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A B S T R A C T   

The antitumor activity of the tea tree oil (TTO) derived product, Melaleuca Alternifolia Concentrate (MAC) was 
characterized mechanistically at the molecular and cellular level. MAC was analyzed for its anticancer activity 
against human prostate (LNCaP) and breast (MCF-7) cancer cell lines growing in vitro. MAC (0.02–0.06% v/v) 
dose-dependently induced the intrinsic (mitochondrial) apoptotic pathway in both the LNCaP and MCF-7 cell 
lines, involving increased mitochondrial superoxide production, loss of mitochondrial membrane potential 
(MMP), caspase 3/7 activation, as well as the presence of TUNEL+ and cleaved-PARP+ cell populations. At 
concentrations of 0.01–0.04% v/v, MAC caused cell cycle arrest in the G0/1–phase, as well as autophagy. The in 
vivo anticancer actions of MAC were examined as a treatment in the FVB/N c-Neu murine model for spontane-
ously arising breast cancers. Intratumoral MAC injections (1–4% v/v) significantly suppressed tumor progression 
in a dose-dependent manner and was associated with greater levels of tumor infiltrating neutrophils exhibiting 
anticancer cytotoxic activity. Induction of breast cancer cell death by MAC via the mitochondrial apoptotic 
pathway was also replicated occurring in tumors treated in vivo. In conclusion, our data highlights the potential 
for the Melaleuca-derived MAC product inducing anticancer neutrophil influx, supporting its application as a 
novel therapeutic agent.   

1. Introduction 

Essential oils are natural, volatile and complex mixtures character-
ized by a strong odor and are formed by aromatic plants as secondary 
metabolites. Common examples include tea tree oil (TTO), eucalyptus, 
lavender and peppermint oils. Essential oils comprise as little as 20 to 
over 100 different compounds in vastly differing concentrations. They 
are typically characterized by two or three major constituents with high 
concentrations (20–70%), while the remaining compounds are usually 
only present in trace amounts [1–7]. The largest class of secondary 

metabolites present in essentials oils are terpenes and their role and 
contribution as anticancer agents has been extensively reported and 
previously reviewed [8–13]. The most well recognized terpene-based 
anticancer agent is paclitaxel (TAXOL, a microtubule destabilizing 
agent), which has been pivotal as a drug used for treating multiple 
cancers over the last 40 years [14]. Furthermore, a number of these 
natural terpenes and terpene-derived compounds have been examined 
in clinical trials for their anticancer activities, including perillyl alcohol 
[15], limonene [16], irofulven [17] and gossypol [18]. Although the use 
of essential oils as anticancer therapeutics may not be a conventional 
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approach, they can be produced in large quantities in a cost-efficient 
manner and preparations can exhibit minimal toxicity [19–25], which 
highlights their potential as attractive candidates for anticancer 
treatment. 

Endemic Australian plants are a source of a wide range of essential 
oils. One of the more renowned oils is TTO, from which a novel product 
exhibiting promising anticancer properties as a refined botanical agent 
known as Melaleuca Alternifolia Concentrate (MAC) [26]. Similar to TTO, 
monoterpenoids and sesquiterpenes comprise the main subtypes of 
terpenes present in MAC with terpinen-4-ol remaining as a major con-
stituent (Table 1). However, the difference from other Melaleuca 
oil-based preparations is in the proportion of monoterpenes present. In 
the process of generating MAC, approximately 90–99% of the more toxic 
wax-like monoterpenes are removed, thereby enriching for the content 
of the monoterpenoids and sesquiterpenoids, particularly the relative 
level of the monoterpenol, terpinen-4-ol [27,28]. 

Previous studies reported that Melaleuca derived oils exhibit anti-
cancer activity in vitro against a range of human melanoma, liver, leu-
kemia, lung, breast, and prostate cancer cell lines [29–35]. Additionally, 
TTO and in particular, terpinen-4-ol (the main component of Melaleuca 
oils) were shown to induce apoptosis via the intrinsic mitochondrial 
pathway, as well as necrosis [29,30,36]. TTO and terpinen-4-ol have 
also been reported to show activity against a range of mouse cancer 
models including colorectal cancer, melanoma, mesothelioma and 
non-small cell lung cancer, although complete arrest of tumor progres-
sion was not obtained and use of unrefined TTO demonstrated consid-
erable toxicity [36–40]. 

We hypothesized that MAC should exhibit similar qualities to TTO or 
terpinen-4-ol (T4ol), given that T4ol is the major compound in MAC, but 
which also has many of the toxins inherent to TTO removed and MAC 
likely contains elevated levels of other important anticancer constitu-
ents. Thus, the present study aimed to investigate the cancer selectivity 
and mechanisms for cell death activated by the MAC preparation tested 
against the human prostate (LNCaP) and breast (MCF-7) cancer cell lines 
as in vitro cell cultures. In addition, the efficacy of MAC was evaluated in 
vivo using a transgenic FVB/N c-Neu spontaneously arising murine 
breast cancer model and the ensuing immune responses were also 

characterized. The results demonstrate the selective activity of MAC 
against human breast and prostate cancer cells in vitro, inducing rapid 
mitochondrial superoxide production of reactive oxygen species (ROS), 
caspase-3/7 activation, PARP cleavage, DNA damage and apoptotic cell 
death via the mitochondrial dependent pathway. At lower concentra-
tions, MAC induced cell cycle arrest in the G0/G1–phase as well as 
autophagy. Furthermore, intratumoral injection of MAC was shown to 
arrest the growth progression of spontaneous breast tumors in vivo 
including superoxide production in tumor sections and DNA damage. 
MAC treatment of breast tumors induced a significant increase in levels 
of tumor infiltrating neutrophils shown to be cytotoxic for the breast 
cancer cells. Thus, our results demonstrate that MAC has multiple ac-
tivities as an effective anticancer agent. 

2. Methods and materials 

2.1. Materials 

MAC is an extract prepared from the essential oil of M. alternifolia, 
derived by refining under vacuum and reduced temperature [26] and 
was obtained from the Australian Botanical Bioscience Pty Ltd, 
Australia. For ease of reference, Table 1 shows a direct comparison of the 
compound composition of MAC versus TTO. For a detailed analysis and 
complete listing, refer to [27,28]. Terpinen-4-ol; limonene; 
D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS); and tetra-
methylrhodamine, methylester, perchlorate (TMRM) were purchased 
from Sigma-Aldrich. For a complete list of antibodies, other agents and 
their sources, refer to Supplementary Tables 1.1–1.5. 

2.2. Compound formulation and preparation 

MAC, terpinen-4-ol and limonene were prepared for in vitro experi-
ments using the surfactant TPGS as a solubilizing vehicle at a ratio of 
20–1 (i.e. 2% v/v MAC in 0.1% w/v TPGS). For in vivo studies, MAC was 
prepared as 1% v/v or 4% v/v solutions in 0.5% w/v TPGS. 

2.3. Cell lines and culture conditions 

Vero African green monkey kidney epithelial, murine NeuTL and 
human MCF-7 breast cancer cell lines were maintained in DMEM, while 
the human LNCaP prostate cancer cells were maintained in RPMI-1640 
medium. All media was supplemented with 8% fetal bovine calf serum 
(FBS; heat inactivated) and 2% newborn calf serum plus 4.5 g/l D- 
glucose, 0.58 g/l L-glutamine, 50 U/ml penicillin/streptomycin, 110 
mg/l sodium pyruvate, 25 mM HEPES buffer (pH 7.4) and 0.1 μM 
β-mercaptoethanol. All culture supplements and media were sourced 
from Invitrogen. Except for the NeuTL cells derived from FVB/N rat c- 
Neu transgenic mice [41], all other cell lines were obtained from ATCC 
and grown at 37 ◦C in a 5% CO2 atmosphere. 

2.4. Cytotoxicity assay 

Drug dose-response curves for MAC, terpinen-4-ol, limonene or 0.5% 
TPGS vehicle alone control were measured using the SYTOX Green 
cytotoxicity assay (Molecular Probes, Invitrogen) [42]. Cell lines were 
seeded into 96-well plates (Costar #3603 black-wall/clear bottom, 
Corning) using phenol red-free media for 24 h before compounds were 
added. Assay controls were treated with 0.1% v/v tergitol NP-9 (to 
provide 100% dead cell values) or media alone (100% live cell values) 
for determining the percentage cell death. Cell lines were treated for 24, 
48 or 72 h before staining with 1 µM SYTOX Green for 45 min at 
endpoint [42]. Fluorescence was measured in the FlexStation 3 micro-
titer plate reader (Ex 494 nm, Em 528 nm, 515 nm cut-off; Molecular 
Devices) or using a FLUOStar Omega plate reader (BMG Labtech). 

Table 1 
Gas chromatography –mass spectrometry profile of MAC versus TTO.  

Components TTO ISO 
4730 
Int. Std 
(%)a 

MAC (%)b Molecular 
Weight (g/ 
mol) 

Terpene type 

Terpinen-4-ol > 30.0 60.0–64.0  154.2 Monoterpene 
alcohol 

para-Cymene 0.5–8.0 8.0–14.0  134.2 Monoterpene 
α-Terpineol 1.5–8.0 5.0–7.0  154.3 Monoterpene 

alcohol 
δ-Cadinene Trace–8.0 4.0–6.0  204.4 Sesquiterpene 
Aromadendrene Trace–7.0 0.5–1.5  204.4 Sesquiterpene 
1,8-Cineole Trace–15.0 0.8–1.2  154.3 Monoterpene 

ether 
γ-Terpinene 10.0–28.0 0.5–1.0  136.2 Monoterpene 
Terpinolene 1.5–5.0 0.2–0.5  136.2 Monoterpene 
Globulol Trace–3.0 0.3–0.4  222.4 Sesquiterpene 

alcohol 
Ledene Trace–7.0 N/A  204.4 Sesquiterpene 
Viridiflorol Trace–1.5 N/A  222.4 Sesquiterpene 

alcohol 
α-Pinene 1.0–6.0 N/A  136.2 Monoterpene 
Sabinene Trace–3.5 N/A  136.2 Monoterpene 
α-Terpinene 5.0–13.0 N/A  136.2 Monoterpene 
Limonene 0.5–1.5 N/A  136.2 Monoterpene  

a (International-Organisation-for-Standarisation, Tea Tree Oil; ISO 
4730:2017; https://www.iso.org/standard/69082.html).  

b (Reference [26])  
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2.5. Detection of cellular ROS or mitochondrial superoxide production 
and mitochondrial membrane potential (MMP) 

Cells were treated for 1 h with either MAC, terpinen-4-ol, or vehicle 
alone control. Positive controls used were 0.8 mM H2O2 for ROS and 
MMP or 20 μM doxorubicin for mitochondrial superoxide production. 
Cells were harvested, incubated with either 2 μM CM-H2DCFDA (2’,7’- 
dichlorodihydrofluorescein diacetate; Molecular Probes, Invitrogen) or 
1 μM MitoSOX Red (Molecular Probes, Invitrogen) in HBSS or 20 nM 
TMRM in PBS for 20 min at 37 ◦C, washed and then resuspended in 1% 
FBS before analysis using the Fortessa LSR II flow cytometer (Becton- 
Dickinson) (CM-H2DCFDA: Ex 488 nm, Em 530 nm; MitoSOX Red/ 
TMRM: Ex 561 nm, Em 615 nm). Cells positive for TMRM were deter-
mined to be those expressing > 103 mean fluorescence units (MFUs). 

2.6. Caspase 3/7 activity 

Caspase 3/7 activity was measured using the luminescence-based 
Caspase-Glo 3/7 Assay Kit (Promega) as per the manufacturer’s in-
structions. Cell lines were treated with MAC, 1 µM staurosporine or 
TPGS vehicle alone for 24 h. Luminescence was measured using the 
FlexStation 3 microtiter plate reader with a 500 s integration time. 

2.7. Terminal deoxynucleotidyl transferase-dUTP nick end labeling 
(TUNEL) Click-iT assay 

TUNEL+ cells were detected using the Click-iT TUNEL Alexa Fluor 
488 Imaging kit (Invitrogen) as per the manufacturer’s protocol. Briefly, 
cells were seeded into black-wall/clear bottom 96-well plates for 24 h 
prior to use and were treated with MAC, 1 µM staurosporine or vehicle 
alone control. Cells were counterstained with 0.5 µg/ml Hoechst 34580 
(Molecular Probes, Invitrogen) for 30 min. Images were obtained using 
the Ti-Eclipse (Ti-E) epifluorescence microscope with NIS-Elements 
software (Nikon). 

2.8. PARP Cleavage 

Cells were treated with MAC, terpinen-4-ol, 1 µM staurosporine or 
vehicle alone control. After 24 h, the cells were harvested, fixed (1% p- 
formaldehyde, RT, 30 min) and permeabilized (ice-cold methanol, on 
ice, 30 min). Cells were then incubated with the primary cleaved-PARP 
(Asp214) (D64E10) rabbit monoclonal antibody (1/200; Cell Signaling 
Technologies) for 30 min at 4 ◦C, followed by a secondary anti-rabbit 
Alexa Fluor 594 antibody (1/400; Invitrogen) for 30 min at 4 ◦C. Sam-
ples were washed, fixed in 0.5% p-formaldehyde and analyzed using the 
Fortessa LSR II flow cytometer. 

2.9. Cell cycle distribution 

For cell cycle distribution, cancer cells were treated for 4 or 24 h with 
MAC, vehicle alone or 0.8 mM H2O2, before cells were harvested and 
washed once with ice-cold PBS. Samples were then fixed drop-wise by 
addition of 80% v/v ethanol while vortexing, placed on ice for 30 min 
and stored overnight at 4 ◦C. Fixed cells were washed with PBS and 
stained with PBS containing 1 μg/ml 4’,6-diamidino-2-phenylindole 
(DAPI), 0.1% v/v Triton X-100 in the dark for 30 min at RT. Cells were 
washed with PBS and resuspended in 1% p-formaldehyde ready for 
analysis. Cell cycle analysis was performed using the Fortessa LSR II flow 
cytometer (20,000 events; Ex 405 nm, Em 450 nm) and stage distribu-
tion determined using FlowJo cell cycle analysis software (see Supple-
mentary Fig. 1.). 

2.10. Detection and quantification of acidic vesicular organelles (AVOs) 
with acridine orange 

AVOs are nonspecific indicators of autophagic cell death and were 

quantified and visualized by acridine orange (AO; Invitrogen) staining 
as per published procedures [43–45]. Briefly, cells were treated for 72 h 
with MAC or vehicle alone as control, harvested and then stained with 1 
µg/ml AO in PBS for 15 min at 37 ◦C in the dark for 15 min. Cells were 
then washed with PBS and resuspended in 1% FBS for immediate 
analysis using the Fortessa LSR II flow cytometer (Green: Ex 488 nm, Em 
530 nm; Red: Ex 561 nm, Em 615 nm). For imaging, cells were directly 
stained for 15 min at 37 ◦C and then fixed with 1% p-formaldehyde. 
Images were obtained using the Ti-E epifluorescence microscope with 
NIS-Elements software (Nikon). 

2.11. Quantification and detection of LC3B 

Autophagy was confirmed by the detection of LC3 using flow 
cytometry. Cells were treated with MAC, terpinen-4-ol, 50 µM chloro-
quine or vehicle alone as control. After 72 h, cells were harvested, fixed 
(1% p-formaldehyde, RT, 30 min) and permeabilized (ice-cold meth-
anol, on ice, 30 min). Cells were initially incubated with 1 µl CD16/32 
FcR blocker (Innovex) for 5–10 min, followed by a primary anti-LC3B 
(D11) XP rabbit monoclonal antibody (1/400; Cell Signaling Technol-
ogy) for 1 h at 4 ◦C, followed by a secondary anti-rabbit Alexa Fluor 594 
antibody (1/400) for 30 min at 4 ◦C. Samples were washed, fixed in 
0.5% p-formaldehyde and analyzed using the Fortessa LSR II flow cy-
tometer. LC3 was visualized using the Premo Autophagy Sensor (LC3- 
GFP) BacMam kit (Invitrogen) as per the manufacturer’s protocol. Cells 
were treated for 72 h, fixed with 1% p-formaldehyde for 20 min and 
counterstained with 2 µg/ml Hoechst 33342 DNA stain (Molecular 
Probes, Invitrogen) for 15 min. Images were obtained using the Ti-E 
epifluorescence microscope with NIS-Elements software (Nikon). 

2.12. Western blotting analysis of LC3-1 and -II 

Conversion of LC3-I to -II was detected by Western blotting. Cells 
were treated with MAC, 50 µM chloroquine or vehicle for 72 h. Cell 
lysates were prepared with radioimmunoprecipitation (RIPA) buffer 
with 1 mM PMSF, 10 µg/ml aprotinin and 10 µg/ml leupeptin. Protein 
samples were resolved on 15% SDS-PAGE gels and electro-transfer to 
PVDF membranes in transfer buffer (25 mM Tris, 190 mM glycine, 0.1% 
SDS, 20% methanol, pH 8.5). The membranes were incubated with anti- 
LC3B (D11) XP rabbit mAb (1/1000) before detection with anti-rabbit 
HRP-conjugated IgG (1/5000; Sigma). Blots were developed with the 
Pierce ECL Western Blotting Substrate (Thermo Scientific) and detected 
using the ChemiDoc XRS system (BioRad). 

2.13. Transgenic FVB/N c-neu murine breast cancer model 

Female mice aged 7–14 months with spontaneously arising breast 
tumors were used for analysis. The transgenic FVB/N202c-Neu mice 
carrying the rat HER-2/Neu proto-oncogene driven by the mouse 
mammary tumor virus promoter on the H-2q FVB/N background [41] 
were maintained and bred at the Griffith University, Gold Coast Campus 
Animal Facility under specific pathogen free conditions. Treatments 
were initiated when spontaneous tumors were approximately 100–300 
mm3 in size. Mice received intratumoral injections every 3 days as 50 µl 
doses of either PBS, vehicle alone control (0.5% TPGS), 1% or 4% v/v 
MAC. Tumor volumes were measured with calipers and calculated as 
(LxW2) x 0.52, where W is the width and L is the length. Tumor images 
on day 0 and day 30 were also captured using the Vevo 770 
High-resolution Imaging Ultrasound (VisualSonics, Canada) equipped 
with the 700-Series RMV 704 (Real-Time Microvisualisation) scanhead. 
Experiments were performed in accordance with the guidelines of the 
Australian and New Zealand Council for the Care and Use of Animals in 
Research and Teaching (ANZCART) and were approved by the Griffith 
University Animal Ethics Committee. 
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2.14. Immunohistochemistry 

Following treatment, tumors were excised, weighed and frozen in O. 
C.T. compound before 12 µm sections were prepared using a cryostat 
and transferred onto SuperFrost slides (MENZEL-GLÄSER). Tissue sec-
tions were permeabilized with ice-cold acetone for 10 min followed by 
fixation with 1% p-formaldehyde for 30 min. For intra-mitochondrial 
superoxide, tumor sections were stained with 1 μM MitoSOX Red in 
1% FBS/HBSS for 30 min in a humidified environment. For DNA frag-
mentation, tumor sections were stained using the Click-iT TUNEL Alexa 
Fluor 488 kit (Thermo Fisher Scientific). The TdT reaction cocktail (50 
µl) was applied and incubated overnight at 4 ◦C, followed by 30 min 
incubation at RT with the Click-iT reaction cocktail (50 µl). For neu-
trophils, tumor sections were blocked with 3% BSA/20 µl CD16/32 FcR 
blocker/PBS for 1 h, washed and then incubated with primary anti- 
mouse Gr-1 rat monoclonal antibody (1/400; BD Pharmingen) in a hu-
midified chamber for 1 h at RT. After washing, sections were incubated 
with secondary anti-rat Alexa Fluor 488 antibody (1/200; Invitrogen) 
for 1 h in the dark at RT. Lastly, tissue sections were counter-stained 
with VECTASHIELD antifade mounting media containing DAPI (Vector 
Laboratories) and imaged using the Ti-E epifluorescence microscope 
with NIS-Elements software (Nikon). 

2.15. Leukocyte preparation from excised tissues and cytological 
examination 

Following treatment for 12 days, the tumors were excised, dissected 
into small pieces and incubated in DMEM containing 70 U/ml of colla-
genase (Sigma) at 37 ◦C for 2 h before mechanical cell dissociation 
through a 70 µm nylon sieve (BD Biosciences). Extraction and staining of 
isolated tumor-infiltrating neutrophils was performed according to 
previous protocols [46,47]. Either continuous density centrifuge gradi-
ents or two step-gradients (Histopaque-1077/− 1189; Sigma) were used 

to obtain enriched populations of tumor infiltrating neutrophils for 
analysis of the segmented polymorphonuclear morphology and deter-
mination of the cytotoxicity of neutrophils. Blood was collected by 
cardiac puncture and leukocytes isolated following treatment with 
0.83% NH4Cl-Tris hemolysis buffer. Bone marrow cells were flushed out 
from the femurs on the tumor bearing side of the mouse. The isolated 
leukocytes were washed, blocked with anti-mouse CD16/32 FcR Blocker 
and labelled with anti-mouse CD11b PerCP-Cy5.5 (eBioscience) and 
anti-mouse Ly6G v450 (BD Pharmingen) for 30 min at 4 ◦C. Samples 
were washed, fixed in 0.5% p-formaldehyde and analyzed using the 
Fortessa LSR II flow cytometer. 

Slides of cell smears were prepared as outlined previously [47]. Thus, 
neutrophils banding between the Histopaque-1077/-1189 interface 
were collected and washed twice by centrifuging at 1500 rpm for 5 min 
each, before resuspending at 1 × 105 cells in 50 µl of staining buffer and 
gently smeared across SuperfrostR plus glass slides (Thermo Scientific). 
After air drying for 5 min, slides were fixed in 70% ethanol for 2 min 
before dipping 5–6 times in distilled water and staining in Methylene 
blue solution for 2 min or Haematoxylin solution for 3 min, washed in 
water for 1 min, then counterstained with Eosin Y solution for 10 s. 
Slides were washed again under tap water for 1 min, dehydrated by 
rinsing in increasing ethanol concentrations (70%, 96% and 100%). 
Slides were air dried before mounting with DEPEX media, then 

overlayed with a glass cover slip. Nuclear morphology was assessed 
using a BX53 microscope with cellsSens Entry software (Olympus). 

2.16. Neutrophil cytotoxicity assay on breast cancer cells 

For cytotoxicity assays, each experiment included n = 3 replicates for 
each dilution of freshly prepared neutrophils as immune effector cells, 
either cultured alone or added above a lawn of cancer cells. The NeuTL 
breast cancer cell populations were established growing in culture the 
previous day in rows of 96 well black wall, clear bottom microtiter plates 
(Corning Costar CLS3603 TC grade) specified for use either as targets or 
used alone as controls to monitor for cancer cell viability. The breast 
cancer cells were pre-seeded at 4000 cells per well in 100uL DMEM 
phenol red free media and incubated at 37 ◦C, 5% CO2 for 24 h before 
use in the cytotoxicity assay. Neutrophils were prepared as above and 
plated across the 96 well microtiter cell culture plates at dilutions of 
Effector:Target (E:T) ratios from 20:1 down to 1.25:1 and tested for their 
ability to kill the NeuTL murine breast cancer cells when co-incubated in 
combined cultures compared to wells containing either neutrophils or 
breast cancer cells alone. SYTOX green nucleic acid stain was added at t0 
to the wells at a final concentration of 1 μM to monitor induction and 
activation of cell death after adding the neutrophils to the cultured wells 
of cancer cells. Plates with rows of cells alone (neutrophils alone or 
cancer cells alone as controls) or combined in co-culture (neutrophils 
plus cancer cells) were then incubated at 37 ◦C, 5% CO2. Cell death was 
assessed by measuring SYTOX green nuclear fluorescent dye uptake 
(indicating death) into dead/dying cells at the start (t0) and every 30 
min during the assay using a fluorescence plate reader (BMG FluorSTAR 
OPTIMA). To determine the specific killing of cancer cells as targets, the 
following formula was applied:  

% Specific Killing =

Cell plates were also visually examined using the FITC channel 
periodically with the OLYMPUS IX53 fluorescent microscope and cell-
Sens Standard software and photographed under bright and dark fields 
to monitor for the extent of cell killing in real-time [42]. 

2.17. Enzyme-linked immunosorbent assay (ELISA) 

High-binding 96-well plates (BD Biosciences) were coated with 2 µg/ 
ml mouse G-CSF capture antibody (R&D Systems Sandwich Immuno-
assay) in PBS and incubated overnight at 4 ◦C. Plates were washed 3 
times with 0.05% Tween 20/PBS before blocking with 1% BSA/PBS for 
2 h at RT. After three washes, serum samples as well as recombinant G- 
CSF for the standard curve (2 ng/ml to 8 pg/ml) were added and incu-
bated for 2 h at RT. After three washes, 0.2 µg/ml anti-mouse G-CSF 
detection biotinylated antibody in 0.1% BSA/PBS was added for 2 h at 
RT. After three washes, 0.1 µg/ml HRP-conjugated streptavidin in 0.1% 
BSA/PBS was added for 30 min at RT. Signal was developed using the 
QuantaRed Enhanced Chemifluorescent HRP Substrate kit (Thermo 
Scientific) and detected by Em/Ex 565/600 nm using the FlexStation 3 
and SoftMax Pro (Vn 5) software. 

[(NeuTL murine cancer cells + Neutrophils) − (Neutrophils alone) − (100% Live Cancer Cells)]
(100% Dead Cancer Cells − 100% Live Cancer Cells)

x100   
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2.18. Statistical data analysis 

All experiments were repeated at least three times with replicates of 
n ≥ 3 for each data point. Statistically significant differences were 
determined using Student t-test, with p < 0.05 considered significant. 
All statistical analyses were performed using GraphPad Prism v4.03. 

3. Results 

3.1. Cytotoxicity of MAC for prostate and breast cancer cell lines 

MAC, terpinen-4-ol or limonene (a terpene used in clinical trials 
[16]) were examined for their cytotoxicity towards the two human 
cancer cell lines, LNCaP prostate or MCF-7 breast cancer cells versus the 
nonmalignant Vero kidney epithelial cells. Drug treatments were for 24, 
48 and 72 h, after which cell death was evaluated using SYTOX green 
dye uptake. The three compounds tested exhibited dose-dependent 
cytotoxicity against the three cell lines although some selectivity was 
detected towards the cancer cell lines at the lower concentrations in the 
0.02–0.04% v/v range (Fig. 1A, B). Table 2 shows the values for the 
concentrations of each of the compounds causing a 50% reduction in cell 
survival (IC50) at the 24, 48 and 72 h time points. At 72 h, terpinen-4-ol 
showed greater cytotoxicity towards the cancer cells compared to 
nonmalignant cells (Table 2). However, MAC was more potent than 
terpinen-4-ol comparing lower doses and for shorter times. MAC also 
proved to be more potent and selective than limonene over 72 h. The 
vehicle alone, TPGS, exhibited a slight cellular toxicity detected only 
when applied at higher concentrations (0.05% w/v) on the MCF-7 cell 
line over the 72 h assay (Fig. 1B). When determining the IC50 values for 
MAC cytotoxicity, even at the maximum MAC concentration of 0.25% 

v/v MAC, the level of TPGS will be ≤ 0.0125% w/v maximum concen-
tration, well below the 0.05% w/v TPGS level at which any effects of 
TPGS alone are detected. 

3.2. MAC increases intracellular ROS and mitochondrial superoxide 
production in cancer cells 

Induction of ROS production is a critical early event involved in the 
initiation of cell death, particularly by chemotherapeutic agents [48]. 
Thus, MAC was investigated for its ability to stimulate ROS production 
using the molecular probes CM-H2DCFDA (a ‘general probe’ for intra-
cellular ROS) and MitoSOX Red (a more specific probe for mitochondrial 
superoxide). LNCaP and MCF-7 cells in culture were treated for 1 h 
before ROS levels were determined by flow cytometry. The ROS positive 
controls, H2O2 [49]; (Fig. 2A) and the chemotherapeutic anticancer 
drug, doxorubicin [50] (Fig. 2C) showed significantly increased levels of 
mitochondrial ROS production detected in the LNCaP and MCF-7 cells, 
thereby validating the assay. MAC (0.02–0.06% v/v) acting in a 
dose-dependent manner, significantly increased both the CM-H2DCFDA 
and MitoSOX Red mean fluorescence levels detected by flow cytometry 
in the LNCaP and MCF-7 cells compared to either the media alone 
control or the TPGS vehicle control (Fig. 2A–D). As determined by 
CM-H2DCFDA fluorescence, MAC induced much higher levels of cyto-
plasmic ROS production than terpinen-4-ol in both cell lines (Fig. 2A). 
MAC induced greater overall levels of intracellular ROS production in 
the LNCaP compared to MCF-7 cells. The LNCaP cells also proved more 
sensitive to the effects of the ROS positive control (0.8 mM H2O2) 
compared to MCF-7 cells. 

Similarly for both cell lines, MAC dose-dependently increased 
mitochondrial superoxide production detected using MitoSOX Red over 
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Fig. 1. MAC cytotoxicity dose-response curve for cancer 
cell lines after 24 and 72 h. LNCaP and MCF-7 cell lines were 
treated with MAC using a two-fold dilution series from 0.25% 
v/v to 0.008% v/v for (A) 24 h and (B) 72 h. The cell lines 
were also treated with TPGS vehicle alone as controls using a 
two-fold dilution series from 0.05% w/v to 0.0004% w/v for 
(C) 24 and (D) 72 h. Cell death was measured after the addition 
of SYTOX Green. Results are expressed as the percentage of live 
cells and represented as the mean ± SEM of triplicate experi-
ments. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this 
article.)   

Table 2 
The IC50 values (% v/v) of MAC and related compounds.  

Compound Vero – non-malignant cell line LNCaP – human prostate cancer cell line MCF-7 – human breast cancer cell line 

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 

MAC 0.116 
(± 0.009) 

0.084 
(± 0.017) 

0.068 
(± 0.075) 

0.068 
(± 0.038) 

0.025 
(± 0.011) 

0.025 
(± 0.013) 

0.085 
(± 0.023) 

0.057 
(± 0.013) 

0.057 
(± 0.016) 

Terpinen-4-ol 0.259 
(± 0.795) 

0.160 
(± 0.047) 

0.116 (± 0.011) 0.253 
(± 0.054) 

0.073 
(± 0.041) 

0.052 
(± 0.032) 

0.115 
(± 0.024) 

0.090 
(± 0.019) 

0.075 
(± 0.027) 

Limonene 0.296 
(± 0.704) 

0.113 
(± 0.228) 

0.066 
(± 0.075) 

0.118 
(± 3.641) 

0.084 (± 0.159) 0.060 
(± 0.306) 

0.085 
(± 0.023) 

0.067 
(± 0.036) 

0.059 
(± 0.026) 

The values represent the mean % v/v (± SEM) from 3 independent experiments. 
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the range of MAC concentrations tested, with rapid induction visible by 
as early as 15 min after treatment (Fig. 2E). With respect to mitochon-
drial superoxide levels, 0.04% v/v terpinen-4-ol displayed comparable 
activity to 0.04% v/v MAC in MCF-7 cells. In the LNCaP cells, 
0.04–0.06% v/v MAC or 0.04% v/v terpinen-4-ol produced high levels 
of superoxide (Fig. 2C). Thus, MAC and terpinen-4-ol at levels around 
0.04–0.06% v/v rapidly activate mitochondrial ROS production in both 
the LNCaP and MCF-7 cancer cell lines. 

3.3. MAC disrupts the mitochondrial transmembrane potential (MMP) 

Given the above data indicated that mitochondrial ROS was an early 
and rapid event occurring before cell death, the effect of MAC upon the 
MMP was evaluated using the fluorescent cationic dye, TMRM. 
Following MAC treatment for 1 h, cells were analyzed by flow cytometry 
and the results expressed as the percentage of cells emitting high TMRM 
signals as a measure of a functional MMP (i.e. > 103 fluorescence units; 
Fig. 2F). Significant dose-dependent reduction in the TMRM signal re-
flected a loss of MMP occurring after MAC treatment. After 1 h, the 
significant reduction in TMRM fluorescence was observed for both 
cancer cell lines treated with 0.06% v/v MAC, while only minor changes 
were recorded for the 0.04% v/v and 0.02% v/v MAC or 0.04% v/v 
terpinen-4-ol treated cells. Thus, the cancer cells were more sensitive to 
these agents in terms of mitochondrial ROS production in the 
0.02–0.06% v/v range than was their effects on changes in MMP. 

3.4. MAC induces apoptosis involving activation of caspase 3/7 activity, 
TUNEL+ cells and PARP cleavage 

Caspase 3 is an important downstream effector of the intrinsic 
mitochondrial apoptotic pathway, which following its activation, initi-
ates a proteolytic cascade resulting in DNA fragmentation and cell death 
[51]. Staurosporine, a known inducer of apoptosis [52], was used as a 
control and significantly increased caspase 3/7 activity in LNCaP cells, 
clearly inducing TUNEL+ MCF-7 cells and PARP cleavage in both the 
LNCaP and MCF-7 cells (Fig. 3). After 24 h, 0.04% v/v MAC likewise 
significantly increased caspase 3/7 activity in LNCaP cells, while only a 
small increase was induced by 0.06% v/v MAC (Fig. 3A). Notably in the 
MCF-7 cells, no changes in caspase 3/7 activity were found, as it is 
caspase 3 deficient (Fig. 3A) [51]. Nevertheless, MAC was confirmed to 
induce apoptosis in MCF-7 cells as detected by the presence of 
dose-dependent increases in TUNEL+ cell populations (Fig. 3B). The 
percentage of cleaved-PARP was also significantly increased in a 
dose-dependent manner in both cell lines after 24 h (Fig. 3C and D) and 
was more prominent in the LNCaP cells. Consequently, these results 
establish that at levels of 0.04–0.06% v/v MAC induces mitochondrial 
apoptosis in both the human prostate and breast cancer cells via a 
mechanism involving caspase, PARP cleavage leading to DNA frag-
mentation (detected by TUNEL assay). 
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Fig. 2. MAC treatment of cancer cells in-
duces mitochondrial superoxide to disrupt 
mitochondrial function in a dose-dependent 
manner, increases intracellular ROS levels 
and lowers transmembrane potential. 
Quantitative fold changes in MFIs detected 
using CM-H2DCFDA (A&B) or MitoSOX Red 
(C&D) in LNCaP and MCF-7 cells after treat-
ment with 0.02–0.06% MAC for 1 h versus un-
treated controls analyzed by flow cytometry. 
Representative flow cytometry histograms of 
MCF-7 cells demonstrating increased fluores-
cence intensity of (B) CM-H2DFDA and (D) 
MitoSOX Red. E) Time course of MAC induced 
fold increase in MitoSOX Red levels relative to 
control detected by flow cytometry. F) Depo-
larization in mitochondrial transmembrane 
potential detected using TMRM and flow 
cytometry (represented as the percentage of 
cells expressing >103 MFUs). Results were 
performed in triplicate, represented as mean-
± SEM of 3 replicate experiments (except 
N = 2 for MitoSOX Red) and analyzed using 
Student t-test with Welch’s correction 
compared to control. P-values: * p < 0.05, ** 
p < 0.01, *** p < 0.001. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.)   
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3.5. Altered cell cycle distribution and arrest by low levels of MAC 

Small but significant shifts in cell cycle distribution were observed 
after 4 h of MAC treatment which became more marked after 24 h of 
MAC treatment of both the LNCaP and MCF-7 cells (Fig. 4A and B). For 
both cell lines, MAC treatment for 24 h at the lower concentration of 
0.02% v/v significantly increased the percentage of cells in the G0/1- 
phase (by 15.88–16.50%) and concurrently reduced the S-phase peaks 
(by 12.52–16.10%) and G2/M-phase peaks (by ≤ 6.35%; Fig. 4B). 
Moreover, arrest in the G0/1-phase was more prominent in the LNCaP 
cells compared to MCF-7 cells. Significant changes were also observed 

for the 0.04% and 0.06% v/v MAC treated cells after 24 h. The positive 
control, 0.8 mM H2O2, caused cell cycle arrest of the MCF-7 cells in S- 
phase, while LNCaP cells remained unaltered compared to media control 
or the TPGS vehicle alone control. 

Table 3 shows a significant dose-dependent increase in the sub-G1 
population of MAC or H2O2 treated cells after 24 h. This data provides 
additional support for MAC inducing apoptosis given that apoptotic cells 
and subcellular apoptotic bodies are known to exist in the sub-G1 peak 
[53], consistent with the results from the caspase 3/7, cleaved-PARP and 
TUNEL assays. Notably, from Table 3 for the LNCaP cells, 0.06% v/v 
MAC induced a lower percentage of cells in sub-G1 phase compared to 
those treated with 0.04% v/v MAC, indicating that necrotic cell death 
may be associated with the use of MAC at the higher, 0.06% v/v con-
centrations, correlating with results for caspase 3/7, where 0.06% v/v 
induced lower levels of discernible apoptotic activity compared to the 
0.04% v/v MAC treated LNCaP cells (Fig. 3A and B). 

3.6. Prolonged MAC treatment induces low levels of autophagic vesicles 

Essential oils such as MAC are complex mixtures containing over 80 
compounds and consequently are likely to induce more than one form of 
cell death. As a result, MAC was also investigated for autophagic activity 
given that autophagy can be induced by oxidative stress, in particular by 
superoxide anions [54]. Autophagy was initially examined using acri-
dine orange (AO) as a cationic dye which stains the cytoplasm bright 
green and acidic vesicular organelles (AVOs) bright red, with the in-
tensity of red fluorescence proportional to the degree of acidity [55,56]. 
Cells examined at 24 h post-MAC treatment showed no significant 
changes in AVOs (data not shown). However after longer periods of 
72 h, MAC dose-dependently increased AVO formation in both the 
LNCaP (~4-fold) and MCF-7 cells (~2.5-fold) compared to controls 
(Fig. 5A and B respectively), with comparable induction by either 0.02% 
v/v MAC or 0.02% v/v terpinen-4-ol (T4ol). The fluorescent images on 
the right of Fig. 5A and B demonstrate the increased presence of AVOs by 
the marked increase in red fluorescence detected in the 0.04% v/v MAC 
treated cells by 72 h. Only low levels of AVOs were detected in the TPGS 
vehicle alone or media control treated MCF-7 cells and in the LNCaP 
cells, a slight but significant increase in AVOs was detected in the TPGS 
vehicle alone treated samples compared to the media control (Fig. 5A 
and B). 

Further confirmation of autophagy induction was determined by 
analysis of microtubule-associated protein 1 A/1B-light chain 3 (LC3), a 
definitive marker for autophagy [57]. MAC treatment for 72 h signifi-
cantly dose-dependently increased the levels of the LC3B isoform fluo-
rescence in LNCaP (~5-fold) and MCF-7 cells (~3.5-fold; Fig. 5C), which 
correlated with the increased levels of AVOs detected using AO. Inter-
estingly in the LNCaP cells, 0.02% v/v terpinen-4-ol only modestly 
contributed to autophagic vesicle formation compared to MAC. The 
formation of LC3+ autophagic vesicles in MCF-7 cells was confirmed by 
microscopy following MAC treatment, comparing to the media control 
or vehicle alone using the LC3-GFP transfection assay (BacMam 2.0, 
Invitrogen) (Fig. 5D). Furthermore, induction of autophagy was also 
supported by increased levels of the autophagosome membrane bound 
LC3-II detected by western blotting, as compared to α-tubulin, following 
prolonged MAC treatment of LNCaP and MCF-7 cells with 0.04% v/v 
MAC or 50 μM Chloroquine (Fig. 5E, full length blot in Supplementary 
Fig. 2). Thus, the more complex MAC preparation activates autophagy to 
a much greater extent than equivalent levels of terpinen-4-ol and over 
the concentration ranges tested. 

3.7. MAC inhibits growth progression of breast tumors in vivo 

MAC was next examined for its anticancer therapeutic efficacy in vivo 
using the FVB/N c-Neu murine model for spontaneous breast tumor 
development. Three repeat experiments were carried out such that once 
the spontaneously arising tumors in the transgenic mice had reached a 
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Fig. 3. Treatment of cancer cells with MAC increases caspase 3/7 activity, 
TUNELþ cells and cleaved-PARP after 24 h. (A) Caspase 3/7 activity in 
LNCaP and MCF-7 cells determined using a Caspase-Glo 3/7 assay kit using 
untreated control (Ctl), TPGS Vehicle alone (Veh) or induced by Staurosporine 
(Sts; 1 μM), or 0.02–0.06% v/v MAC. Results were performed in triplicate, 
represented as mean ± SEM of 3 replicate experiments and analyzed by Student 
t-test with Welch’s correction. P-values: ** p < 0.01, *** p < 0.001. (B) 
TUNEL+ cells in MCF-7 cells as determined using the TUNEL Click-iT assay kit. 
Nucleus (blue) stained with Hoechst 34580 and TUNEL+ cells (Green, Alexa 
Fluor 488; 20x objective). T4ol; 0.04% v/v Terpinen-4-ol. (C) Percentage of 
cleaved-PARP (Alexa Fluor 594) in LNCaP and MCF-7 cells measured by flow 
cytometry. (D) Flow cytometry histograms for LNCaP and MCF-7 showing 
increased levels of cleaved-PARP in 0.06% v/v MAC treated versus control cells 
compared to control. Results were performed in triplicate, represented as 
mean ± SEM of 3 replicate experiments and analyzed using Student t-test with 
Welch’s correction compared to control. P-values: * p < 0.05, ** p < 0.01, *** 
p < 0.001. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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size of 132.5 ± 10.5 mm3, they were then treated by intratumoral in-
jection every 3 days. Two studies involved treatments over 12 days, 
whereas the third study was extended to 30 days of treatment. Groups of 
mice received treatment with either PBS; TPGS vehicle alone; 1% v/v; or 
4% v/v MAC. In all three studies, no significant differences were noted 
between the treatment groups over the period of treatment for the mean 
body weights of the mice, nor in the size of their spleens (examined at 
endpoint, post-mortem) (Supplementary Fig. 3). However, the results 
were consistent over the three separate studies in that the MAC treat-
ment produced a significant and dose-dependent arrest in the growth of 
the primary breast tumors compared to either the PBS or vehicle alone 
groups of controls (data from the 30-day study shown in Fig. 6A). On day 
30, the tumor volumes from the mice treated with 1% v/v and 4% v/v 
MAC were more than 2-fold (p < 0.05) and 6-fold less (p < 0.001) than 
that of the drug untreated controls, respectively. Tumor progression was 

also monitored by ultrasound and 4% v/v MAC treatment was shown to 
induce cell death within the tumors in vivo as indicated by the presence 
of hyperechoic regions (i.e. the whiter, high density areas; Fig. 6B) [58]. 

3.8. MAC induces ROS and apoptosis in spontaneously arising breast 
tumors treated in vivo 

Analysis of tumor sections by fluorescence microscopy was per-
formed in order to determine whether the mechanism of cell death 
observed in vitro was reciprocated in vivo. Thin sections of harvested 
tumors were stained for the presence of mitochondrial superoxide 
(MitoSOX Red) and for DNA fragmentation (TUNEL assay). A substantial 
dose-dependent increase in both MitoSOX Red fluorescence and 
TUNEL+ cells was detected after intratumoral treatment with 1% v/v or 
4% v/v MAC compared to the tumor sections from PBS or vehicle alone 
controls (Fig. 6C, D, respectively), confirming that MAC induced 
apoptosis of breast cancer cells both in vitro and in vivo inside the tumors. 
Thus, these studies validate that extensive cancer cell death inside tu-
mors also occurs with the MAC treatments, particularly with the higher 
4% v/v MAC dose. 

3.9. MAC induces significant elevation in tumor-infiltrating 
polymorphonuclear neutrophil populations 

In previous studies, MAC was shown to have significant immuno-
modulatory properties [27,28]. Others have reported using 10% tea tree 
oil/DMSO applied as a topical solution to treat subcutaneously growing 
cancers and that short term treatment induced an influx of neutrophils 
as well as other immune effector cells into the treated area, as deter-
mined by H&E histological staining of treated tumor sections [37], 
particularly tumor infiltration by polymorphonuclear neutrophils [37, 
38]. Therefore, further studies were carried out to examine the effects of 
4% v/v intratumoral MAC treatment on the immune cell types residing 
within the MAC treated tumor microenvironment. In particular, the 
extent of the CD11b+Ly6Ghi as surface markers identifying neutrophil 
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Fig. 4. MAC treatment alters cancer cell cycle distribution after 4 and 24 h. (A) Representative histogram profiles for LNCaP and MCF-7 cells treated with 
0.02% v/v MAC for 24 h compared to vehicle control. Samples were stained with DAPI and analyzed by flow cytometry and FlowJo cell cycle software. (B) Cell cycle 
distribution changes observed in LNCaP and MCF-7 cells after treatment with 0.02–0.06% v/v MAC compared to untreated or vehicle control for 4 and 24 h. H2O2 
(0.8 mM) treatment served as a positive control. Results were performed in triplicate, represented as mean ± SEM of 3 replicate experiments and analyzed using 
Student t-test with Welch’s correction compared to control. P-values: * p < 0.05, ** p < 0.01, *** p < 0.001. 

Table 3 
Apoptotic sub-G1 peaks in human prostate and breast cancer cell lines after 
treatment with MAC for 24 h.  

Treatment LNCaP Sig. MCF-7 Sig. 

Control 3.40 ± 0.18  6.55 ± 0.52  
Vehicle 4.01 ± 0.26  6.96 ± 0.50  
0.02% v/v MAC 10.31 ± 1.10 *** 5.70 ± 0.22  
0.04% v/v MAC 37.55 ± 1.41 *** 12.14 ± 0.65 *** 

0.06% v/v MAC 13.20 ± 0.63 *** 51.97 ± 3.16 *** 

0.8 mM H2O2 22.31 ± 5.11 * 15.69 ± 2.04 ** 

Analysis by flow cytometry and results were performed in triplicate, represented 
as mean ± SEM of 3 replicate experiments and analyzed using Student t-test with 
Welch’s correction compared to control. P-values: 

* p < 0.05,  

** p < 0.01,  

*** p < 0.001.  
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populations in the blood, bone marrow and tumor was investigated 
(Fig. 7A). Although no changes in the CD11b+Ly6Ghi populations could 
be detected in the blood or bone marrow, the tumor infiltrating pop-
ulations of CD11b+Ly6Ghi cells were greatly enhanced within the MAC 
treated tumors (p < 0.01), routinely producing a 5 to > 10-fold increase 
noted over that of the vehicle alone or untreated tumors (Fig. 7A and B). 
Analysis of the leukocyte populations by flow cytometry revealed that 
CD11b+Ly6Ghi neutrophils were the predominant immune cells infil-
trating into the tumors in the spontaneous FVB/N c-neu model after MAC 
treatment (Fig. 7B). Furthermore, extensive increased immunostaining 

of Gr-1+(green) neutrophil cell populations was detected in the MAC 
treated tumor sections (Fig. 7C). 

3.10. Polymorphonuclear neutrophils infiltrating MAC treated tumors are 
cytotoxic for breast cancer cells 

To further identify the intratumoral leukocyte populations, cells 
were extracted from the spontaneously developing breast cancers of the 
FVB/N c-Neu transgenic mice with or without 4% v/v MAC treatment 
and subjected to centrifugation on Histopaque-1077/ 1189 step 

Fig. 5. MAC treatment of cancer cells is 
associated with the formation of autopha-
gosomes. Quantitative data measured by flow 
cytometry demonstrating changes in mean 
fluorescent red/green ratio changes of AO in 
LNCaP (A) and MCF-7 (B) cells after treating 
with 0.01–0.04% v/v MAC for 72 h. Results are 
presented as mean ± SEM (n = 3 samples), 
from N = 2 replicate experiments. Microscopy 
images show differences in red/green Acridine 
Orange (AO) fluorescence of the LNCaP (A) and 
MCF-7 (B) cells (20 x objective) – Red AVOs in 
the right hand top panels and merger of Red 
and Green in the bottom panels of control (Ctrl) 
or 0.04% v/v MAC treated cells. (C) Quantita-
tive data measured by flow cytometry demon-
strating fold-changes in MFIs for LC3B levels in 
LNCaP or MCF-7 cells as untreated controls 
(Ctrl), vehicle alone treated (Veh) or treated 
with 0.02–0.06% v/v MAC, 0.02% v/v 
terpinen-4-ol (T4ol) or 50 μM Chloroquine 
(CQ). Results are presented as mean ± SEM 
(n = 3 samples), from N = 2 replicate experi-
ments. (D) Fluorescence microscopy images 
depicting the localisation of LC3 (white arrow) 
in MCF-7 cells following treatment with MAC 

for 72 h as determined using the Premo Autophagy Sensor (LC3-GFP) BacMam 2.0 assay kit. Nuclei (blue) were counterstained with Hoechst 33342 and analyzed for 
LC3-GFP positive cells (Green; 40x objective). (E) Western blot analysis of soluble LC3-I (18 kDa) and membrane-bound LC3-II (16 kDa) protein levels in LNCaP and 
MCF-7 cells treated for 72 h. Results were analyzed using Student t-test with Welch’s correction. P-values: * p < 0.05, ** p < 0.01, *** p < 0.001. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)   

Fig. 6. MAC inhibits the progression of 
spontaneous breast tumors in FVB/N c-neu 
mice. Spontaneously arising tumors reaching 
an approximate size of 132.5 ± 10.5 mm3 in 
FVB/N c-neu mice were treated with either 
1–4% v/v MAC or vehicle alone control (Veh) 
by intratumoral injection every 3 days as indi-
cated (black arrows) or untreated controls 
(Ctrl). (A) Tumor progression was monitored 
and recorded every 3 days. Results indicate size 
(mm3) as mean values ± SEM for each treat-
ment, n = 6–8. Significance was evaluated 
using two-way ANOVA comparing treated to 
vehicle and control untreated. P-values: ψ/* 
P < 0.05, ψψ/** p < 0.01, ψψψ/*** p < 0.001. 
* comparison to control, ψ comparison to 
vehicle. (B) Representative ultrasound images 
of spontaneously arising tumors in FVB/N c-neu 
mice prior to and after 30 days of treatment. 
Tumors were frozen, sectioned into 12 µm slices 
and analyzed for (C) MitoSOX Red+ (red; 10x 
objective) and (D) TUNEL+ cells in situ (green, 
Alexa Fluor 488; 4x objective) after counter-
staining with DAPI (blue). (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 

article.)   
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gradients. The banded cells at the gradient interface were examined for 
their nuclear morphology and the expression of characteristic cell line-
age markers. Based on H&E histological staining, the bulk (~72.5%) of 
the cells prepared from the MAC treated breast tumors at the gradient 
interface were polymorphonuclear cells containing segmented nuclei 
(Fig. 7D). 

The neutrophil population infiltrating into the MAC treated breast 
tumors of FVB/N c-Neu mice was examined for cell surface markers 
associated with neutrophil activation. Analysis of the CD11b+Ly6Ghi 

cell population from MAC treated tumors for c-Met immunostaining 
showed a distinct highly expressing peak by flow cytometry (5.02% of 
the population; Fig. 7E and F). The highly positive peak had nearly a 10- 
fold mean increase in c-Met surface receptor levels detected by 

fluorescent staining compared to the untreated tumor control popula-
tion, although there was an intermediate peak noted present in the 
vehicle control treated tumor population. In line with previous obser-
vations of c-Met expression on anti-tumor infiltrating neutrophils [59], 
our results indicated that the c-Met positive cells were likely to be 
activated cytotoxic tumor associated neutrophils (TANs). The infiltra-
tion of neutrophils into the MAC treated tumors also correlated with 
raised serum levels of G-CSF, as a neutrophil promoting activity detected 
in the MAC treated mice (Fig. 7G). In addition, analysis of tumor sections 
showed markedly increased presence of scattered Gr-1+ granulocyte 
staining throughout the MAC treated tumors and few visible in controls 
(Fig. 7C). Moreover, the MAC induced Gr-1+ staining was found adja-
cent to TUNEL+ regions present within the MAC treated tumors 

Fig. 7. CD11bþLy6Ghi neutrophils are the 
predominant immune cell type infiltrating 
into breast tumors of FVB/N c-neu mice after 
MAC treatment. (A) Leukocytes were prepared 
from the blood, bone marrow and tumor of 
FVB/N c-neu mice treated by intratumoral in-
jection every 3 days with either vehicle alone or 
4% v/v MAC and harvested at day 13. Isolated 
cells were stained with anti-CD11b IgG and 
anti-Ly6G IgG before analysis using the Fortessa 
LSRII flow cytometer for % CD11b+Ly6Ghi cell 
populations. Results are mean ± SEM (n = 4) 
and were analyzed using Student t-test. P- 
values: * p < 0.05, ** p < 0.01, *** p < 0.001. 
(B) Representative flow cytometry scatter plots 
showing CD11b+Ly6Ghi neutrophil populations 
comparing levels in MAC versus vehicle control 
treated tumors. (C) Increase in Gr-1+ cell pop-
ulations in tumor sections (green, Alexa Fluor 
488, 4x objective) from MAC treated versus 
control tumors counterstained with Hoechst 
33258 (blue). (D) Morphology of neutrophils 
isolated from FVB/N c-neu tumors treated with 
4% v/v MAC. Cell smears were fixed and 
stained with Methylene blue solution and 
examined by light microscopy using a 100 x oil 
immersion objective (OLYMPUS BX53, cellSens 
Entry; Bar = 5 µm), showing hypersegmented 
nuclear staining. (E,F) Comparison of relative 
count and levels of expression by flow cytom-
etry gating of CD11b+Ly6Ghi positive cells (E), 
before analyzing this population for c-Met sur-
face levels (F), comparing MAC treated versus 
untreated control tumors. Color code is red for 
MAC treated, blue/green for control untreated 
and black for TPGS vehicle samples. (G) Com-
parison of G-CSF levels in the serum from MAC 
vs vehicle alone treated mice measured by 
ELISA. Results are represented as the median 
(n = 7). (H) Fluorescent microscopy images 
(10x objective) of stained tumor sections 
showing increased intratumoral TUNEL+ re-
gions (green, Alexa Fluor 488) near to Gr-1+

cell populations (red, Alexa Fluor 594) in MAC 
treated tumors counterstained with Hoechst 
(blue), compared to vehicle controls. Merged 
areas appear pink. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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(Fig. 7H), indicating the potential for antitumor activity exhibited by 
these Gr-1+ TANs. 

When the tumor infiltrating neutrophils from MAC treated tumors 
were analyzed for their cytotoxic activity in vitro, it was confirmed that 
they were effective in killing the NeuTL syngeneic breast cancer cell line 
derived from the transgenic mouse strain and grown in culture 
(Fig. 8A–H). The breast cancer cells cultured alone as controls remained 
healthy with negligible dead cells detected present over the time course 
of the assay (Fig. 8C and D). However, within 1–2 h, significant cancer 
cell death was detected occurring in mixed cultures of neutrophils and 
NeuTL cells, increasing to upwards of 30% death by 3 h (Fig. 8A and E). 
The neutrophils were observed becoming localized and clumping 
together with the targeted breast cancer cells over the course of the 
assay and appeared to be activated to target and kill the cancer cells. 
Extensive cancer cell death increased over the time course of the cyto-
toxic assay such that by 12 h, nearly all the cells in the co-cultures were 
either dead or dying when examined under the fluorescent microscope 
(Fig. 8G and H). 

4. Discussion 

Essential oils are proving to be an advantageous source for devel-
oping novel anticancer therapies [8–13]. Not only can they be obtained 
and produced in large quantities in a cost-effective manner, but can also 
exhibit minimal toxicity [19–25]. A wide range of essential oils have 
been isolated from endemic Australian plants and one such well-known 
oil is TTO, from which the product, MAC, is derived that exhibits 
promising activities and has been noted for its immunomodulatory and 
antiviral properties after refinement during which 90–99% of the more 
toxic monoterpene content is removed [26–28]. Our results presented 
here show that the net effects of agents such as MAC when used as a 
cancer therapy will depend on the dose used and the time of treatment. 
We propose a model (Graphical Abstract) for the sequence of events 
occurring after MAC treatment as follows: 

4.1. MAC mediated cytotoxic mechanism of action occurs via oxidative 
stress and activation of the mitochondrial apoptotic pathway 

The anticancer cytotoxic activity of MAC applied at concentrations 
> 0.02–0.06% v/v to the cancer cells in vitro was apparent within 24 h, 

Fig. 8. MAC induced tumor infiltrating neutrophils are 
cytotoxic for breast cancer cells. The cytotoxicity of neu-
trophils as effector cells (E) from MAC treated FVB/N c-neu 
breast cancers towards NeuTL cancer cells as targets (T) in 
culture was assessed by SYTOX Green nucleic acid staining of 
dead cells. For analysis, n = 3 replicates per assay point were 
used. Fluorescence intensity was quantified using a plate 
reader (BMG FLUOstar OPTIMA) with measurements recorded 
every 30 mins for 3.5hrs and Ex:495 nm; Em:520 ± 10 nm. (A) 
Fluorescence intensity measurements (representing % dead 
cancer cells) at time intervals from 0 to 3.5 h for the different 
E:T ratios from 10:1 down to 1.25:1. (B) Bar graph comparing 
% cancer cell killing by neutrophils at the E:T ratios (n = 3) as 
indicated. Error bars represent ± SEM and **** = p < 0.0001, 
** = p < 0.01, * = p < 0.05. (C-H) Overlays of light and dark 
(Sytox green fluorescence) field images from cultures of NeuTL 
breast cancer cells alone or co-cultured with neutrophils iso-
lated from FVB/N c-neu breast tumors treated with 4% v/v 
MAC. (C&D) 100% live cancer cells alone at time 0 and 12 h, 
respectively, showing tumor cell viability. (E, F, G) Super-
imposed images of mixed cultures at E:T ratio of 10:1 taken at 
3, 6 and 12 h, respectively. (H) Magnified image (bar = 50 µm) 
from (G, black rectangle inset) at E:T = 10:1 showing extensive 
clumping of neutrophils with death of targeted NeuTL murine 
breast cancer cells. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web 
version of this article.)   

A.M. Clark et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 140 (2021) 111790

12

although at 72 h, the IC50 of MAC proved that it was more potent and 
selective than either terpinen-4-ol or limonene for its cytotoxicity 
against the LNCaP and MCF-7 cancer cell lines compared to the non- 
malignant Vero cell line. The disparity between the greater activity of 
MAC compared to terpinen-4-ol may in part be due to the synergistic 
effects of terpinen-4-ol acting in combination with other compounds 
present in the MAC mixture, providing greater potency and selectively 
towards the tumor cell types. Thus, for example, MAC also contains 
higher levels of α-terpineol compared to TTO (Table 1) and α-terpineol 
was previously reported to exhibit greater anticancer cytotoxicity than 
that of terpinen-4-ol [31]. 

Evidence supporting the superiority of multicomponent phyto-
chemical preparations over their single active components alone is 
strengthening (reviewed in [60]) and has been previously addressed 
with respect to TTO [30]. Many terpenoids are known to enhance the 
permeability of cells to drug entry (reviewed in [61]), which may allow 
other active components of MAC to penetrate across the cell membrane 
and induce cancer cell death. In particular, terpinen-4-ol exhibits such 
penetrating qualities [62] and along with TTO has been shown to 
interact with the plasma membrane of cells causing the reorganization 
of the membrane lipids [29,63]. 

TTO and terpinen-4-ol were previously identified to alter mito-
chondrial function, cell cycle arrest, induce apoptosis and necrosis as 
well as slowing cancer progression when examined using in vivo murine 
models of melanoma, mesothelioma [30,37], lung [36], glioblastoma 
[64] and colorectal cancers [39,40]. However, we have extended these 
studies by examining the hormone independent human LNCaP prostate 
and MCF-7 breast cancer cell lines to further define the mechanism of 
action of MAC and terpinen-4-ol as cytotoxic anticancer agents when 
applied at > 0.02% v/v. Moreover, these mechanisms for MAC were 
established here to involve disrupting the mitochondrial function by 
rapidly increasing ROS production, particularly as mitochondrial su-
peroxide occurred within 15 min and preceded the collapse of the MMP 
and activation of caspase 3/7 as critical mediators of mitochondrial 
events of apoptosis [65]. Levels of 0.04–0.06% v/v MAC treatment 
within 24 h also induced the executioner phase markers for apoptosis, 
including TUNEL, PARP cleavage and the appearance of sub-G1 phase 
peaks [66,67]. Collectively, these results indicate that MAC when at 
sufficiently high levels (> 0.02% v/v) triggers the mitochondrial 
apoptotic pathway in both LNCaP and MCF-7 cells as an early event. 
This data is consistent with that determined by Wu and colleagues [36] 
who showed that terpinen-4-ol mainly induced apoptosis occurring via 
the intrinsic mitochondrial pathway in NSCLC cells. 

4.2. MAC at lower levels (< 0.04% v/v) inhibits cancer cell cycle 
progression in G0/1 phase 

The connection between cell cycle inhibition and cancer manage-
ment is well established and is a common feature of anticancer therapies 
[68]. Treatment of cancer cell lines with lower doses of MAC (≤ 0.04% 
v/v) was observed to mediate cell growth inhibition after 24 h. MAC 
significantly altered the cell cycle distribution in both the cancer cell 
lines examined, particularly the LNCaP cells, by growth arrest and 
accumulation in the G0/1 phase of the cell cycle with concomitant de-
creases in S- and G2/M phases. This data is consistent with previous re-
ports for terpinen-4-ol and TTO, which observed G0/1 phase arrest in the 
murine B16-F10 melanoma, AE17 mesothelioma [30,37] and human 
M14 melanoma [29], U87MG glioblastoma [64], A549 lung cancer [36] 
as well as MCF-7 breast [35] and PC3 prostate [33] cancer cell lines. 
Notably, the 0.04–0.06% v/v MAC levels required to induce extensive 
apoptosis were typically higher than those (<0.04% v/v) that induced 
cell cycle arrest. 

Several studies have shown that essential oils such as unmodified 
TTO contains components that can affect the steroid hormone responses 
as phytoestrogen-like compounds or by affecting androgenic activity 
and may modulate the involvement of steroid hormone receptors in 

regulating the proliferation of breast or prostate cancer cell lines 
[69–71]. Thus, the long term application of TTO can modify sex hor-
mone related responses [72], but these effects involve much longer 
periods of exposure due to time required for changes in gene expression. 
It is also notable that many of the steroid related compounds including 
the more toxic class of terpenoid related molecules are removed or 
greatly reduced in MAC (Table 1). In addition, other related studies with 
the monoterpenes that are the major components of MAC, including 
terpinen-4-ol (60–64% of MAC), alpha-terpineol (5–7% of MAC) or 1, 
8-cineole (~1% of MAC), as well as an 8:1:1 mixture of these three 
constituents were previously concluded not to greatly affect estrogenic 
responses of MCF-7 breast cancer cells and their proliferation over 
several days in culture at levels below 0.1% [73]. Furthermore, recon-
stituted mixtures of these monoterpenes including terpinen-4-ol were 
shown to be very effective cytotoxic agents against a large range of 
human cancer cell lines including not only prostate but pancreatic, 
gastric and colorectal cells [40] suggesting that the effects are universal 
for all cancer cell types and therefore are not likely to be steroid hor-
mone/receptor interaction related or specific. 

4.3. MAC at low levels (0.01–0.06% v/v) can induce autophagic- 
associated cell death 

The mechanisms of cell death were more closely examined to 
determine whether MAC also induced autophagic-associated cell death, 
which is commonly induced following exposure to cellular stress, 
particularly by superoxide anions [54]. Cells respond to such stress by 
sequestering cytoplasmic regions within double-membrane bound 
structure defined as autophagosomes. Autophagosomes then fuse with 
lysosomes, forming AVOs known as autolysosomes, which proteolyti-
cally digest the contents (reviewed in [74]). Initial investigations 
demonstrated the formation of low levels of AVOs after prolonged MAC 
treatment (0.01–0.06% v/v) for 72 h in both cell lines. Interestingly, no 
significant alterations were observed after 24 h, suggesting that auto-
phagy occurs at lower MAC concentrations and over longer timeframes 
proceeding post-apoptosis. Recently, ROS was shown to be a key factor 
linking apoptin-induced autophagy and apoptosis through the mito-
chondria in liver cancer cells [75]. The levels of mitochondrial ROS 
induced in cancer cells may dictate the balance and interaction between 
the apoptotic versus the autophagic programmed cell death pathways 
[76] such that should MAC levels be sufficient to induce a rapid excess or 
mitochondrial ROS overload, then apoptosis predominates as an early 
event and autophagy occurs later, particularly with lower levels of MAC. 

The AVOs were confirmed to be autophagosomes by the elevated 
presence of the LC3-II protein, which is specifically bound to the 
membranes of the autophagosomes [57]. The induction of autophagy by 
MAC was further supported by elevated expression of LC3 in cell pop-
ulations and localization of LC3 into vesicle structures located within the 
cytosol. Lower levels of autophagosomes were present in cells treated 
with terpinen-4-ol compared to MAC, indicating that other compounds 
or synergistic properties are responsible for autophagy induced by MAC. 
To our knowledge, this is the first time that either a Melaleuca oil or 
terpinen-4-ol has been shown to stimulate autophagy. One of the known 
inducers of autophagy, which is pertinent to the current study, is pro-
longed oxidative stress [54]. It remains to be determined whether cell 
death follows the induction of autophagy past the 72 h time point. 
However, given the low level of AVOs and LC3-II vesicles detected, 
autophagy may simply be a response to the prolonged exposure to the 
MAC-induced oxidative stress, but additional studies will be required to 
further elucidate the exact mechanism and outcome of MAC-induced 
autophagy. 

4.4. MAC inhibits breast tumor progression in vivo involving apoptosis 
and cytotoxic N1 type tumor associated neutrophil infiltration 

Lastly, the anticancer efficacy of MAC was investigated in vivo. MAC 
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at high levels (1–4% v/v) effectively inhibited the progression of spon-
taneously arising murine breast tumors in the transgenic FVB/N c-neu 
mouse model. Although the intratumoral 1% v/v MAC slowed the pro-
gression of breast tumors, 4% v/v MAC treatment halted their progres-
sion over 12 days with longer term treatment over 30 days causing a 
reduction from the original pre-treatment size of the tumors. No 
apparent toxicity was detected in vivo, as determined by body mass 
remaining the same as for control mice comparing those receiving MAC 
treatment (data not shown). Furthermore, the intrinsic apoptotic 
mechanism of cell death observed in vitro was replicated in vivo with 
marked dose-dependent increases in both MitoSOX Red and TUNEL 
positive levels in tumor cross-sections from the treated versus control 
groups. 

By comparison to TTO, in previous studies [37], it was reported that 
the topical administration of a 10% TTO/DMSO solution for 4 days 
inhibited the growth of the murine AE17 mesothelioma or B16-F10 
melanoma as subcutaneous tumors. However, this treatment prepara-
tion had to be applied topically to the skin because injecting it proved 
toxic. Moreover, the topical application was limited to 4 days due to the 
severity of onset of dermal toxicity. Furthermore, once ceased, the 
growth of most tumors returned to that of control. In their study [37], 
higher doses were applied for longer or shorter periods with reduced 
levels of skin irritation observed but they failed to significantly inhibit 
tumor progression. Hence, these studies confirmed the relative toxicity 
of unrefined TTO, unlike the refined MAC preparation used here. 

Based on initial findings that MAC treatment did not modify the 
levels of CD4+ helper and CD8+ cytotoxic T cell populations, MAC was 
unlikely to be acting via effector T cells. The predominant immune cell 
type present within MAC treated tumors was instead determined to be 
the neutrophils (as polymorphonuclear CD11b+Ly6Ghi cells). The sig-
nificant 10-fold influx of neutrophils arising after MAC treatment was 
consistent with that previously described for TTO [37,38]. Numerous 
studies have reported the existence of tumor-specific cytotoxic neutro-
phils within tumors [77–82]. Given the massive intratumoral influx 
following MAC treatment, as well as their close proximity determined 
nearby to the apoptotic regions within the treated tumors examined, the 
evidence supports a role for these neutrophils as cytotoxic, helping to 
eradicate the tumors. Alternatively, the neutrophil influx could be the 
result of sterile inflammation induced by MAC-based cell ablation 
following intratumoral injection [83,84]. Further clarification and 
confirmation of the role of these neutrophils directly within the tumor 
context will require additional studies. 

Activated neutrophils have been suggested to form Neutrophil 
Extracellular Traps (NETs) as networks of extracellular fibers, primarily 
composed of DNA from neutrophils, mobilizing and trapping their tar-
gets, to then deploy the toxic mixture of nuclear DNA and granule 
proteins in high localized concentrations, thereby damaging surround-
ing cells [89]. The neutrophils examined here using real-time cytotox-
icity assays of cocultures with cancer cells also appeared to self-disrupt 
over the time course of the assay. It is possible that the activation of the 
respiratory burst, leading to the formation of the highly antiseptic hy-
pochlorous acid (HOCl) from H2O2 by the myeloperoxidase (MPO) 
enzymes [124] was occurring, although this will require further studies. 
A more recent study indicated that c-Met is required for neutrophil 
chemoattraction and cytotoxicity in response to its receptor ligand, 
hepatocyte growth factor (HGF) [17]. Intriguingly, the tumor associated 
neutrophils (TANs) from those tumors treated with 4% MAC showed a 
higher c-Met expression which correlated with the higher TAN cell 
counts within the treated tumors. 

The diversity in types of circulating neutrophils involved in cancer 
has been reported in several studies, some of which have characterized 
TANs as a heterogeneous population, although those that are cytotoxic 
for tumors were described as having a segmented nuclear morphology 
[6,72]. The nuclear morphology of the large influx of neutrophils found 
here within the MAC treated tumors (> 70% of the leukocyte bulk) is 
consistent with these findings. The polarization of neutrophils into 

tumor promoting versus tumor suppressing phenotypes was first re-
ported by Fridlender et al., 2009 and this group later described the 
phenotypes as either N1 (anti-tumorigenic) or N2 (pro-tumorigenic) [6]. 
A range of cytokine and chemokine factors have been suggested to in-
fluence this polarization of neutrophils into either antitumor or tumor 
promoting phenotypes (for recent reviews, see [82,85]). The functional 
assays described herein for the isolated TANs examined ex vivo indicated 
their having potent anticancer cytotoxicity characteristic of the N1 type. 
This was particularly the case for those prepared from the murine breast 
cancers treated with 4% v/v MAC, where the isolated TANs showed 
anticancer cytotoxicity even down to the lowest E:T ratio of 1.25:1, 
although significantly higher cytotoxicity occurred with the 5:1 and 
10:1 E:T ratios (p = 0.0299 and p < 0.0001 respectively). TANS have 
important roles in inhibiting metastasis [5] and when acquiring an 
activated phenotype can enhance T cell activation in patients with early 
stage lung cancer [86]. 

5. Conclusion 

In summary, we propose a model for the sequence of events occur-
ring during MAC-induced cytotoxic activity against cancer cells, 
depending on the MAC doseage used. Thus, during the first few hours of 
treatment with MAC at 0.02–0.06% v/v, it induces cell death via the 
intrinsic mitochondrial pathway, both in vitro and in vivo, involving the 
rapid induction of mitochondrial superoxide. However, at lower con-
centrations and over longer timeframes of 24–48 h, MAC will induce 
autophagy and cell cycle arrest in the G0/1 phase. Furthermore, repeated 
intratumoral MAC treatment at high levels (4% v/v) arrests breast tumor 
progression in vivo involving apoptotic cell death and activation of N1 
type TAN infiltration that are cytotoxic for cancer cells. These results 
clearly highlight the potential for preparations derived from essential 
oils (as opposed to individual compounds) as effective agents which 
could contribute significantly to reducing tumor burdens in patients. 
Thus, our data further contributes to evidence for the potential appli-
cation of products derived from Melaleuca oil as anticancer therapeutics. 
A novel approach for cancer treatment could be the pharmacological 
activation of tumors and tumor derived factors to recruit and polarize 
neutrophils as shown here. These strategies could be combined with 
conventional or novel anticancer drugs, to exert greater potency in 
promoting active cancer treatment. 
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