been studied for
their anticancer activities. Our previous study (Pavithra et al., 2017)
has demonstrated apoptotic activity of EO from P. missionis in A431 skin
cancer and precancerous HaCaT cells wherein GC-MS analysis revealed
the presence of [-caryophyllene (25.40%), as the major component,
along with 4(14),11-eudesmadiene (7.17%), aromadendrene oxide 2
(14.01%) and phytol (6.88%). The present study investigates the role,
interactions among EO components of P. missionis and underlying me-
chanism for induction of apoptosis in A431 skin epidermoid carcinoma
and HaCaT cells (representing an early stage of skin cancer keratosis).

Materials and methods
Chemicals and antibodies

EO components of P. missionis B-caryophyllene, aromadendrene
oxide 2 and phytol > 98% purity were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Stock solutions (100 mM) of these compounds
were made in absolute ethanol. Stock solutions were further diluted to
make a working stock solution of 1 mM, which was diluted to desired
final concentrations with growth medium just before use. MTT 3-(4,5-
dimethyl thiazol-2-yl)—2,5 diphenyl tetrazolium bromide (SRL),
Propidium Iodide, 2,7-dichlorofluorescein diacetate, N-acetyl cysteine
and [-Actin antibody were purchased from Sigma-Aldrich. Annexin V-
FITC/PI kit and JC-1 dye were procured from Abcam (Cambridge, U.K.)
and RNAse A from MP Biomedical (Santa Ana, California, USA). Anti
caspase-3 (cleaved) (Cat. No 9665) and anti caspase-9 (cleaved) (Cat.
No 7237) were obtained from Cell Signaling Technology (Danvers,
Massachusetts, USA), anti caspase-8 (cleaved) (Cat. No sc-6136) from
Santa Cruz Biotechnology (Dallas, Texas, USA) and anti-Bax (Cat. No
04-434) from Millipore (Burlington, Massachusetts, United States).
Anti-Cytochrome c (Cat. No ab90529), anti-Bcl2 (Cat. No ab7973) and
anti-PARP (Cat. No ab32138) were procured from Abcam (U.K.). Anti-
Cyclin D (Cat. No BD 556,470) antibody was procured from BD
Biosciences (San Jose, CA, USA).

Cell culture

A431 human epidermoid skin cancer cell line and HaCaT cell line
for the study were obtained from National Centre for Cell Science,
Pune, India. Cell lines were grown and maintained in RPMI-1640
medium supplemented with 10% heat-inactivated fetal bovine serum, -
glutamine (200 mM), 100 U/ml penicillin and 100Ug/ml streptomycin.
The cells were incubated at 37 °C in a 5% CO, incubator. Human
Mesenchymal stem cells (isolated from umbilical cord) were cultured in
alpha MEM medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), r-glutamine (200 mM), 100 U/ml penicillin and
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100Ug/ml streptomycin. All the cells were maintained in a humidified
5% CO,, incubator at 37 °C.

MTT assay

Cytotoxicity of EO components on A431 and HaCaT cell lines were
assessed by the MTT assay (Mosmann, 1983). In this study essential oil
components: [3-caryophyllene, aromadendrene oxide 2 and phytol in-
dividually were tested for cytotoxic activity on A431 and HaCaT cells at
increasing concentrations for 72h. 5-FU was used as positive control.
Briefly, cells at exponential growth phase were taken up for the study.
5000 cells per well were seeded in 96-well plate. After overnight in-
cubation, media was removed and cells were incubated with fresh
medium containing increasing concentrations (10 to 200 uM) of B-
caryophyllene, AO-(2) and phytol for 72 h respectively. After the in-
cubation period 10 pl of MTT (5 mg/ml) was added to cells and plates
were incubated at 37 °C for 3 h. The MTT-formazon product formed was
dissolved in quenching solution (20% SDS in 50% dimethylformamide).
Absorbance was measured at 570 nm (with reference at 620 nm) in an
ELISA plate reader. The percent of cell viability was determined by
dividing the absorbance of the treated cells with the corresponding
absorbance of control (untreated cells). Experiments were repeated
three independent times.

Analysis of interaction among components

The interactions among the components B-caryophyllene, AO-(2)
and phytol for cytotoxic activity were assessed by Isobolographic ana-
lysis (Chou and Talalay, 1984; Tallarida, 2006) and Combination Index
(CD method (Chou and Talalay, 1983, 1984). Three different combi-
nations, i.e., B-caryophyllene/aromadendrene oxide 2 (3-C/ AO-(2)), B-
caryophyllene/phytol (3-C/P) and aromadendrene oxide 2/phytol (AO-
(2)/P) were constituted for analysing the interactions. For combination
studies, ratio of the two components was set from the ICsq values of the
single components. The ICsq values were subjected to 2, 4, 8, 16 and 32
fold reduction and five concentration pairs were made for each com-
bination. Cytotoxic effects of three combinations pairs were determined
on A431 and HaCaT cells for 24, 48 and 72 h by MTT assay as described
previously. The CI method was used to detect the type of pharmaco-
logical interaction among the components in the combinations (viz., -
C/ AO-(2), B-C/ P and AO-(2)/P). The CI for the combinations were
calculated using Chou and Talalay method:

_ (D), (D),
Dx);  (Dx),

where (D); and (D), are the individual concentrations of the two
components in combination which gives x% effect. (Dx); and (Dx), are
the concentrations of the single components alone that gives the same x
% effect (isoeffective) (i.e., 50% growth inhibition in our study). Ex-
periments were repeated thrice independently. Interaction among
components of the combinations were determined by Fa-CI plot using
the CompuSyn software (Chou and Martin, 2005) (Paramus, NJ, USA).
The value of CI =1 indicates an additive effect between the two
components, whereas a CI < 1 or > 1 indicates synergism or antag-
onism respectively. The dose-reduction index (DRI) defines how many
folds the dose of each drug in a combination is reduced at a given effect
level when compared with the doses of each drug alone (Chou TC 1998)
ie.,

(DRD); = (Dx)1/(D),

(DRI); = (Dx),/(D),

The DRI > 1 indicates the reduced dose for a given drug combina-
tion compared with the dose of that drug alone. DRI for the components
in the three combinations were calculated.
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Detection of nuclear morphology changes by AO/EtBr staining

A431 and HaCaT cells undergoing morphological and nuclear
changes upon treatment with EO component combinations were de-
tected by AO/EtBr staining (Ribble et al., 2005). Approximately 5,000
cells were seeded in 96-well plate, allowed to attach for an overnight
period and treated with the combinations of B-caryophyllene/AO-(2)
(B-C 12.5 uM, AO-(2) 6.25 uM), B-caryophyllene/phytol (3-C 25 uM, P
21.75 uM), AO-(2)/ phytol (AO-(2) 25 uM, P 43.5 uM) for A431 cells
respectively and p-caryophyllene/AO-(2) (B-C 12.5 uM, AO-(2) 9.5
uM), B-caryophyllene/phytol (3-C 25 uM, P 17.5 uM) and AO-(2)/
phytol (AO-(2) 38 uM, P 35 uM) for HaCaT cells respectively for 72 h.
After incubation period, cells were stained with 1 ul of Acridine Orange
(100 pg/ml) and 1 pl of EtBr (100 ng/ml) dye (Sigma-Aldrich) and in-
cubated in dark for of 15 min. Cells were visualized and photographed
immediately using a fluorescence microscope (Eclipse Ti-E, Nikon,
Melville, NY, U.S.A.).

Cell cycle analysis

Cell cycle analysis was determined using flow cytometry. Briefly
1 x 10° cells/ml exponentially growing cells were seeded in 6-well
culture plates. The medium was replaced and cells were exposed to
medium containing individual components [-caryophyllene, AO-(2),
phytol and their combinations (3-C/ AO-(2), 3-C/P and AO-2/P for 72 h.
After the incubation period, untreated and treated cells were collected
from the treatment wells. Cells were washed with PBS and fixed in 70%
“ice” cold ethanol overnight at 4°C. Fixed cells were centrifuged and
washed in PBS to remove residual ethanol. The pellets were re-sus-
pended in 300 pl of PBS containing Propidium Iodide (PI) (50 pg/ml),
0.5% Triton X and incubated with RNAse A (50 pg/ml) at 37 °C for
30 min in water bath (Darzynkiewicz and Juan, 1997). After staining,
cells were analyzed on a FACS Calibur flow cytometry (BD Bioscience).
Cells in GO/G1, S, G2/M and sub-G1 phases were detected. Data were
analyzed using Flow Jo software.

Detection of apoptosis by Annexin V FITC/PI assay

Induction of apoptosis by individual components (3-caryophyllene,
AO-(2), phytol and their combinations in A431 and HaCaT cells was
determined by flow cytometry using Annexin V-FITC/PI staining assay
kit (Abcam) according to manufacturer's protocols with slight mod-
ifications. A431 and HaCaT cells were treated with individual EO
components and their combinations comprising 3-caryophyllene/ AO-
(2), B-caryophyllene/phytol and AO-(2)/phytol for 72h. Cells were
washed and suspended in 300 pul binding buffer and stained with
Annexin V/FITC (1.5 pl) antibody and PI (1.5 pl) and incubated in dark
for 5min. Stained cells were analyzed by Flow Cytometry using quad-
rant statistics to detect live, early apoptotic, late apoptotic and necrotic
cell populations. Data were analyzed using Flow Jo software.

Measurement of mitochondrial membrane potential

Loss of mitochondrial membrane potential was assessed using JC-1
dye. Briefly (1 x 10°/ml) cells were incubated with the combinations:
B-C/ AO-(2), B-C/P and AO-2/P for 72h. Then the cells were washed
with PBS and incubated with complete medium containing JC-1 dye (10
uM) at 37 °C for 30 min in dark. Cells were pelleted, re-suspended in
PBS and analyzed by flow cytometry. Loss of MMP in treated cells was
detected by the decrease in FL-2 fluorescence (red) and increase in FL-1
fluorescence (green).

Measurement of intracellular ROS production

Intracellular ROS generation in cells was determined with H2DCF-
DA. A431 and HaCaT cells were seeded in six-well plates at a density of
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1 x 10° cells/ml and allowed to adhere overnight. The medium was
removed and cells were incubated with fresh medium containing in-
dividual components 3-C, AO-(2), P and their combinations 3-C/ AO-
(2), B-C/ P and AO-(2)/P for 72 h. Treated cells were washed with PBS
and incubated with H2DCF-DA (10uM) for 30 min in the dark, then
analyzed immediately by flow cytometry (Ameziane-El-Hassani et al.,
2010) and the Median Fluorescence Intensity (MFI) was recorded. Data
acquisition (10* events for each sample) was performed with Cell Quest
software.

Western blot analysis

To detect the presence of apoptosis related proteins, A431 and
HacCaT cells were subjected to treatment with combinations comprising
B-C /AO-(2), B-C/P and AO-(2)/P for a period of 72h. Treated and
untreated cells were collected by trypsinisation and cell pellets were re-
suspended in RIPA cell lysis buffer (10 mM Tris Hcl, pH8.0, 1 mM
EDTA, 1% Triton X, 0.1% sodium deoxycholate, 0.1% Sodium dodecyl
Sulphate, 140 mM sodium chloride) along with Protease inhibitor
cocktail (Sigma) and incubated at 4 °C for 30 min. Cell lysates were then
subjected to centrifugation at 10,000 x g for 10 min and the supernatant
was transferred into a new tube. Cytosolic fractions of treated cells were
prepared following the protocol of cytoplasmic extraction kit (Thermo
scientific). Protein content of the cell lysates were quantified using the
Bradford method (Bradford, 1976) with BSA as standard. Equal
amounts of protein (30 pug/sample) were separated electrophoretically
by 12% SDS-PAGE and blotted onto Nitrocellulose membranes. After
transfer, membranes were stained with 0.5% Ponceau stain in 1% acetic
acid to confirm transfer of protein on membrane. Non-specific binding
sites were blocked by incubating the membrane in 5% dried skimmed
milk in TBST solution at room temperature for 1 h. Membranes were
then incubated overnight at 4 °C with primary antibodies: anti caspase-
3 at (1:400), anti caspase-8 (1:1000), anti caspase-9 at (1:400), anti-Bax
at (1:400), anti-Cytochrome ¢ at (1:1000), anti-Bcl-2 at (1:400), anti-
PARP at (1:1000), anti Cyclin D antibody at (1:1000) and anti 3 actin at
(1:5000) dilution in 3% BSA was prepared in TBS-Tween solution re-
spectively. Next blots were probed with specific HRP conjugated sec-
ondary antibodies (1:10,000) (Sigma Aldrich, USA) respectively for 1 h
at room temperature. This was followed by three washes with Tris-
buffered saline with 0.1% Tween 20 (Sigma Aldrich, USA) (TBST)
buffer. Each wash was done for 10 min at room temperature with
constant shaking. The specific protein bands were detected using an
enhanced Chemiluminescence detection kit, Super signal pico (Pierce,
USA). Chemiluminescence intensity was captured using ChemiDoc
Imaging system (Bio-Rad, USA).

Colony formation assay

A431 and HaCaT cells (1000 cells/well) were seeded in six-well
plates, allowed attach and exposed to the three combinations: 3-C/AO-
(2), B-C/P and AO-(2) /P for 72 h. After incubation period the medium
was replaced with fresh medium and surviving cells were allowed to
grow and form colonies (colony containing 50 cells) for 14 days.
Colonies were fixed in ice cold methanol and stained with 0.5% crystal
violet stain. Excess stain was removed by washing plates in water, air
dried and photographed (Franken et al., 2006). Stained colonies in the
control and treated cells were counted by using Image J software.
Percentage colonies formed were calculated as: [(number of colonies
formed by treated cells)/(number of colonies formed by untreated
cells)] x100. Experiments were repeated three independent times.

Tumor spheroids
Multicellular Tumor spheroids were generated as described pre-

viously (Ho et al., 2012) with slight modifications as described below.
Spheroids were produced by seeding cells in 96 well plates coated with
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2% w/v agar. Briefly, A431 cells at density of 25,000/well and HaCaT
cells at density of 50,000/well were seeded in 200 ul of RPMI media
containing 10% FBS in 96 well plates. Cells were allowed to aggregate
and form spheres for period of 48h. In this study multicellular tumor
spheroids of A431 and HaCaT cells of size (350- 400 um) were gener-
ated and exposed to fresh media containing increasing concentrations
of combinations 3-C/AO-(2), B-C/P and AO-(2)/P (based on their ICsq
values of individual components deduced for spheroid viability) for 72
and 96 h at 37 °C in a 5% CO, incubator. Cell viability was determined
by MTT assay. Spheroid size reduction upon treatment was measured
using Nikon Ti pad software.

Statistical analysis

+

Results are presented as the mean + SD. Statistical analysis of data
was performed using a two-tail student t-test and one-way analysis of
variance (ANOVA) with the Bonferroni multiple comparisons test using
Graph Pad Prism Software. p value < 0.05 were considered statistically
significant.

Results
Combinatorial interaction studies

B-caryophyllene, aromadendrene oxide 2 and phytol exhibited a
significant concentration-dependent cytotoxic effect by reducing cell
viability of A431 and HaCaT cells at 72h (S Fig. 1A and B). The IC 5,
values for above components in the order are 100 pM, 50 pM and 87 pM
respectively for A431 and 100 puM, 76 pM and 70 uM respectively for
HacCaT cells (Table 1). In order to determine the interactions among the
components of EO from P. missionis for their cytotoxic effect in A431
and HaCaT cells, three pairs, viz., 3-C/AO-(2), 3-C/P and AO-(2)/P
were studied. Using the ICsy values of single components, five con-
centration pairs (of fixed ratio) for each combination were selected and
their cytotoxic activity on A431 and HaCaT cells were determined. The
results of MTT assays showed that (-C/AO-(2), B-C/P and AO-(2)/P
combinations reduced the viability of A431 and HaCaT cells in a con-
centration and time dependent manner (Fig. 1A, B and C). The con-
centration of components in the combinations and their ratios that
caused 50% reduction in viability of A431 and HaCaT cells are shown in
Table 1. Combination of 3-C/AO-(2), B-C/P and AO-(2)/P did not ex-
hibit cytotoxic effects on HMSCs at 72h (Supplementary Fig. 2).

Isobologram and combination index method was used to ascertain
the nature of interaction among the components. The type of interac-
tions among component pairs, i.e., B-C/AO-(2), B-C/P and AO-(2)/ P
was assessed by isobologram method and the results are illustrated in
Fig. 2. Isobologram was constructed for the combinations of 3-C/AO-
(2), B-C/P and AO-(2)/P using the respective ICs, values of the com-
ponents, B-caryophyllene, AO-(2) and phytol obtained from cytotoxi-
city studies (S Fig. 1). Line of additivity was obtained by connecting the
ICs values of single components alone that caused 50% reduction in
cell viability. The experimentally derived dose-pair combination that
also caused 50% reduction in cell viability was plotted in the iso-
bolograph. The combination dose-pair point occurring on the lower left
side of line of additivity indicates synergism, while that on upper right
side of line of additivity indicates antagonism and the combination dose
pair point on the line of additivity indicates an additive effect
(Chou, 2006). Interestingly, in this study two types of interactions
among the components in induction of cytotoxicity on A431 and HaCaT
cells was observed. Analysis of the interactions revealed experimental
ICso value occurred on lower left side of the additive line, indicating
synergistic interaction between 3-C and AO-(2) as well as for the second
combination i.e., B-C and P in A431 and HaCaT cells (Fig. 2A and B). An
additive effect was observed for AO-(2) and P as the experimental ICsq
value occurred on the line of additivity for A431 and HaCaT cells
(Fig. 2A and B).
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The combination index (CI) analysis revealed a CI values < 1 for -
C/AO-(2) and B-C/P combinations indicating synergism, while for AO-
(2)/P combination, the value of CI =1 indicated an additive effect.
Further, the Fa-CI plot i.e., fraction affected Fa (50% in our study)
versus combination index showed synergistic (CI < 1) cytotoxic effect
for combinations of (3-C/AO-(2) and (3-C/P while an additive effect for
AO-(2)/P combination (Fig. 2C). Details of CI values for A431 and
HacCaT cells are shown in Table 2. Combinations 3-C/A0O-(2), 3-C/P and
AO-(2)/P exhibited 8 to 2 fold dose reduction for the components in the
three combinations (Table 3). The concentrations of components in
combinations (Table 1) are used in subsequent experiments to in-
vestigate the role as well as mechanism of synergistic interaction and
additive effect in inducing apoptosis in A431 and HaCaT cells.

Combination of components alter nuclear morphology

To know whether the cytotoxic effect induced by 3-C/A0-(2), B-C/P
and AO-(2)/P combinations on A431 and HaCaT cells was due to
apoptosis, AO/EtBr staining by fluorescence microscopy was per-
formed. Fig. 3 shows the nuclear morphology changes induced by (3-C/
AO-(2), B-C/P and AO-(2)/P combinations in A431 and HaCaT cells.
Untreated cells had large nucleus and stained green. Treated cells ex-
hibited apoptotic characteristics such as cell shrinkage, blebbing, con-
densed chromatin and stained green. The presence of apoptotic features
in the treated cells confirms that the combinations of the components
induce apoptosis in A431 and HaCaT cells.

Effect of combination of components on cell cycle progression

To investigate the mechanism involved in the growth inhibitory
effects of the combinations, viz., B-C/AO-(2), B-C/P and AO-(2)/P in
A431 and HaCaT cells, cell cycle analysis was performed. Fig. 4A reveal
that when cells were treated with 12.5 uM of -caryophyllene alone for
72h, an increase in the sub-G1l content of 12.3% compared to the
control was seen. However, the cell cycle distribution did not show
significant changes when treated with 6.25 uM of AO-(2) alone for 72 h.
Interestingly, A431 cells treated with the combination of B-C/AO-(2)
(B-C 12.5 pM and AO-(2) 6.25 uM) showed remarkable increase in the
sub-G1 content to 66% with loss of cells from G0/G1, S, G2/M phases
(Fig. 4A). In HaCaT cells, individual treatments with 3-C and AO-(2)
alone did not show changes in the cell cycle distribution at 72h.
However, the treatment of HaCaT cells with 3-C/AO-(2) combination
(B-C 12.5 uM and AO-(2) 9.5 uM) caused significant increase in GO/
Glcontent to 73% (with loss of cells from S and G2/M phases) com-
pared to GO/Glcontent (53%) of untreated control cells (Fig. 4A).

The effect of combination of 3-C/P on cell cycle progression of A431
and HaCaT at 72 h is shown in Fig. 4B. Percentage of apoptosis induced
by B-C and P individually in A431 cells was 18.5% and 13% respec-
tively as indicated by the sub-G1 peak. The percentage of cell in sub-G1
phase increased upon treatment with 3-C/P combination (3-C 25 uM
and P 21.75 uM) significantly to 45% at 72 h with loss of cells from GO/
G1 phase (Fig. 4B). In HaCaT cells at 72h, GO/Glcontent for B-C
treated cells was 53% and 57% for phytol treated cells. This combina-
tion (3-C 25 uM and P 17.5 pM) caused an increase in GO/G1 phase to
81% with loss of cells from S and G2/M phases when compared to
control cells (GO/Glcontent being 53%) causing cell cycle arrest
(Fig. 4B). These results suggest that 3-C/P combination inhibited
growth of A431 and HaCaT cells by inducing apoptosis and cell cycle
arrest at the GO/G1 phase.

Effect of third combination AO-(2)/P on A431 and HaCaT cells is
shown in the Fig. 4C. The individual treatment with AO-(2) at 25 uM
alone resulted in 73% GO/Glarrest and phytol treatment at 43.5 uM
increased the sub-G1 content to 15.5%. AO-(2)/P combination treat-
ment (AO-(2) 25 pM and P 43.5 uM) increased the sub-G1 population to
47% with loss of cells from GO/G1 phase in A431 cells (Fig 4C). In
HaCaT cells individual treatment with AO-(2) at 38 uM alone resulted
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Fig. 1. Cytotoxic effects of the combination pair comprising components, -caryophyllene (f-C), aromadendrene oxide 2 (AO-(2)) and phytol (P) on A431 and HaCaT
cells. (A) B-C/AO-(2), (B) B-C/P and (C) AO-(2)/P. Cells were treated with increasing concentrations of the combinations for time period of 24, 48 and 72 h. Cell
viability was determined by MTT assay. Data points represent the mean =+ SD of three individual experiments. Statistical significance is denoted by * for p < 0.05,
** p < 0.01 and *** p < 0.001 compared with untreated control cells.

Table 1
ICs0 values of single components and combination pairs for A431 and HaCaT cells.
Cell lines Fixed ratio and concentration of components for the combination
B-C AO-(2) P B-C/AO-(2) B-C/P AO-(2)/P
ICs0 (UM) Fixed ratio (uM) Fixed ratio (uM) Fixed ratio (uM)
A431 100 50 87 2:1 12.5/6.25 1.15:1 25/21.75 0.58:1 25/43.5
HaCaT 100 76 70 13:1 12.5/9.5 1.42:1 25/17.5 1.08:1 38/35

B-C/ AO-(2):B-caryophyllene and aromadendrene oxide 2

B-C/P:B-caryophyllene and phytol

AO-(2)/P:aromadendrene oxide 2 and phytol

The fixed ratio for each combination is based on the ICsq values of single components
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Fig. 2. Analysis of interactions among
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Table 2 Table 3
Analysis of interactions among components in the combinations by Dose reduction index (DRI) for components in combination for cell death

Combination Index (CI) Method.

(50%).

Combinations Concentration of
components in the
Combinations combination (uM) CI values CI range,
interaction and
grade
(Chou,1991)
A431 HaCaT A431 HaCaT
B-C/A0-(2) 12.5/ 12.5/9.5 0.28 0.25 0.1-0.3CI <1
6.25 Strong synergism
(+++ +)
B-C/P 25/ 25/17.5 0.5 0.5 0.3-0.7CI<1
21.75 Synergism
(+++)
AO-(2)/P 25/43.5  38/35 1 1 0.90-1.10CI =1

B-C/AO-(2):B-caryophyllene and aromadendrene
B-C/P:B-caryophyllene and phytol
AO-(2)/P:aromadendrene oxide 2 and phytol

Additivism ( = )
oxide 2

Combination index is a measure of the degree of drug interaction. CI values for the
combinations in present study were calculated using CompuSyn software.

Cell lines DRI for components in combination

B-C/AO-(2) B-C/P AO-(2)/P

B-C AO-(2) B-C P AO-(2) P
A431 8 8 4 4 2 2
HaCaT 8 7.9 4 4 2 2

B-C/AO-(2):B-caryophyllene and aromadendrene oxide 2

B-C/P:B-caryophyllene and phytol

AO-(2)/P:aromadendrene oxide 2 and phytol

DRI was calculated using CompuSyn software. DRI > 1 depicts favourable dose
reduction.

in 63% GO/Glarrest and phytol treatment with 35 uM resulted in sub-
G1 content of 17.5%. While the combination treatment (AO-(2) 38 uM
and P 35 uM) increased the GO/G1 content to 77% with loss of cells
from S and G2/M phases leading to GO/G1cell cycle arrest compared to
GO0/Glcontent (53%) of control cells (Fig. 4C). Combinations of
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A431

Control

HaCaT

components inhibited the growth of A431 and HaCaT cells by in-
creasing the sub-G1 content and causing cell cycle arrest at GO/G1phase
and accompanied by reduction in cyclin D protein levels (Fig 8D). These
results conclude that the B-C/AO-(2), B-C/P and AO-(2)/P combina-
tions were more effective than the individual treatments in exerting
growth inhibitory effects.

Combination of components induce apoptosis

To further determine whether the observed cytotoxic activity
caused by combinations of B-C/AO-(2), B-C/P and AO-(2)/P was
through apoptosis or necrosis, Annexin-V FITC/PI staining assay by
flow cytometry was performed. Dying cells are characterized as early
apoptotic cells, in which the plasma membrane remains intact but ex-
poses phosphatidylserine (PS) on the cell surface, while in late apop-
totic cells the plasma membrane becomes permeabilized to dye
Propidium Iodide. Apoptosis induced by B-C/AO-(2), 3-C/P and AO-
(2)/P combinations were confirmed by Annexin-V FITC/PI staining. As
illustrated in Fig. 5, the results show that percentage of apoptotic cells
in A431 and HaCaT cells by individual treatments with B-C and AO-(2)
was not significant compared to the untreated cells. However, combi-
nation treatment with 3-C/AO-(2) on A431 and HaCaT cells dramati-
cally increased the apoptotic cell populations compared to the in-
dividual treatments (Fig. 5A). These results indicate that 3-C/ AO-(2)
combination induced apoptosis in A431 and HaCaT cells.

The Fig. 5B shows the apoptosis effect induced by second combi-
nation B-C/P in A431 and HaCaT cells. The results obtained revealed
that individual treatments with 3-C and P alone induced apoptosis in
A431 and HaCaT cells compared to untreated cells. 3-C/P combination
treatment further increased the apoptosis rates to 68.9% in A431 and
62% in HaCaT cells at 72 h. The apoptosis rates produced by the 3-C/P
combination (3-C 25 uM and P 21.75 uM) in A431 and (B-C 25 uM and
P 17.5 uM ) in HaCaT cells was significantly higher than the individual
treatments. These results confirm that B-C/P combination induced
apoptosis in A431 and HaCaT cells.

Effect of the third combination comprising AO-(2)/P is shown in the
Fig. 5C. Results obtained revealed that AO-(2) and phytol individual
treatments induced apoptosis in A431 and HaCaT cells compared to
untreated cells. AO-(2)/P combination treatment increased the apop-
tosis rates to 75.2% in A431 and 87.3% in HaCaT cells at 72h. The
apoptosis rates produced by the AO-2/P combination (AO-(2) 25 uM
and P 43.5 pM) in A431 and (AO-(2) 38 uM and P 35 uM) in HaCaT
cells was significantly greater than the individual treatments. These
results indicate that the B-C/AO-(2), B-C/ P and AO-(2)/ P combination
treatments enhanced apoptotic cell death than the individual compo-
nent treatments in A431 and HaCaT cells.
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Fig. 3. Nuclear morphology changes induced by combination
of components. Untreated and treated A431 and HaCaT cells
with combinations of B-C + AO-(2), B-C + P and AO-(2) + P
for 72 h. Cells were stained with AO/EtBr and viewed by
fluorescence microscopy to detect the nuclear morphology
changes undergone after the treatment. White Arrows indicate
cells undergoing apoptosis.Scale bar: 100 pm.

Combination of components causes loss of MMP (A¥m)

Changes in the mitochondrial membrane potential (AWm) have
been originally correlated to be early events in the apoptotic signalling
pathway. Loss of mitochondrial membrane potential triggered by
combination of components in A431 and HaCaT cells were analysed by
staining the cells with JC-1 a lipophilic cationic dye by flow cytometry.
In healthy cells the JC-1 gets accumulated in the mitochondrial mem-
brane as red aggregates (emits red fluoresce). JC-1 cannot accumulated
in the collapsed mitochondrial membranes of apoptotic cells and hence
appear as green monomers in the cytoplasm. The combination treat-
ment caused loss of mitochondria membrane potential in A431 and
HaCaT cells at 72 h (Fig. 6). In A431 cells, 3-C/AO-(2), B-C/P and AO-
(2)/P combinations led to loss of MMP in 57.3%, 51.6% and 40.7% of
the cell population respectively, while in HaCaT cells 49.5%, 48.3% and
34.3% of cell populations exhibited loss of MMP respectively (Fig. 6).
These results indicate that combination treatment caused mitochondrial
damage with significant loss of AYm in A431 and HaCaT cells.

Effect of combination of components on intracellular ROS

To investigate whether intracellular ROS was involved in apoptosis
induced by the combinations 3-C/AO-(2), 3-C/P and AO-(2)/P in A431
and HaCaT cells, DCF fluorescence assay was performed by flow cyto-
metry. Basal levels of ROS were detected in the control cells (untreated
cells). Combination pair comprising (-C/AO-(2) in A431 and HaCaT
cells increased ROS levels at 72 h. In A431 cells, individual treatment
with B-C at 12.5 uM raised ROS by 1.01 fold while AO-(2) at 6.25 uM
raised ROS level by 1.04 fold at 72 h. Surprisingly, their combination
treatment for A431 at 72 h increased ROS by 1.63 fold compared to the
untreated cells and individual treatments (Fig. 7A). In HaCaT cells,
individual treatment with 3-C at 12.5 pM increased ROS by 1.04 fold
while AO-(2) at 9.5 uM increased ROS by 1.05 fold compared to control
cells. B-C/AO-(2) combination treatment at 72h caused 1.55 fold in-
crease in ROS levels compared to untreated cells and individual treat-
ment (Fig. 7A). Results from this study disclose that combination of -
C/A0-(2) induced intracellular ROS accumulation in A431 and HaCaT
cells at 72 h.

The combination of 3-C/P showed increase in ROS at 72 h. In A431
cells, individual treatment with -caryophyllene at 25 uM raised ROS
by 1.03 fold while phytol at 21.75 uM raised ROS level by 1.04 fold at
72 h. Remarkably, B-C/P combination treatment for A431 increased the
ROS by 1.85 fold compared to the untreated cells and individual
treatments (Fig. 7B). In HaCaT cells, individual treatment with p-car-
yophyllene at 25 pM increased ROS by 1.08 fold while phytol at 17.5
UM increased ROS by 1.01 fold compared to control cells. 3-C/P com-
bination treatment at 72h caused 1.25 fold increase in ROS levels
compared to untreated cells and individual treatment (Fig. 7B).

Also, the third combination of AO-(2)/P showed increase in ROS at
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Fig. 4. Effect of individual components and combination treatment on cell cycle progression of A431 and HaCaT cells. (A) B-caryophyllene (B-C), aromadendrene
oxide 2 (AO-(2)) alone and in combination (B) B-caryophyllene (3-C), phytol (P) alone and in combination and (C) aromadendrene oxide 2 (AO-(2)), phytol (P) alone
and in combination. Right panels show percentage of cell population in Sub-G1, G0/G1, S and G2/M phases for untreated, individual and combination treatments.
Data expressed as mean = SD of three independent experiments. The combination treatments were significant *** p< 0.001 compared with untreated control cells,

individual treatments.

72h. In A431 cells, individual treatment with AO-(2) at 25 uM and
phytol at 43.5 uM raised ROS by 1.10 and 1.08 fold. AO-(2)/P combi-
nation treatment increased the ROS by 1.7 fold compared to the un-
treated cells and individual treatments (Fig. 7C). In HaCaT cells, in-
dividual treatment with AO-(2) at 38 uM and phytol at 35 uM increased
ROS by 1.16 and 1.05 fold compared to control cells. AO-(2)/P com-
bination treatment caused 1.35 fold increase in ROS levels (Fig. 7C).
These results reveal that treatment with the combinations, viz., -C/
AO-(2), B-C/P and AO-(2)/P increased intracellular ROS accumulation
compared to the individual component treatment in A431 and HaCaT
cells.

Measurement of ROS levels after pre-treatment with NAC

In order to verify whether the apoptosis induced by the
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combinations 3-C/AO-(2), 3-C/P and AO-(2)/P was due to ROS accu-
mulation, A431 and HaCaT cells were pre-treated with NAC (250 pM)
for 2h prior to treatment with combinations. At the end of treatment
cell viability was determined by MTT assay. Cells were stained with
Annexin V- FITC/PI and the percentage of apoptotic cells was de-
termined by flow cytometry. Results revealed that pre-treatment of
A431 and HaCaT cells with NAC cancelled apoptosis effects of 3-C/AO-
(2), p-C/ P and AO-(2)/P combinations and increase in cell viability was
observed (Fig. 7D, E, F and G). Results from this study confirm that 3-C/
AO-(2), B-C/ P and AO-(2)/ P combinations induced apoptosis through
intracellular ROS accumulation in A431 and HaCaT.

Effect of combination of components on apoptosis related proteins

From the studies described above, it is noted the components in
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Fig. 5. Flow cytometry analysis for detection of apoptosis induced by individual components and their combination by Annexin V- FITC/PI staining on A431 and
HacCaT cells. (A) B-caryophyllene (f-C), aromadendrene oxide 2 (AO-(2)) alone and in combination, (B) 3-caryophyllene (3-C), phytol (P) alone and in combination,
and (C) AO-(2), (P) alone and in combination. Right panels show apoptosis (%) in A431 and HaCaT cells treated with individual component and their combinations.

Data expressed as mean

+

SD of three independent experiments. ***

p < 0.001 significant for individual component treatments compared with the control

(untreated) cells, and also for combination treatment compared with individual component treatments. Qudrant analysis of gated cells were from 10,000 events. Cells
in lower right represents early apoptosis (AV + /PI-) while cells in upper right quadrant represents late apoptosis (AV + /PI + ) respectively.

combination shows better efficacy in terms of killing cells through sy-
nergistic and additive interactions than individually at specific con-
centrations. Hence, the role played by these combinations in reducing
cell proliferation and ultimate cell death is studied. One of the processes
of cell death is apoptosis. So we explored the expression of proteins
related to apoptotic pathway upon treatment with combinations
(Fig. 8). Western blot results revealed that treatment of A431 and
HaCaT cells with 3-C/AO-(2), B-C/P and AO-(2)/P combinations sig-
nificantly decreased the expression of anti-apoptotic Bcl-2 protein level
and increased Bax protein levels (Fig. 8A and B). Treatment of A431
and HaCaT cells with the combinations showed an increase in Bax/Bcl-
2 ratios compared to untreated cells (Fig. 8C). Cytochrome c release was
detected in the cytosolic fractions of treated A431 and HaCaT cells.
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Treatment of cells with respective combination pairs for 72 h induced
caspases activation and PARP cleavage. Cleaved forms of caspase-3
(17 kDa), caspase-8 (18 kDa), caspase-9 (37 kDa) and PARP cleavage
(89kDa) were detected in A431 and HaCaT cells treated with the
combination of 3-C/AO-(2), 3-C/P and AO-(2)/P (Fig. 8A-B). HaCaT
cells treated with [3-C/AO-(2), B-C/P and AO-(2)/P combinations
showed reduction in cyclin D protein levels (Fig. 8D).

Combination of components inhibit colony formation

The growth inhibitory activity of B-C/AO-(2), B-C/P and AO-(2)/P
combinations by colony formation assay were studied. Colony forma-
tion assay is a cell survival assay based on the ability of single cells to
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Fig. 6. The combination of components, B-caryophyllene (f-
C) + aromadendrene oxide 2 (AO-(2), B-caryophyllene (B-C)
+ phytol (P) and aromadendrene oxide 2 (AO-(2)+ phytol
(P) induce loss of (AWm) MMP in A431 and HaCaT cells at
72 h. Cells were stained with JC-1 dye and analyzed by flow
cytometry. Data displayed in Fig. are of mean of three similar

Fig. 7. Effect of individual component and
their combination on intracellular ROS levels
in A431 and HaCaT cells. (A) B-caryophyllene
(B-C), aromadendrene oxide 2 (AO-(2)) alone
and in combination (B) B-caryophyllene (3-C),
phytol (P) alone and in combination and (C)
AO-(2), P alone and in combination. Data re-
presented is mean * SD of three individual
experiments. *** p < 0.001 is significant
compared to individual treatment groups. (D)
Effect of NAC pre-treatment on viability of
A431 and HaCaT cells at 72 h. Cell viability
was measured by MTT assay. Data represent
mean * SD of three independent experi-
ments. *** p< 0.001, significant difference
between the designated groups viz., combina-
tion groups and NAC + combination groups.
(E) Inhibition of apoptosis by NAC pre-treat-
ment in A431 and HaCaT cells detected by
Annexin V-FITC/PI staining. (F and G)
Quantification of apoptotic cells without and
with  NAC treatment. Data represent
mean * SD of three independent experi-
ments. Statistical significance is shown by * (to
indicate *** p < 0.001) between the desig-
nated groups, i.e., untreated and combination
treatment groups and # (points out ***
p < 0.001) between the two designated
groups, viz., combination treatment and
NAC + combination treatment.
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Fig. 8. Effect of the combination of components on expression of apoptosis related proteins. (A) A431 cells treated with the combination of 3-caryophyllene (f-
C) + aromadendrene oxide 2 (AO-(2) (with 12.5 uM + 6.25 pM respectively), B-caryophyllene (-C)+ phytol (P) (25 pM + 21.75 uM) and aromadendrene oxide 2
(AO-(2)+ phytol (P) (25 uM + 43.5 uM) for 72 h. (B) HaCaT cells treated with the combination of B-C + AO-(2) (with 12.5 uM + 9.5 uM respectively), -C + P (25
uM + 17.5 uM) and AO-(2) + P (38 uM + 35 uM). (C) Effect of the combination of components on Bax/Bcl-2 ratios in A431 and HaCaT cells. ** p < 0.01,
***p < 0.001 compared with untreated control cells. (D) Effect of the combination of components on cyclin D protein levels in treated HaCaT cells for 72 h. B-actin

was used as internal control.

grow into a colony after treatment with cytotoxic agents (Franken et al.,
2006). Cells after treatment with (3-C/AO-(2), 3-C/P and AO-(2)/P were
grown in fresh growth medium for 14 days and colonies formed were
stained with crystal violet. The combinations of components inhibited
the colony formation ability in the treated A431 and HaCaT cells
(Fig. 9A). The percentage of colonies formed in A431 and HaCaT cells
without and with the combination treatment (Fig. 9B). From the above
data it is noted that in A431 cells, B-C/AO-(2), 3-C/P and AO-(2)/P
combinations inhibited colony formation by 79%, 74% and 73% re-
spectively. The combination treatment in the order mentioned above
resulted in 68%, 53% and 41% inhibition in colony formation for
HaCaT cells. These results confirm that the combination treatment
significantly inhibit the colony formation potential of A431 and HaCaT

cells.
Ex vivo toxicity study

In the present study 3D multicellular tumor spheroids (MCTs) of
A431 and HaCaT cells were used for evaluating the growth inhibitory
activity of combination of components. The spheroid models mimic the
in vivo solid tumor in terms of micro environment and tumor organi-
sation (Dufau et al., 2012). The combination treatment with 3-C/AO-
(2), B-C/P and AO-(2)/P) caused reduction in viability of A431 and
HaCaT cell spheroids at 96 h. ICso values for (3-C/AO-(2), B-C/P and
AO-(2)/P) on A431 tumor spheroids were (65uM + 55 pM), (100
uM + 100 pM) and (340 pM + 400 puM) respectively. Combination
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Fig. 9. Inhibitory effect of combination of
components on colony formation of A431 and

AO-(2)+ P
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Fig. 10. Inhibitory effect of combination of components on growth of multi-
cellular tumor spheroids. (A) Size reduction for A431 tumor spheroids after
treatment with 5-FU and combination of components, B-caryophyllene (3-C)+
aromadendrene oxide 2 (AO-(2), B-caryophyllene (B-C) + phytol (P) and AO-
(2) + P for 96 h. Scale bar: 100 um. Data represented is mean = SD of three
independent experiments. *** p <0.001 compared with untreated control
spheroids. Images shown are representative of one the three similar experi-
ments.

25 pM + 21.75 pM
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HaCaT cells. (A) Effect of the combination B-
caryophyllene (3-C) + aromadendrene oxide 2
(AO-(2), B-caryophyllene (3-C) + phytol (P)
and AO-(2) + P on colony formation in A431
and HaCaT cells. (B) Percentage of colonies
formed in A431 and HaCaT cells without and
with the combination treatment. Data re-
presented is mean = SD of three independent
experiments. ** p < 0.01 and *** p < 0.001,
compared to colonies formed in untreated
control wells.

25 pM + 43.5 pM

-

ER Ad431

treated A431 tumour spheroids ( at ICs, value ) exhibited size reduction
compared to the untreated spheroids (Fig. 10A). As the treated spher-
oids of HaCaT cells broke down into fragments losing their shape, their
sizes could not be quantified.

Discussion

Our previous studies on crude EO from P. missionis revealed cyto-
toxic activity on solid and leukemic cancer cells and showed significant
apoptotic activity in skin cancer cells. Study also showed that the major
components of EO from P. missionis (-caryophyllene (25.40%) a bi-
cyclic sesquiterpene, aromadendrene oxide-(2) oxygenated sesqui-
terpene (14.01%) and phytol (6.88%) acyclic diterpene alcohol) were
more effective in cytotoxic activity than crude EO on A431 and HaCaT
cells (Pavithra et al., 2017). To delineate the mechanism exerted by the
components of P. missionis EO on apoptosis in precancerous and epi-
dermoid skin cancer cells, interaction among components of EO were
studied.

The present work describes combinatory effect of 3-caryophyllene,
aromadendrene oxide 2 and phytol on growth inhibitory effects on skin
epidermoid cancer cells. Previous studies have also demonstrated that
B-caryophyllene significantly increased the anticancer activity of a-
humulene, isocaryophyllene on MCF-7 cells and it potentiated the an-
ticancer activity of paclitaxel (10 fold) in DLD-1 cell lines (Legault and
Pichette, 2007). Yamaguchi and Levy (2016) demonstrated the inter-
active effects of 3-caryophyllene with other botanical molecules. Their
study showed that the combination of B-caryophyllene, baicalin and
(+ )-catechin exerted synergistic suppressive effects on the prolifera-
tion and synergistic stimulatory effects on the death of RAW267.4
cells in vitro. Suzuki et al. (1998) demonstrated the synergistic effect of
the combination of phytol/retinol in the growth inhibition of mouse
leukaemia L5178Y cells in-vitro.

The isobologram and combination index (CI) analysis revealed two
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types of interactions to coexist among the component of P. missionis EO.
Their possible mechanisms involved in growth inhibitory effects were
analysed. The results demonstrate that the components 3-C, AO-(2) and
P exerted growth inhibitory and apoptotic activity through synergistic
interactions in B-C/AO-(2) and B-C/P combinations and by additive
effect in AO-(2)/P combination in A431 and HaCaT cells. This is at-
tributed to increase Annexin positive cells, increase in sub-G1 content
in case of A431 and GO/G1 arrest in HaCaT cells. The drug reduction
index, DRI = 8 was noted for B-caryophyllene in combination with AO-
(2) compared to (-caryophyllene alone.

In our study DCF-DA staining by flow cytometry showed significant
ROS accumulation in A431 and HaCaT cells treated with the combi-
nations than individual components. Inhibition of ROS by radical sca-
venger, NAC completely blocked the apoptosis induced by the combi-
nation treatments. Earlier studies have revealed that ROS induces
apoptosis, DNA, protein and lipid damage in cancer cells (Lau et al.,
2008). ROS can be cytotoxic when their levels reach a threshold that is
no more compatible for cellular survival. This state may cause oxidative
stress which hinder cancer cell progression (Fruehauf and
Meyskens, 2007). The generation of ROS is reportedly involved in
apoptosis induced by chemotherapeutic agents through the activation
of the death receptor or mitochondria mediated apoptotic pathways
(Moungjaroen et al., 2006; Prasad et al., 2010). Our findings confirm
that apoptosis induced by combinations was through intracellular ROS
accumulation.

Apoptosis is triggered through two signalling pathways: extrinsic
mediated death receptor and intrinsic mediated by the mitochondrial
initiated events (Elmore, 2007). Mitochondria play a central role in
apoptosis. The BCL-2 family of proteins includes both pro-apoptotic
(Bax, Bak) as well as anti-apoptotic molecules (BCL2, BCLxI). Indeed,
the ratio between these two subsets helps determine, the susceptibility
of cells to a death signal (Oltval et al., 1993). The disruption of the
mitochondrial trans-membrane potential is an early event of the cell
death process (Zamzami et al., 1995). Our study showed that treatment
with 3-C/AO-(2), 3-C/P, AO-(2)/P combinations induced loss of the
mitochondrial membrane potential, increase in Bax and decrease in Bcl-
2 protein levels leading to increase in Bax/Bcl-2 ratios. Bax and Bak
oligomers participate in forming pores and cause permeabilization of
the outer mitochondrial membrane, leading to the release of the con-
tents of the mitochondrial intermembrane space, including cytochrome
c into the cytosol (Wang, 2001). These contents drive the activation of
caspases, which are proteases that cleave and disable crucial proteins
throughout the cell. Cytochrome c, initiates caspase activation when
released from mitochondria during apoptosis (Liu et al., 1996).Com-
bination treated A431 and HaCaT cells showed up regulation of cyto-
chrome c in the cytosolic fraction. The release of cytochrome ¢ from
mitochondria to cytosol is essential for the formation of apoptosome
and consequent activation of caspase-9 (Sun et al., 2004). Caspase-3,
cysteine proteases plays a central role in the execution of the apoptotic
program (Cohen, 1997) and is primarily responsible for the cleavage of
PARP during cell death (Tewari et al., 1995). PARP is an enzyme in-
volved in DNA repair, and its cleavage may inactivate their DNA repair
system, which otherwise might impede progression of apoptosis
(Patel et al., 1996). A characteristic event of apoptosis is the proteolytic
cleavage of PARP. PARP cleavage is important marker for apoptosis
induction (Lazebnik et al., 1994). In the present study combination
treatments induced activation of caspases (caspases —3,—8 and —9)
and cleavage of PARP in A431 and HaCaT cells. These results suggest
that B-C/AO-(2), 3-C/P, AO-(2)/P combinations induced cell death in
A431 and HaCaT through activation of apoptotic pathway.

Mutations in the p53 gene have been detected in 50% of all human
cancers and in almost all skin carcinomas (Basset-Seguin et al., 1994). It
is well-known that p53 inactivation and mutant p53 expression provide
cells with survival advantages, such as increased proliferation, evasion
of apoptosis and chemo resistance (Brosh and Rotter, 2009). A431 cells
carry a mutation at codon 273, resulting in a loss of trans-activating
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activity (Park et al., 1994). HaCaT cells carry mutations at codons 179,
281 and 282, which are typical UV light-induced mutations
(Lehman et al., 1993). It is interesting to observe from our findings that
B-C/AO-(2), B-C/P, AO-(2)/P combinations were effective in killing
A431 and HaCaT cells while the normal cells (HMSCs) remained un-
affected upon treatment (Fig. S3). ROS-mediated cytotoxic processes
that preferentially kill or inhibit tumor cell proliferation can be used as
an effective strategy to target and eliminate cancer cells. This signifies
the vital role of ROS as an aid in induction of apoptosis in p53-mutant
A431 and HaCaT cells, which otherwise in other cancer models is
generally routed via tumor suppressor gene like p53 or other oncogenes
like Ras (Jasinski et al., 2008; Shukla et al., 2007).

Most of the time, the bioactivities of particular EO are decided by
either one or two of its main components (Bakkali et al., 2008). But,
sometimes overall activity cannot be attributed to any of the major
constituents and the presence of a combination of molecules may exert
significant effect. The experiments performed using concentration of
100/52/26 pM respectively (close to natural proportions) of the three
components (3-C/AO-(2)/P) resulted in 23% and 30% viability of A431
and HaCaT cells respectively (SFig. 3A and B). The combination of B-C/
AO-(2)/P induced early and late apoptosis which was similar to that of
crude EO (Pavithra et al., 2017) and the major component [(3-car-
yophyllene. The CI values calculated for the components (3-C/AO-(2)/P
(with Fa ~70% and IC,, values deduced from cytotoxic study for in-
dividual components ) showed that the overall interaction among the
components in inducing apoptosis occurs through moderate synergism
in A431 (CI = 0.74) and by additivism (near additive effect) in HaCaT
cells (CI = 1.06). Also, SFig. 3 reveals that the components exhibit in-
terdependency on each other and the activity of (-caryophyllene is
accelerated by the presence of aromadendrene oxide 2 and phytol in
inducing apoptosis in A431 and HaCaT cells.

Conclusion

Our study revealed that combinations B-C/AO-(2) and B-C/P ex-
hibited anticancer activity through synergistic interactions while AO-
(2)/P via additive effect in A431 and HaCaT cells. The study shows that
three combinations viz., B-C/AO-(2), B-C/P and AO-(2)/P reduced cell
viability, inhibited colony formation ability, induced cell cycle arrest
and apoptosis in precancerous HaCaT cells and A431 human epi-
dermoid skin cancer cells. The treatment of 3-C/AO-(2), 3-C/P and AO-
(2)/P combination in A431 and HaCaT cells induced intracellular ROS
accumulation, loss of mitochondrial membrane potential and alteration
of several mediators at molecular level such as increase in Bax/Bcl-2
ratio, reduction in cyclin D levels, release of cytochrome c, activation of
caspases (caspase-3, caspase-8, caspase-9) and cleavage of PARP.
Results from our study suggest that combinations of -caryophyllene
with aromadendrene oxide 2 and phytol could be potential therapeutics
for the treatment of precancerous and skin epidermoid cancer cells.
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