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In vitro and in vivo antitumor
potential of carvacrol
‘nanoemulsion against human lung
e on adenocarcinoma A549 cells via
e ®t - mitochondrial mediated apoptosis
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Carvacrol is present abundantly in the essential oils of many medicinal plants and well known for its
numerous biological activities. Since partial solubility in water and physicochemical instability limits
its industrial uses, the present study was performed to prepare a carvacrol nanoemulsion (CANE) using
an ultrasonication technique and further evaluation of its anticancer potential against human lung
adenocarcinoma A549 cells. The nanoemulsion formulation was optimized by varying carvacrol and

. polysorbate 80 ratios and characterized by dynamic light scattering (DLS), which revealed a negative

. surface charge with a mean droplet size between 105.5 + 3.4 t0 169.8 4= 4.9 nm. The CANE induced

. reactive oxygen species (ROS) production in A549 cells, leading to activation of key regulators of
apoptosis such as p-JNK, Bax and Bcl2 as well as release of cytochrome C, and activation of the caspase
cascade. Suppression of mitochondrial ROS using Mito-TEMPO reversed the apoptotic potential of
CANE signifying involvement of mitochondrial ROS in cell death. Beside, CANE displayed a strong
antitumor potential in vivo using an athymic nude mice model. The results strongly support that CANE

. induced apoptosis in A549 cells by induction of ROS and could be a promising candidate for lung cancer

. therapy.

: Lung cancer is considered a major global health problem due to increased tobacco smoking and air pollution. A
* total of 1.8 million cases of lung cancer were reported worldwide in the year 2012 with 1.6 million deaths'. Lung
. cancer is the most common cause of deaths in males and the second most frequent cause of death in females after
. breast cancer® The survival rate is only 5 years in approximately 85% of the adenocarcinoma patients after diag-
© nosis®. Treatment for lung cancer includes surgery, chemotherapy, radiotherapy and palliative care, all of which
- highly depend upon disease state and patient performance status. However, chemotherapy with a single drug or
: in combination is the most common therapy to treat lung cancer*. Despite much advancement, chemotherapy
- still proves insufficient to cure cancer, and the side effect exerted by these drugs on the patient>® and hazards to
. the environment’ limits their use.

Phytochemicals are generally non-toxic in nature, prove effective against many diseases, and provide a safe
and effective alternative against cancer®. Among phytochemicals, carvacrol, a monoterpenoid phenol, is found
abundantly in essential oil of oregano and thyme® and is known to exert many biological effects, including anti-
microbial, insecticidal, anti-angiogenic, and anti-tumor activity'®'!. Of note, the Food and Drug Administration
(FDA) has approved the use of carvacrol as a food additive which attests its non-toxic nature'?. Also, the literature

. has documented that many natural compounds exert anticancer activity by induction of apoptosis, a principle
© mechanism of cell death®.
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Carvacrol:surfactant (v/v) | Average droplet size (nm) | Polydispersity index (PDI) | Zeta potential (mV)
1:1 169.8+4.9 0.14140.04 —155+1.3
1:2 136.8+5.1 0.159£0.05 —17.0+2.0
1:3 105.54+3.4 0.13440.04 —19.0+1.6

Table 1. Physical and chemical properties of formulated CANE after ultrasonication. Values with different
superscripts in the column differ significantly from each other (p < 0.05).

Moreover, essential oils and their components are well known for anticancer potential'* predominantly by the
induction of reactive oxygen species (ROS). ROS are the byproducts of normal cellular metabolism and can be
beneficial or harmful depending on the intensity and site of accumulation. Cytosol, endoplasmic reticulum (ER)
and mitochondria are the important sources of cellular ROS in most mammalian cells. Abnormally high ROS
levels create ER stress with the involvement of three major signaling proteins IRE1-o, PERK and ATF-6. IRE1-o
signaling protein is known to phosphorylate JNK which in turn regulates mitochondrial markers such as Bax,
Bcl2, and Cyt C leading to caspase-mediated cell death'.

In recent years, nanoemulsions (NEs) have gained huge attention due to their wide applicability in phar-
maceuticals and other industries'®. Nano-sized emulsions provide numerous advantages that impose their high
absorption due to increased surface area and thus the obvious effects on bioavailability and can be used as a
novel drug delivery system and substitute to liposome and vesicle'”. In addition, NEs protect active components
against physicochemical stress and prolong persistence as compared to free drugs, facilitating additional routes
such as oral, tropical, and intravenous drug delivery'®!%1°. Moreover, the solubility of lipophilic compounds can
be improved in water in the form of an emulsion which consecutively augment their bioavailability and pharma-
cokinetic properties.

The present study was designed to formulate a carvacrol nanoemulsion (CANE) using energy generated by
ultrasonication and evaluates its mechanism of anticancer action using human lung adenocarcinoma A549 cell
line and in vivo xenograft mice model.

Results

Formulation and characterization nanoemulsion. Mean droplet size and polydispersity index (PDI)
of the formulated nanoemulsions were analyzed by dynamic light scattering (DLS), and results are depicted in
Table 1. Average droplet size of the three different formulations of CANE considerably decreased with increasing
concentration of surfactant (Table 1). PDI determined by DLS of all three combinations of CANE was in the range
0f 0.134-0.159, which was close to the homogeneity of the preparation (Table 1).

A higher negative zeta potential (—19 mV) was observed in the NE formed by mixing 1:3 (v/v)
carvacrol-polysorbate 80 components as compared to the other two formulations (Table 1). Further, SEM exami-
nation revealed a spherical shape with 155 nm average droplet size of CANE (1:3v/v) (Fig. 1). In all the three for-
mulations, 1:3 (v/v) CANE displayed least size with a high negative zeta potential and thus selected in subsequent
assays for evaluation of anticancer studies.

Cytotoxicity of CANE against A549 cells.  As depicted in Fig. 2 CANE exhibited a severe cytotoxicity in
a dose-dependent manner. MTT assay revealed 52.7% cell viability in CANE (100 pg/ml)-treated cells as com-
pared to untreated cells (Fig. 2a). On the other hand, higher LDH activity, which is a well-established biomarker
released by damaged cells, was observed in CANE-treated cells (Fig. 2b). Furthermore, CANE displayed no cyto-
toxicity up to 100 ug/ml against normal bronchial epithelium cells (BEAS-2B) (Fig. 2c).

As depicted in Fig. 2d, CANE caused loss of cell numbers along with abnormal morphology in A549 cells in
comparison to the control cells without treatment. Moreover, a severe effect on colony formation was observed in
A549 cells treated with CANE (Fig. 2e).

Cytotoxicity of CANE was finally assessed by quantifying sub-G1 population as confirmed by FACS analysis.
As depicted in Fig. 2f, CANE dose-dependently induced the accumulation of sub-G1 population, a well-known
apoptotic marker in A549 cells. A maximum of 40.5% sub-Gl1 cell accumulation was observed at 100 ug/ml of
CANE treatment.

Induction of apoptosis and ROS production in the presence of CANE. Apoptotic potential of
CANE was evaluated by Hoechst staining, which revealed a dose-dependent high percentage of apoptotic nuclei
in cells treated with CANE as compared to the control, suggesting its potential role on DNA damage and chro-
matin condensation (Fig. 3).

Apoptotic cell formation and the stages of apoptosis such as early and late were further confirmed by AO/EtBr
dual staining where normal cells uptake AO and appear green while the EtBr enter only through the damaged
cells thus appear red. We observed a dose-dependent increase in the apoptotic cells after treatment with CANE
as compared to the control (Fig. 3).

Results obtained from H,DCFDA staining suggest a dose-dependent elevated intracellular ROS level in CANE
treated cells (Fig. 3). In addition, results achieved from the mitochondrial-specific fluorogenic MitoSOX red dye
indicated a dose-dependent increase in superoxide production inside mitochondria (Fig. 3).

Upregulation of apoptotic proteins after CANE treatment. ROS are known to induce stress and
release of Ca™ from ER. We observed a higher expression of IRE1-ovin CANE treated cells, confirming its poten-
tial to induce ER stress (Fig. 4a). We also noticed a similar expression pattern for XBP-1, a downstream target of

SCIENTIFICREPORTS| (2018) 8:144 | DOI:10.1038/s41598-017-18644-9 2



www.nature.com/scientificreports/

Distribution (%)
[ [ (%] (%3 w w
o W o wm o wm

wm

0 A
0 40 80 120 160 200 240 280 320

Diameter (nm)

Figure 1. Scanning electron microscopic (SEM) image of CANE (1:3v/v) and its histogram size distribution
[Scale bar =500 nm].

IREI-c. In addition, higher expression of the pro-apoptotic marker, p-JNK was observed in CANE- treated cells
(Fig. 4a). No effect of CANE was observed on the expression of the other ER stress markers PERK and ATF-6.
However, down-regulation of CHOP, p-eIF2a, and GRP78 was observed in CANE-treated cells (Fig. 4a).

Further, fluorescent staining results revealed a dose-dependent increase of Ca*? levels in CANE-treated cells.
A 2.5 fold higher Ca™ was observed at 100 pg/ml CANE treated cells as compare to the control signifying stress
to ER (Fig. 4b).

CANE induces apoptosis mediated by mitochondria. As depicted in Fig. 4c, CANE severely altered
mitochondrial membrane potential (A{m) in a dose-dependent manner. In addition, the immunoblot results
confirmed the up- and down-regulation of pro-apoptotic (Bax) and anti-apoptotic (Bcl2) proteins, respectively,
in CANE-treated cells as compared to the control (Fig. 4d). Moreover, an enhanced Cyt C release was observed in
CANE-treated cells by both Western blotting and spectrophotometric methods (Fig. 4d,e). Further, we observed
higher levels of cleaved caspase-9 and caspase-3 in cells treated with CANE in a dose-dependent manner (Fig. 4f).

ROS scavenging results in A549 cell survival. The results of the previous experiments ruminate that
induction of ROS in A549 cells by CANE might be in the center of all the cellular events leading to apoptosis.
To confirm this, A549 cells were first treated with N-acetyl-L-cysteine NAC (5 mM), a strong scavenger of ROS,
prior to CANE (100 pug/ml) treatment and observed a marked reduction in ROS generation (Data not shown) and
induction of apoptotic cell death by CANE (Fig. 5a). More precisely, we used Mito-TEMPO (10 uM), a specific
antioxidant that selectively accumulates in mitochondria, prior to CANE (100 pg/ml) treatment. The success of
ROS inhibition was confirmed by H,DCFDA and MitoSOX staining which suggested a reduced level of ROS
and associated apoptotic morphological changes in the Mito-TEMPO + CANE-treated cells compared to only
CANE-treated cells (Fig. 5b). Likewise, FACS results displayed a decreased cytotoxic potential of CANE in the
presence of Mito-TEMPO (Fig. 5a). Moreover, Mito-TEMPO- treated cells were capable to restore the alter A{m
induced by CANE (Fig. 5b). The immunoblot results confirmed reduced levels of the apoptotic markers including
Bax, p-JNK, Cyt C, and caspase-3, 9, and increased level of anti-apoptotic Bcl2 in Mito-TEMPO + CANE treated
cells as compared to only CANE treated cells (Fig. 6a).

Mito-TEMPO reverses CANE-induced mRNA transcription of bax, bcl2, cyt c and caspase
-9. Effect of Mito-TEMPO on CANE-mediated expression of bax, bcl2, cyt ¢, and caspase-9 in A549 cells at the
transcriptional level was evaluated by qRT-PCR. CANE induced upregulation of bax, cyt ¢, and caspase-9, and
down-regulation of bcl2 were abolished by Mito-TEMPO, suggesting the involvement of ROS as the key regula-
tors of apoptosis (Fig. 6b).

Mito-TEMPO blocks CANE induced Bax and cytochrome C translocation. Translocation
of Bax from the cytosol to mitochondria and release of Cyt C from mitochondria are key events during
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Figure 2. Cytotoxic potential of CANE against A549 cells. (a,b) MTT and LDH assay, respectively, of CANE
(25-150 pg/ml)-treated A549 cells after 24 h of incubation. Docetaxel (20 ug/ml) was used as a positive control
while the surfactant-polysorbate 80 mix devoid of carvacrol was also used as a control. (¢) MTT assay of CANE
(25-150 pg/ml)-treated normal bronchial epithelium cells (BEAS-2B). (d) Morphological changes in A549 cells
after treatment with CANE (25-100 pg/ml). Images were captured at 20X magnification [scale bar =0.1 mm].
(e) Clonogenic assay: A549 cells were cultured in the presence and absence of CANE over 7 days, followed

by crystal violet staining. (f) Apoptosis was analyzed as the sub-G1 fraction by FACS. Each value in the bar
graph represents the mean =+ SD of three independent experiments. Values with different superscripts differ
significantly from each other (p < 0.05).

mitochondrial-mediated apoptosis. A549 cells treated with Mito-TEMPO + CANE effectively blocked transloca-
tion of Bax and release of Cyt C, unlike the only CANE-treated cells (Fig. 7).

Apoptotic potential of CANE against PC-9 cells. As depicted in the Fig. 7, CANE exhibited a
dose-dependent cytotoxicity with 62.1 and 52.2% cell viability at 125 and 150 jug/ml concentrations, respectively
(Fig. 8a). In addition, western blotting results support the mitochondrial mediated apoptotic potential of the
CANE by the involvement of Cyt C, caspase-3 and 9 (Fig. 8d). Scavenging of ROS using mitochondrial specific
antioxidant Mito-TEMPO (10 uM) reverted the apoptotic potential of CANE, signifying its role in the induction
of oxidative stress inside the cell (Fig. 8e).

CANE reduces tumor formation in mice. Results demonstrated a strong antitumor potential of CANE.
As depicted in Fig. 9, CANE effectively reduced the tumor growth in a dose-dependent manner. A significant
(p<0.05) 34.2 and 62.1% reduction in tumor weight was observed in the mice treated with 50 and 100 mg/Kg
CANE, respectively as compared to the control (Fig. 9c). On the other side, body weights reduced constantly with
the progression of time in the control mice, however, alower change was observed in the 50 mg/kg CANE treated
mice. In contrast, body weights of 100 mg/kg CANE treated mice remained static up to the second week and
increased further up to 4 weeks (Fig. 9d).

Histopathological study of the tumor revealed the apoptotic features in the CANE treated mice as evident by
fragmented and condensed nuclear morphology unlike to small, densely packed cells with slight invasion to the
surrounding tissue in the control group (Fig. 9¢). Moreover, immunoblotting results suggested induction of apop-
tosis in the CANE treated groups as noticed by higher expression of p-JNK likewise up- and down-regulation of
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Figure 3. CANE (25-100pg/ml) induces apoptotic morphology and ROS production in A549 cells after 24 h

of incubation. Apoptotic morphology was evaluated by Hoechest and AO/EtBr dual staining. Cytosolic ROS
determined by H,DCFDA while the Mitochondrial superoxide determined by MitoSOX. Docetaxel (20 pg/ml)
was used as a positive control while the surfactant-polysorbate 80 mix devoid of carvacrol was also used as a
control. Images were taken at 20X magnification [scale bar =0.1 mm]. (a) Apoptotic index was calculated as the
percentage of apoptotic nuclei compared to the total number of cells and is presented as the mean £ SD (n=10).
(b) Apoptotic cells determined by AO/EtBr dual staining. (c,d) Fluorescence intensity of H,DCFDA (green
color) and MitoSOX (red color) was determined by Image J software. Each value in the graph represents the
mean £ SD of three independent experiments. Values with different superscripts differ significantly from each
other (p <0.05).

Bax and Bcl2 as compared to vehicle control. Besides, higher expressions of Cyt C and associated caspase-9 and 3
were observed in response to CANE signifying its apoptotic role in the tumor (Fig. 9f).

Discussion
Carvacrol is the monoterpene phenolic compound with numerous biological activities'®!'!. Despite its many
health benefits, carvacrol is highly affected by light, air, pressure and heat. Moreover, its volatile nature reduces
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Figure 4. CANE sensitizes A549 cells to follow ER stress leads to mitochondria-mediated apoptotic pathway.
(a) Western blotting of ER stress markers, 3-actin used as loading control. Docetaxel (20 ug/ml) was used

as a positive control while the surfactant-polysorbate 80 mix devoid of carvacrol was also used as a control.
Densitometry analysis of IRE1-c, PERK, and ATF-6 was determined by Image J software. (b) Evaluation of
intracellular Ca*? accumulation. (¢) Mitochondrial membrane potential of A549 cells treated with CANE (25-
100 pg/ml). Fluorescent images were captured at 20X magnification [scale bar =0.1 mm]. Image J software was
used to determine the mean fluorescence intensity. (d) Effect of CANE on expression of Bax, Bcl2, and Cyt Cin
A549 cells. (e) Cyt C level in CANE-treated cells measured by spectrophotometric method. (f) Effect of CANE
on expression of cleaved caspase-9, and 3 in A549 cells. Each value in the graph represents as the mean + SD
of three independent experiments. Values with different superscripts differ significantly from each other
(p<0.05).
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Figure 5. Inhibition of ROS production leads to A549 cell protection from apoptosis induced by CANE. (a)
A549 cells were treated with the NAC, Mito-TEMPO, NAC + CANE (100 pg/ml), Mito-TEMPO + CANE
(100 pg/ml) for 24 h. Apoptosis was analyzed as the sub-G1 (%) fraction by FACS analysis. (b) Fluorescent
images representing apoptotic morphology, oxidative stress and mitochondrial membrane potential (Aym).
Fluorescent images were captured at 20X magnification [scale bar = 0.1 mm)]. (¢,d) Fluorescence intensity of
H,DCFDA (green color) and MitoSOX (red color). (e) Apoptotic index based on Hoechst 33342 staining was
calculated as the percentage of apoptotic nuclei compared to the total number of cells and is presented as the
mean =+ SD (n=10). (f) Apoptotic cells based on AO/EtBr dual staining. (g) Fluorescent intensity of the cells
representing mitochondrial membrane potential (Rhodamine 123). Image J software was used to determine
the mean fluorescence intensity. Each value in the graphs represents as the mean =+ SD of three independent
experiments. Values with different superscripts differ significantly from each other (p < 0.05).

its shelf-life and acts as the principal limiting factor for its industrial use?!. Encapsulation is a way to enhance
the shelf-life from the physical and chemical agents without altering their biological properties*.. In the past
few years, NEs have gained more attention due to their unique physicochemical and functional properties?.
Therefore, the present study commenced to formulate CANE by an energy intensive ultrasonication method.
NEs can be prepared by both low and high energy techniques through dispersion of one liquid phase into another
immiscible liquid phase. Among energy intensive methods, ultrasonication consider as simple, cost-effective,
clean and prompt aseptic technique'®, wherein large droplets ruptured into small droplets by ultrasound leading
to the formation of nano-scale droplets'®*. NEs are stabilized by the addition of surfactants, which reduce inter-
facial tension between oil and water phases. The tendency of surfactants to disperse into two immiscible phases
is referred to as hydrophilic-lipophilic balance (HLB)?, and HLB greater than 10 is more favorable for O/W
emulsion®. We selected polysorbate 80 as a surfactant (HLB, 15), which is regarded as safe for using in pharma-
ceutical and food industries'®. During NE formulation, we observed an inverse relationship between volumes
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Figure 6. Effect of ROS inhibition using Mito-TEMPO on the vital apoptotic markers at translational and
transcriptional level. (a) Cellular levels of protein markers JNK, p-JNK, Bax, Bcl2, Cyt C, caspase-3, caspase-9,
and (3- actin in A549 cells incubated with Mito-TEMPO (10 pM). Densitometry analysis of the respective
proteins was evaluated by Image J software, and results were normalized with 3-actin with respect to controls.
(b) Quantitative RT-PCR (qRT-PCR) analysis of bax, bcl2, cyt ¢, caspase-9, and (-actin after treatment with
CANE in conjunction with Mito-TEMPO. Mito-TEMPO controls expression of apoptotic genes at transcription
level represented in fold change compared with control. Each value in the graphs represents as the mean + SD
of three independent experiments. Values with different superscripts differ significantly from each other
(p<0.05).

of polysorbate 80 with formation of droplet size. We speculate that the reduction in size is associated with the
increase in interfacial area and the decrease in interfacial tension by surfactant, which is in accordance with previ-
ous finding, suggesting the similar relationship between droplet size and surfactant volume'®. Role of surfactants
on the adjustment of interfacial tension has been well mentioned in the literature!®?.

It has been reported that the net surface charge of a NE has a direct effect on enhancing drug membrane per-
meability, stability, and efficacy'®?®. We observed a negative surface charge on the nano-droplets, which increased
in the emulsion with increasing surfactant concentration, confirming the stability of the emulsion due to suffi-
cient electrostatic repulsion and thus prevention of droplet aggregation. The findings corroborate with earlier
published reports where higher electrostatic repulsion inhibit droplet aggregation®”25.

Finally, we confirmed the size and morphology of the CANE by electron microscopy, which is a well adopted
method for nano-droplet evaluation together with DLS*** and observed a slight change in size that obtained
from DLS analysis.

There are various cell death mechanisms such as apoptosis®!, necrosis*’, and autophagy?® by which a
drug affects with the cancer cells. Among them, apoptosis is the most common way to kill the cancer cells.
Thus, induction of apoptosis by a drug emerged as a potential way to eradicate the cancer cells. Numerous
published reports suggest the anticancer potential of monoterpenes including carvacrol against various cell
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Figure 7. Mito-TEMPO prevents translocation of Bax and cytochrome C. Translocation of Bax from the
cytosol to mitochondria and release of Cyt C from mitochondria in A549 cells incubated with Mito-TEMPO
(10pM).

lines by the induction of apoptosis', however, there are limited studies showing the anticancer potential of
NEs derived from essential oil and more specifically CANE.

Determination of cytotoxicity is the first and foremost important step to examine the apoptotic potential of
any drug. We observed reduced cell viability in CANE-treated cells by MTT and LDH assays, which was well
supported by FACS and clonogenic assay. Results are in acquaintance with previous studies suggesting the cyto-
toxic potential of carvacrol against various cancer cell lines'>**. To the best of our knowledge, there has been no
study so far suggesting the cytotoxic effect of CANE, though there are many studies suggesting the antimicrobial
potential of carvacrol NE*>-%,

Nuclear fragmentation and chromatin condensation are the hallmarks of apoptosis. We observed increased
chromatin condensation and pycnonuclei formation by Hoechst staining, which is consistent with AO/EtBr dual
staining signifying apoptosis in CANE-treated cells. There are only limited numbers of studies representing the
anticancer potential of NEs derived from essential oil. Though in a study done on NE made up of essential oil of
N. sativa elucidated cytological changes such as chromatin condensation leading to apoptotic cell death against
human breast cancer (MCE-7) cells'®.

Accumulating reports suggest a direct role of ROS in DNA damage, leading to apoptosis'>****. We also
observed the potential role of CANE in inducing ROS production, both in the cytosol and mitochondria, which
provoked many cellular events leading to apoptosis. Results are consistent with published reports suggesting
ROS induction in the presence of various essential 0il*’ and their principal components*"*?, including carvac-
rol'**, However, only few studies are available on the effect of NEs derived from these essential oils on the ROS
generation.

Mitochondria is the major site of intracellular ROS production*® which leads to mitochondrial dysfunction
and loss of A{m as a result of opening mitochondrial permeability transition pore (MPTP) that provide passage
to release Cyt C*%. We detected a marked difference in A{m and associated release of Cyt C in response to CANE
that ultimately triggered the caspase cascade by activating caspase-3, which plays a central role in the progression
of apoptosis by activation of many important cellular proteins, including endonucleases***>.

Mitochondria and ER remain in the close proximity and release of ROS from the mitochondria instigating
subsequent stress on ER, a site for protein translocation, folding and posttranslational modification, and highly
sensitive to stress**’. During the disturbing environment, protein folding is highly affected thus starts to accu-
mulate in ER lumen and creates a condition known as ER stress. To overcome such conditions, cells stimulate
many cellular events collectively known as the unfolded protein response (UPR), however, a prolonged ER stress
became cytotoxic leading to apoptotic cell death®®. ER stress is associated with the three major signaling proteins
IRE1-q, PERK, and ATF-6*. Among them, IRE1-a also known to be involved in cell death whereas, PERK-eIF2
involved in cell survival'®. IRE1-« is a principal signaling protein with serine threonine kinase domain, and an
endoribonuclease domain which it uses to splice XBP-1 mRNA and activate XBP-1, an important protein dur-
ing ER stress?’. We observed up-regulation of IRE1-« and its downstream target XBP-1 in response to CANE,
suggesting its potential role in ER stress. IRE1-a is also associated with the activation of ASK1, which stimulates
activation of the Jun-N-terminal kinase (JNK) and p38 MAPK to promote apoptosis*. Also, we observed high
protein expression of p-JNK in connection with up-regulation of IRE1-« stimulated by CANE*.

The lumen of ER is the major storehouse of Ca™2, which plays a critical role in many physiological events*
along with the proper function of ER-associated chaperons*. Hence, any imbalance in ER Ca*?2 levels has severe
effects on ER function, leading to stress. ROS are known to induce Ca*? release from the ER and also inhibit the
intracellular Ca*? pump for its clearance from the cytosol, as a result, starts to accumulate in mitochondria and
influence on Aym*. We observed a high Ca*2level in CANE-treated cells responsible for ER stress and altering
Am.

CANE induced elevation of IRE1-a levels mediating JNK activation, which caused Bax translocation from
the cytosol to mitochondria and opened the MPTP, facilitating Cyt C releases that activated proteases such as
caspase-9 and 3. Our earlier results suggest that CANE efliciently induced ROS and generated oxidative stress
in A549 cells, leading to apoptosis. To prove this, we blocked ROS using NAC and observed diminishing effect
of CANE and confirmed that ROS is the main agent behind CANE-mediated cytotoxicity. More specifically, to
locate the site of ROS production, we used the mitochondria-specific antioxidant Mito-TEMPO and observed the
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Figure 8. Apoptotic potential of CANE against PC-9 cells. (a,b) MTT and LDH assay, respectively, of CANE
(25-150 pg/ml)-treated PC-9 cells after 24 h of incubation. Docetaxel (20 ug/ml) was used as a positive control
while the surfactant-polysorbate 80 mix devoid of carvacrol was also used as a control. (c) Morphological
changes in PC-9 cells after treatment with CANE (25-125 pg/ml). Images were captured at 20X magnification
[scale bar =0.1 mm]. (d) Effect of CANE on expression of JNK, Bax, Bcl2, Cyt C, caspase-9, and 3 in PC-9 cells.
(e) Cellular levels of protein markers JNK, p-JNK, Bax, Bcl2, Cyt C, caspase-3, caspase-9, and (3- actin in PC-9
cells incubated with Mito-TEMPO (10 uM). Densitometry analysis of the respective proteins was evaluated

by Image J software, and results were normalized with 3-actin with respect to controls. Each value in the bar
graph represents the mean + SD of three independent experiments. Values with different superscripts differ
significantly from each other (p < 0.05).

prevention of CANE-induced ROS generation and collapse of A{m. The apoptotic protein levels were reverted to
normal levels, and apoptosis was diminished in the Mito-TEMPO treated group. Also, we found an impact on Bax
and Cyt C translocation in the presence of Mito-TEMPO. These results are consistent with the previous finding
wherein Mito-TEMPO inhibited ROS production and associated Ca™ imbalance and maintained Aym to pre-
vent mitochondrial-mediated necrosis and apoptosis along with translocation of Bax*. Our findings are also sup-
ported by the previous study which demonstrated consequences of ROS scavenger against doxorubicin-induced
apoptosis by altering the Bax, Cyt C translocation and caspase activation®’.

To evaluate the broad spectrum anticancer potential of CANE against different lung cancer cell line, we tested
it against human lung adenocarcinoma PC-9 cells and observed a dose-dependent cytotoxicity. However, unlike
to A549 cells, CANE displayed a high IC;, value against PC-9 cells. In the presence of Mito-TEMPO, apoptotic
potential of CANE diminished as evident by altered protein expression of Bax, Bcl2 Cyt C, caspase- 3 and 9 imply-
ing the involvement of mitochondrial ROS as a major event in connection with CANE mediated cytotoxicity.

This study confirmed a strong cytotoxicity of CANE in vitro; hence, we moved ahead and evaluated its antitu-
mor activity (in vivo). Our in vivo results are consistent with the in vitro results signifying the strong potential of
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Figure 9. CANE inhibits tumor growth. (a) Tumor images excised from different groups of mice after 4 weeks.
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(e) Histological images of tumor observed under light microscope. Images were captured at 40X magnification
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tumor tissue. Each value in the bar graph represents the mean & SD of three independent experiments. Values
with different superscripts differ significantly from each other (p < 0.05).
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CANE to regulate tumor growth via induction of apoptosis. The results collectively propose the key role of CANE
in mitochondrial ROS generation, which initiated numerous cellular events leading to mitochondrial-mediated
cell death. Additionally, antitumor potential of CANE suggested it to be as a promising candidate against lung
cancer.

Conclusions

Based on the findings, we conclude that CANE principally induced production of ROS inside mitochondria of
A549 cells, which provoked many cellular events leading to mitochondria-mediated intrinsic apoptosis. To the
best of our knowledge, this is the first study in which CANE exhibited substantial apoptotic potential against
human lung adenocarcinoma A549 cells. Owing the good anticancer potential of CANE, we propose it as a suit-
able drug for lung cancer therapy after sufficient clinical trials.

Materials and Methods

Chemicals, antibodies and reagents.  All chemicals, unless otherwise stated were of the highest quality
and used as supplied. Carvacrol (99.9%) and polysorbate 80 were purchased from the Sigma-Aldrich (St. Louis,
USA). Primary antibodies against 3-actin, PERK, GRP78, IRE1-a, ATF-6, XBP-1, eIlF2q, p-elF2a, JNK, p-JNK,
caspase-3, caspase-9, Bax, Bcl2, and cytochrome C as well as horseradish peroxidase (HRP)-conjugated second-
ary antibody were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Cell lines and cell culture. A549, PC-9, a human lung adenocarcinoma, and normal bronchial epithelium
cells (BEAS-2B) were purchased from the American Type Culture Collection (Manassas, VA), and cultured
in RPMI-1640 (Invitrogen, Carlsbad, CA) media, supplemented with 10% (v/v) fetal calf serum (Invitrogen,
Carlsbad, CA) and 1% penicillin-streptomycin cocktail at 37 °C in 5% CO, incubator.

Preparation of carvacrol nanoemulsion.  Oil in water (O/W) nanoemulsion (NE) was prepared by adding
carvacrol (1.5%), non-ionic surfactant, and emulsifier polysorbate 80 in water under constant shaking conditions.
NE was formulated in aqueous medium by adding carvacrol with polysorbate 80 to obtain 1:1, 1:2 and 1:3 (v/v) pro-
portions. Finally, all three formations were sonicated at 25 khz in a sonicator with 750 W for 10 min. Tubes were kept
in an ice bucket throughout the sonication period to neutralize the deleterious effect of generated heat.

Characterization of nanoemulsion. Droplet size, polydispersity index (PDI) and zeta potential of
the formulated CANEs were analyzed by dynamic light scattering (DLS) analysis using a zeta-potential and
particle size analyzer (ELSZ-2000, Otsuka Electronics Co., Ltd. Japan). The mean droplet sizes of CANEs
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was determined using software generated intensity, volume, and number of distributions. The morphology of
CANE was determined by scanning electron microscope (SEM).

Cytotoxicity and morphological assessment. The cytotoxic effect of CANE was first determined by
MTT assay. Briefly, 5 x 10* A549 cells/well were incubated in the presence of CANE at the concentrations of 25,
50, 100, and 150 pg/ml for 24 h at 37°C in a CO, incubator. After incubation, cells were treated with MTT solu-
tion (5mg/ml) to produce dark blue colored formazan crystals, which were further dissolved in 50 pl of DMSO.
Finally, absorbance was measured at 540 nm in a microplate reader (Bio-Tek instrument Co., WA, USA).

Cytotoxicity was also determined by the lactate dehydrogenase (LDH) assay. For the LDH assay, cells were
treated with various concentrations of CANE, as mentioned above, for 24 h at 37 °C. After incubation, media
were removed and processed to evaluate extracellular LDH release using an LDH detection kit (Sigma-Aldrich,
St.Louis, USA) as per the manufacturer’s guidelines. Finally, cytotoxicity was evaluated by calculating absorbance
at 490 and 690 nm.

Furthermore, microscopic examination was done to determine morphological changes in A549 cells after
exposure to CANE (25, 50 and 100 pig/ml) using an inverted microscope (Nikon Eclipse TS200, Nikon Corp.,
Tokyo, Japan). In addition, cytotoxic potential of CANE against PC-9 cells was evaluated by MTT, LDH assay as
mentioned earlier along with the western blotting of the apoptotic proteins.

Clonogenicassay. A total of 5 x 10 cells/well were seeded in a 12-well culture plate and allowed to attach for
a period of 24 h, after which CANE (25, 50, and 100 pg/ml) treatment was administered and cells were incubated
for 7 days at 37 °C in a CO, incubator. Finally, cells were washed with PBS and stained with 0.5% crystal violet.

Flow cytometry analysis. Control (surfactant-polysorbate 80 mix devoid of carvacrol) and CANE-treated
cells were suspended in 100 pl (PBS), followed by the addition of 200 pl of ethanol (95%) and incubated at 4 °C for
1 h. Afterward, cells were washed with PBS and suspended in 250 pl of sodium citrate buffer (pH 8.4) containing
RNase (12.5ug) for 30 min. Finally, cellular DNA was stained with propidium iodide solution (50 pg/ml), and
stained cells were analyzed using fluorescent-activated cell sorting with a flow cytometer (ThermoFisher, Korea).
Relative DNA content was determined based on relative red fluorescent intensity.

Determination of apoptotic morphological changes. Nuclear fragmentation was evaluated by
Hoechst staining. Briefly, cells were seeded in a 12-well-plate and allowed to attach for 24h, followed by CANE
(25, 50, and 100 pg/ml) treatment for an additional 24 h. After incubation, cells were stained with Hoechst (1 ug/
ml), and images were captured under an EPI fluorescence microscope (Nikon, Japan). In addition to Hoechst
staining, acridine orange (AO) and ethidium bromide (EtBr) staining were carried out to detect apoptotic cell
formation. Briefly, attached cells were treated with different concentrations of CANE for 24 h, followed by staining
with AO/EtBr (1:1). Finally, fluorescence images were captured under an EPI fluorescence microscope (Nikon,
Japan).

Determination of intracellular ROS and mitochondrial superoxide levels. Intracellular reactive
oxygen species (ROS) production in response to CANE was determined using H,DCFDA fluorescent stain.
Briefly, cells were seeded in a 12-well culture plate and allowed to attach for 24 h, followed by CANE (25, 50, and
100 pg/ml) treatment. After 24 h of treatment, cells were washed with PBS and subsequently incubated with 20 uM
H,DCFDA dye for 30 min. Cells were washed twice with PBS, and ROS formation was immediately detected
using an EPI fluorescence microscope (Nikon, Japan). Fluorescent intensity was quantified by using Image-J
software.

The potential effect of CANE on production of mitochondrial superoxide was evaluated by staining the cells
with MitoSOX Red, a mitochondrial superoxide indicator. Briefly, attached cells were treated with different con-
centrations of CANE for 24 h. After incubation, cells were washed twice with PBS and stained with 5puM MitoSOX
Red for 10 min. Finally, fluorescent images were captured using an EPI fluorescence microscope (Nikon, Japan).
Mean fluorescence intensity was quantified using Image-J software.

Measurement of intracellular calcium ion (Cat2).  A549 cells were grown in a 6-well culture plate and
treated with various concentrations of CANE (25, 50, and 100 pg/ml). After 24 h of incubation, cells were washed
twice with PBS and stained with 5uM fura-2 AM for 60 min. Finally, cells were washed three times with HEPES
buffer and visualized under an EPI fluorescence microscope (Nikon, Japan). The mean fluorescent intensity of
fluorescent images was quantified by Image-J software.

Measurements of mitochondrial membrane potential (A{ym). A549 cells were grown in a 12-well
culture plate and treated with various concentrations of CANE (25, 50, and 100 ug/ml). After 24 h of incubation,
cells were washed with PBS and stained with rhodamine-123 (1 pg/ml) for 30 min. Finally, fluorescent images
were analyzed under an EPI fluorescence microscope (Nikon, Japan).

Determination of cytochrome Crelease. Cytosolic cytochrome C (Cyt C) level was evaluated by a spec-
trophotometric method®'. In brief, attached A549 cells were treated with various concentrations of CANE (25,
50, and 100 pg/ml) over 24 h. Cells were then homogenized with buffer (50 mM Tris, 2mM EDTA, 1 mM phenyl-
methylsulfonylfluoride, pH 7.5) in the presence of 2% glucose and centrifuged at 2,500 rpm for 10 min. Obtained
supernatant was mixed with 0.5 g/ml of ascorbic acid, and absorbance was measured at 550 nm.

Immunoblot analysis.  A549 cells were treated with various concentrations of CANE (25, 50, and 100 pg/
ml) for 24 h, followed by protein isolation using RIPA lysis buffer. An equal amount of protein lysate (50 ug in each
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lane) was separated in reducing polyacrylamide gel and further transferred into a polyvinyldenefluoride (PVDF)
membrane (Roche Diagnostics, Indianapolis, IN, USA) by electroblotting. The membrane was subsequently
probed with appropriate primary antibodies, followed by horseradish peroxidase (HRP)-conjugated second-
ary antibody, and visualized by enhanced chemiluminescence (ECL) according to the recommended procedure
(Amersham Pharmacia, Piscataway, New Jersey).

Isolation of mitochondrial proteins. Mitochondrial proteins were isolated from A549 cells by treatment
with mitochondrial extraction buffer (70 mM sucrose, 200 mM mannitol, 10 mM HEPES, 1 mM EGTA), followed
by homogenization using a Dounce homogenizer. The cell suspension was centrifuged at 600xg, and the obtained
supernatant was re-centrifuged at 11,000xg to separate mitochondria from cytosolic proteins. Quantification of
proteins was carried out by the Bradford method>.

Isolation of RNA and quantitative real-time PCR (qQRT-PCR).  Total RNA was isolated from A549 cells
using an RNA-spinTM extraction kit (Intron Biotechnology, Korea) as per the manufacturer’s instructions and quan-
tified by a Qubit22s 2.0 fluorometer RNA assay kit (Life technologies, USA). cDNA synthesis was carried out using
a Maxime RT Premix cDNA synthesis kit (Intron Biotechnology, Korea) according to the manufacturer’s instruc-
tions. Finally, QRT-PCR was performed using an Agilent technology qPCR system (CA, USA). Following PCR
primers were used for bax (E 5'-CTGCAGAGGATGATTGCCG-3', R, 5-TGCCACTCGGAAAAAGACCT-3'),
bcl2 (E, 5'-TCCCTCGCTGCACAAATACTC-3, R, 5'~-ACGACCCGATGGCCATAGA-3'), cyt ¢ (F, 5-CCAGTG
CCACACCGTTGAA-3/, R, 5-TCCCCAGATGATGCCTTTGTT-3'), caspase-9 (F, 5-CGAACTAACAGGCAAG
CAGC-3/, R, 5-ACCTCACCAAATCCTCCAGAA C-3'), and B-actin (F, 5'-AACTACCTTCAACTCCATCA-3, R,
5'-GAGCAATGATCTTGATCTTCA-3).

In vivo animal studies. The antitumor potential of CANE was evaluated by inducing tumor in nude mice by
xenografting of A549 cells. The tumor was induced by injecting A549 cells (1 x 10°) subcutaneously to 4 week old
male nude mice. Once the tumor reached to 50 mm?® size the mice were randomly divided into three groups (each
group with four mice). Group I considered as vehicle control (surfactant-polysorbate 80 mix devoid of carvacrol)
while the group II and IIT were treated with CANE 50 and 100 mg/kg body weight (BW), respectively. Treatment
of CANE was given orally three times in a week up to four weeks. Tumor volume and body weight in all the three
groups were measured every week. Tumor volume was calculated using the equation [(width? x length)/2]. At the
end of fourth week, mice were sacrificed and the tumor was removed for evaluation of immunoblotting, tumor
weight and histopathological examination.

Hematoxylin and eosin (H & E) staining. The tumor was stored in 10% formalin for 48 h. Finally, tis-
sue was dehydrated and embedded in paraffin followed by sectioning and H and E staining. Histopathological
changes were observed by microscopic examination (Nikon, Japan).

Statistical analysis. All experiments were carried out in triplicates. The results were expressed as
mean =+ standard deviation (SD) of three independent experiments. Multiple comparisons were performed using
one-way ANOVA followed by Duncan test for post hoc analysis using SPSS16 software. p values < 0.05 were con-
sidered statistically significant.

Data availability. The authors declare that all the other data supporting the finding of this study are available
within the article and from the corresponding author on reasonable request.

Ethics approval and consent to participate. Animal experimental work conducted in the present study
was in accordance with the rules and regulation of animal ethical committee of Daegu University, Korea (Approvl
# DGU000011365) for the care and use of laboratory animals.

Manuscript comment.  Pictures or photo structures as shown in the figures were taken by one of the authors
Ashutosh Bahuguna as experimental data. We have not taken or adopted any picture of figure from any other
sources.

References

1. World Cancer Report 2014, World Health Organization, Chapter 5. 1. ISBN 9283204298 (2014).

2. Ramalingam, S. & Belani, C. Systemic chemotherapy for advanced non-small cell lung cancer: recent advances and future directions.
Oncologist 15, 5-13 (2008).

3. Park, K. L. et al. Induction of the cell cycle arrest and apoptosis by flavonoids isolated from Korean Citrus aurantium L. in non-small-
cell lung cancer cells. Food Chem 135, 2728-2735 (2012).

4. Dempke, W. C,, Suto, T. & Reck, M. Targeted therapies for non-small cell lung cancer. Lung Cancer 67, 257-274 (2010).

5. Chen, Q. et al. Curcumin induces apoptosis in human lung adenocarcinoma A549 cells through a reactive oxygen species-dependent
mitochondrial signaling pathway. Oncol Rep 23, 397-403 (2010).

6. Annamalai, G., Kathiresan, S. & Kannappan, N. [6]-Shogaol, a dietary phenolic compound, induces oxidative stress mediated
mitochondrial dependent apoptosis through activation of proapoptotic factors in Hep-2 cells. Biomed Pharmacother 82, 226-236
(2016).

7. Toolaram, A. P, Kiimmerer, K. & Schneider, M. Environmental risk assessment of anti-cancer drugs and their transformation
products: A focus on their genotoxicity characterization-state of knowledge and short comings. Mutat Res Rev Mutat 760, 18-35
(2014).

8. Lai, P. K. & Roy, J. Antimicrobial and chemopreventive properties of herbs and spices. Curr Med Chem 11, 1451-1460 (2004).

9. De Vincenzi, M., Stammati, A., De Vincenzi, A. & Silano, M. Constituents of aromatic plants: carvacrol. Fitoterapia 75, 801-804
(2004).

SCIENTIFICREPORTS | (2018) 8:144 | DOI:10.1038/s41598-017-18644-9 13



www.nature.com/scientificreports/

10.
11.

12.
13.

14.
15.
16.
17.
18.

19.
. Ting, Y., Chiou, Y. S., Pan, M. H., Ho, C. T. & Huang, Q. In vitro and in vivo anti-cancer activity of tangeretin against colorectal

21.
22.
23.
24.
25.
26.
27.
28.

29.

36.
37.
38.
39.

40.

41.
42.
43.

44.

50.
51.

52.

Sokmen, M. et al. In vitro antioxidant, antimicrobial, and antiviral activities of the essential oil and various extracts from herbal parts
and callus cultures of Origanum acutidens. ] Agric Food Chem 52, 3309-3312 (2004).

Baser, K. H. Biological and pharmacological activities of carvacrol and carvacrol bearing essential oils. Curr Pharm Des 14,
3106-3119 (2008).

Zotti, M. et al. Carvacrol: from ancient flavoring to neuromodulatory agent. Molecules 18, 6161-6172 (2013).

Bhakkiyalakshmi, E. et al. Carvacrol induces mitochondria-mediated apoptosis in HL-60 promyelocytic and Jurkat T lymphoma
cells. Eur ] Pharmacol 772, 92-98 (2016).

Sobral, M. V,, Xavier, A. L., Lima, T. C. & de Sousa, D. P. Antitumor activity of monoterpenes found in essential oils. Sci World ] 2014,
953451 (2014).

Bhardwaj, M. et al. 5-Hydroxy-7- methoxyflavone triggers mitochondrial-associated cell death via reactive oxygen species signaling
in human colon carcinoma cells. PLoS One 11, €0154525 (2016).

Periasamy, V. S., Athinarayanan, J. & Alshatwi, A. A. Anticancer activity of an ultrasonic nanoemulsion formulation of Nigella sativa
L. essential oil on human breast cancer cells. Ultrason Sonochem 31, 449-455 (2016).

Bouchemal, K., Briangon, S., Perrier, E. & Fessi, H. Nano-emulsion formulation using spontaneous emulsification: solvent, oil and
surfactant optimization. Int | Pharm 280, 241-251 (2004).

Tadros, T., Izquierdo, P., Esquena, J. & Solans, C. Formation and stability of nano-emulsions. Adv Colloid Interface Sci 108-109,
303-318 (2004).

Jaiswal, M., Dudhe, R. & Sharma, P. K. Nanoemulsion: an advanced mode of drug delivery system. 3 Biotech 5, 123-127 (2015).

cancer was enhanced by emulsion-based delivery system. J Funct Foods 15, 264-273 (2015).

Keawchaoon, L. & Yoksan, R. Preparation, characterization and in vitro release study of carvacrol-loaded chitosan nanoparticles.
Colloids Surf B Biointerfaces 84, 163-171 (2011).

Qian, C. & McClements, D. J. Formation of nanoemulsions stabilized by model food-grade emulsifiers using high-pressure
homogenization: factors affecting particle size. Food Hydrocoll 25, 1000-1008 (2011).

Mason, T. G., Wilking, J. N., Meleson, K., Chang, C. B. & Graves, S. M. Nanoemulsios: Formation, structure, and physical properties.
J Phys Condens Matter 18, R635-R666 (2006).

Kommuru, T. R, Gurley, B., Khan, M. A. & Reddy, I. K. Self-emulsifying drug delivery systems (SEDDS) of coenzyme Q10:
formulation development and bioavailability assessment. Int ] Pharm 212, 233-246 (2001).

Zhang, S., Zhang, M., Fang, Z. & Liu, Y. Preparation and characterization of blended cloves/cinnamon essential oil nanoemulsions.
LWT - Food Science and Technology 75, 316-322 (2017).

Kakumanu, S., Tagne, J. B., Wilson, T. A. & Nicolosi, R. J. A nanoemulsion formulation of dacarbazine reduces tumor size in a
xenograft mouse epidermoid carcinoma model compared to dacarbazine suspension. Nanomedicine 7, 277-283 (2011).
Harnsilawat, T., Pongsawatmanit, R. & McClements, D. J. Influence of pH and ionic strength on formation and stability of emulsions
containing oil droplets coated by beta-lactoglobulin-alginate interfaces. Biomacromolecules 7, 2052-2058 (2006).

McClements, D. ]. Emulsion design to improve the delivery of functional lipophilic components. Annu Rev Food Sci Technol 1,
241-269 (2010).

Klang, V., Matsko, N. B., Valenta, C. & Hofer, F. Electron microscopy of nanoemulsions: an essential tool for characterisation and
stability assessment. Micron 43, 85-103 (2012).

. Kaur, K. et al. Physiochemical and cytotoxicity study of TPGS stabilized nanoemulsion designed by ultrasonication method.

Ultrason Sonochem 34, 173-182 (2017).

. Baehrecke, E. H. How death shapes life during development. Nat Rev Mol Cell Biol 3, 779-787 (2002).

. Golstein, P. & Kroemer, G. Cell death by necrosis: towards a molecular definition. Trends. Biochem Sci 32, 37-43 (2007).

. Galluzzi, L. et al. To die or not to die: that is the autophagic question. Curr Mol Med 8, 78-91 (2008).

. Liang, W. Z. et al. The mechanism of carvacrol-evoked [Ca**]i rises and non-Ca**-triggered cell death in OC2 human oral cancer

cells. Toxicology 303, 152-161 (2013).

. Landry, K. S., Chang, Y., McClements, D. J. & McLandsborough, L. Effectiveness of a novel spontaneous carvacrol nanoemulsion

against Salmonella enterica Enteritidis and Escherichia coli O157:H7 on contaminated mung bean and alfalfa seeds. Int ] Food
Microbiol 187, 15-21 (2014).

Landry, K. S., Micheli, S., McClements, D. J. & McLandsborough, L. Effectiveness of a spontaneous carvacrol nanoemulsion against
Salmonella enterica Enteritidis and Escherichia coli 0157:H7 on contaminated broccoli and radish seeds. Food Microbiol 51, 10-17
(2015).

Donsi, F. & Ferrari, G. Essential oil nanoemulsions as antimicrobial agents in food. ] Biotechnol 233, 106-120 (2016).

Hildeman, D. A., Mitchell, T., Kappler, J. & Marrack, P. T cell apoptosis and reactive oxygen species. | Clin Invest 111, 575-581
(2003).

Su, J. et al. Natural borneol, a monoterpenoid compound, potentiates selenocystine-induced apoptosis in human hepatocellular
carcinoma cells by enhancement of cellular uptake and activation of ROS-mediated DNA damage. PLoS One 8, 63502 (2013).

Yu, G. J. et al. Induction of reactive oxygen species-mediated apoptosis by purified Schisandrae semen essential oil in human
leukemia U937 cells through activation of the caspase cascades and nuclear relocation of mitochondrial apoptogenic factors. Nutr
Res 35, 910-920 (2015).

Yoo, C. B. et al. Eugenol isolated from the essential oil of Eugenia caryophyllata induces a reactive oxygen species-mediated apoptosis
in HL-60 human promyelocytic leukemia cells. Cancer Lett 225, 41-52 (2005).

El-Najjar, N. et al. Reactive oxygen species mediate thymoquinone-induced apoptosis and activate ERK and JNK signaling.
Apoptosis 15, 183-195 (2010).

Liang, H. L., Sedlic, E, Bosnjak, Z. & Nilakantan, V. SOD1 and MitoTEMPO partially prevent mitochondrial permeability transition
pore opening, necrosis, and mitochondrial apoptosis after ATP depletion recovery. Free Radic Biol Med 49, 1550-1560 (2010).

Lin, X. et al. Isoorientin from Gypsophila elegans induces apoptosis in liver cancer cells via mitochondrial-mediated pathway. ]
Ethnopharmacol 187, 187-194 (2016).

. Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol 5, 495-516 (2007).
. Sano, R. & Reed, J. C. ER stress-induced cell death mechanisms. Biochim Biophys Acta 1833, 3460-3470 (2013).
. Szegezdi, E., Logue, S. E., Gorman, A. M. & Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep 9,

880-885 (2006).

. Zeeshan, H. M., Lee, G. H., Kim, H. R. & Chae, H. J. Endoplasmic reticulum stress and associated ROS. Int ] Mol Sci 17, 327 (2016).
. Pinton, P, Giorgi, C,, Siviero, R., Zecchini, E. & Rizzuto, R. Calcium and apoptosis: ER-mitochondria Ca** transfer in the control of

apoptosis. Oncogene 27, 6407-6418 (2008).

Wang, Z., Wang, J., Xie, R,, Liu, R. & Lu, Y. Mitochondria-derived reactive oxygen species play an important role in Doxorubicin-
induced platelet apoptosis. Int ] Mol Sci 16, 11087-11100 (2015).

Choi, H. & Lee, D. G. Lycopene induces apoptosis in Candida albicans through reactive oxygen species production and
mitochondrial dysfunction. Biochimie 115, 108-115 (2015).

Bradford, M. M. A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72, 248-254 (1976).

SCIENTIFICREPORTS | (2018) 8:144 | DOI:10.1038/s41598-017-18644-9 14



www.nature.com/scientificreports/

Acknowledgements
This research was funded by NRF (National Research Foundation of South Korea)-2016R1A2B4009227.

Author Contributions

LK. and A.B. performed the research and prepared initial draft of the manuscript. V.K.B. and P.K. critically
reviewed and revised the manuscript. S.C.K. conceived and designed the study and finally approved the
manuscript for submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18644-9.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | (2018) 8:144 | DOI:10.1038/s41598-017-18644-9 15


http://dx.doi.org/10.1038/s41598-017-18644-9
http://creativecommons.org/licenses/by/4.0/

	In vitro and in vivo antitumor potential of carvacrol nanoemulsion against human lung adenocarcinoma A549 cells via mitocho ...
	Results

	Formulation and characterization nanoemulsion. 
	Cytotoxicity of CANE against A549 cells. 
	Induction of apoptosis and ROS production in the presence of CANE. 
	Upregulation of apoptotic proteins after CANE treatment. 
	CANE induces apoptosis mediated by mitochondria. 
	ROS scavenging results in A549 cell survival. 
	Mito-TEMPO reverses CANE-induced mRNA transcription of bax, bcl2, cyt c and caspase -9. 
	Mito-TEMPO blocks CANE induced Bax and cytochrome C translocation. 
	Apoptotic potential of CANE against PC-9 cells. 
	CANE reduces tumor formation in mice. 

	Discussion

	Conclusions

	Materials and Methods

	Chemicals, antibodies and reagents. 
	Cell lines and cell culture. 
	Preparation of carvacrol nanoemulsion. 
	Characterization of nanoemulsion. 
	Cytotoxicity and morphological assessment. 
	Clonogenic assay. 
	Flow cytometry analysis. 
	Determination of apoptotic morphological changes. 
	Determination of intracellular ROS and mitochondrial superoxide levels. 
	Measurement of intracellular calcium ion (Ca+2). 
	Measurements of mitochondrial membrane potential (Δψm). 
	Determination of cytochrome C release. 
	Immunoblot analysis. 
	Isolation of mitochondrial proteins. 
	Isolation of RNA and quantitative real-time PCR (qRT-PCR). 
	In vivo animal studies. 
	Hematoxylin and eosin (H & E) staining. 
	Statistical analysis. 
	Data availability. 
	Ethics approval and consent to participate. 
	Manuscript comment. 

	Acknowledgements

	Figure 1 Scanning electron microscopic (SEM) image of CANE (1:3 v/v) and its histogram size distribution [Scale bar = 500 nm].
	Figure 2 Cytotoxic potential of CANE against A549 cells.
	Figure 3 CANE (25–100 μg/ml) induces apoptotic morphology and ROS production in A549 cells after 24 h of incubation.
	Figure 4 CANE sensitizes A549 cells to follow ER stress leads to mitochondria-mediated apoptotic pathway.
	Figure 5 Inhibition of ROS production leads to A549 cell protection from apoptosis induced by CANE.
	Figure 6 Effect of ROS inhibition using Mito-TEMPO on the vital apoptotic markers at translational and transcriptional level.
	Figure 7 Mito-TEMPO prevents translocation of Bax and cytochrome C.
	Figure 8 Apoptotic potential of CANE against PC-9 cells.
	Figure 9 CANE inhibits tumor growth.
	Table 1 Physical and chemical properties of formulated CANE after ultrasonication.




