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Abstract

Purpose Systemic toxicity coupled with long treatment
regimes of approved topical chemotherapeutic agents such
as imiquimod and 5-fluorouracil (5-FU) are limiting. There
is now more focus on the potential use of topical terpene
agents as skin cancer treatments. Here, we show for the first
time that topical Melaleuca alternifolia (tea tree) oil (TTO),
abundant in terpenes, has in vivo antitumour activity.
Method Topical TTO formulations applied to immuno-
competent tumour-bearing mice were assessed for antitu-
mour efficacy by monitoring tumour growth and by
histological analysis following treatment.

Results Four, daily, topical treatments of 10% TTO/
DMSO regressed subcutaneous AE17 mesotheliomas in
mice for a period of 10 days and significantly retarded the
growth of subcutaneous B16-F10 melanomas. The antitumour
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effect of topical 10% TTO/DMSO was accompanied by
skin irritation similar to other topical chemotherapeutic
agents, but unlike other approved topical agents, quickly
and completely resolved. Furthermore, we show that topi-
cal 10% TTO/DMSO caused an influx of neutrophils and
other immune effector cells in the treated area, with no evi-
dence of systemic toxicity.

Conclusion TTO combined with an effective carrier sig-
nificantly inhibited the growth of aggressive, subcutane-
ous, chemo-resistant tumours in immunocompetent mice.
Taken together, these findings highlight the potential of
topical TTO as an alternative topical antitumour treat-
ment.

Keywords Tea tree oil - Topical chemotherapy -
Antitumour - Murine

Introduction

Topical chemotherapy, when combined with surgical exci-
sion of skin cancers or as a single therapy, represents a safe,
convenient and often inexpensive alternative anticancer
treatment. The immune modifier imiquimod and the thymi-
dylate synthase inhibitor 5-fluorouracil (5-FU) have been
used successfully as topical treatments for superficial basal
cell carcinoma (sBCC) and actinic keratoses. However,
systemic toxicity coupled with long treatment regimes of
up to 6 weeks are limiting. Recently, studies investigating
the antitumor efficacy of topical terpene agents, such as per-
illyl alcohol (POH) and ingenol-3-angelate, have high-
lighted the effectiveness and substantially shorter treatment
regimes of these plant-derived therapies [1-3]. Ingenol-3-
angelate derived from Euphorbia peplus induces necrotic
cell death and dendritic cell (DC) activation, and increases
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neutrophils at treated sites to prevent relapse of subcutane-
ous tumours [1, 2, 4]. POH, found in sage, lemongrass and
cherries, acts by Ras suppression, apoptosis and cell cycle
arrest [5, 6]. POH and ingenol-3-angelate are currently in
phase II and phase III clinical trials, respectively.

In vitro studies of Melaleuca alternifolia (tea tree) oil
(TTO) have demonstrated its effectiveness against human
melanoma cells [7]. In addition, we have previously
shown that TTO has significant antiproliferative activity
against tumour cells through primary necrosis and G1 cell
cycle arrest [8]. Numerous studies have shown the effec-
tiveness of topical TTO as an antibacterial and antifungal
treatment (reviewed in [9]), yet no study to date has
reported on the potential antitumour efficacy of topical
TTO. We have successfully used a subcutaneous murine
mesothelioma tumour model in immunocompetent mice
to investigate the antitumor effect of intratumoural anti-
CD25 monoclonal antibody treatment [10, 11]. Moreover,
similar subcutaneous tumour models have been success-
fully used to demonstrate efficacy of other immunothera-
pies [12, 13].

In this report we show for the first time that, when com-
bined with an effective carrier, once daily for 4 daily topical
treatments with TTO has significant activity against aggres-
sive, subcutaneous, chemo-resistant tumours in immuno-
competent mice. Furthermore, we show that topical TTO
causes an influx of neutrophils in the treated area, with no
evidence of systemic toxicity. Taken together, these find-
ings highlight the potential of topical TTO as an alternative
antitumour treatment.

Materials and methods
Mice

Female C57BL/6J mice between 6 and 8 weeks of age
were obtained from the Animal Resources Centre (Perth,
Australia) and maintained under SPF housing conditions
(Animal Care Unit, The University of Western Australia).
All animal work was carried out in accordance with the
guidelines of The National Health and Medical Research
Council of Australia and with the approval of The Univer-
sity of Western Australia’s Animal Ethics Committee
(AEC). Mice treated topically were monitored for dryness,
erythema and eschar formation and scored: 0: no irritation,
1: mild irritation, 2: moderate irritation, 3: severe skin irri-
tation. Under our AEC regulations, once mice reached the
humane endpoint for tumours (100 mm?) or an average
severe skin irritation score of greater than 3 (average: dryness
score + erythema score + eschar formation score), they were
euthanised by penthrane inhalation followed by cervical
dislocation.
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Murine mesothelioma and melanoma cell culture, in vivo
implantation and tumour growth monitoring

The AE17 murine mesothelioma and B16-F10 murine mel-
anoma cells used in this study were cultured as previously
described [8, 10]. Tumour cells (5 x 10°/100 pl PBS B16-
F10 cells or 1 x 1077100 ul PBS AE17) prepared for
implantation were subcutaneously injected, and tumour
growth was monitored as previously described [10].

Tea tree oil

TTO compliant with the International Standard 4730 [14]
was kindly provided by P. Guinane Pty. Ltd., Chinderah,
NSW. Batch 1216 detailed in [8] and batch A352 which
contained the following major components: 37% terpinen-
4-ol; 18.6% y-terpinene; 10% c-terpinene; 3.6% 1,8-cineole
and 1.4% p-cymene as determined by gas chromatography
mass spectrometry carried out by NSW Department of Pri-
mary Industries, Diagnostic and Analytical Services, Envi-
ronmental Laboratory, Wollongbar, NSW, were both used
in this study. A 10% stock solution of TTO was made by
dissolving TTO in DMSO (Sigma Chemical Co., St Louis,
MO, USA). TTO-5C solution was made by mixing the
following major components of TTO at concentrations
equivalent to their composition in TTO; 40% terpinen-4-ol,
20% py-terpinene, 10% o-terpinene 5% 1, 8-cineole, 5%
p-cymene and the remainder ethanol (EtOH).

Topical treatments

Mice with shaved flanks and tumours measuring ~9 mm?
held in the i.p. position were treated topically with either
10% TTO/DMSO (50 ul), 10% TTO/acetone, 10% TTO/
isopropanol (50 pl), neat TTO (5 pl), 10% TTO-5C/DMSO
(50 ul) or vehicle control (10%H,0/DMSO; 50 ul; five
mice per group). Treatments were applied by pipetting the
required volume onto the tumour and surrounding skin and
rubbing with a gloved finger until the solutions were
absorbed through the skin (approx. 20 s). Treatments were
applied once daily for 4 days. For topical 5% imiquimod
cream (Aldara, INova Pharmaceuticals, NSW, Australia)
treatments, ~62.5 mg of the cream was applied to the
tumour and surrounding skin once daily for 5 days.

Histology

Mice were euthanised following 1, 2 and 3 topical treatments
of either 10% TTO/DMSO or vehicle control. Tumours and
surrounding skin, and livers, were fixed in 10% phosphate-
buffered formalin overnight, and paraffin wax embedded. Sec-
tions were stained with haematoxylin and eosin (H & E) and
then examined by a dermatopathologist (PH).
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Statistics

All data are presented as mean +SE Significant differences
as indicated were calculated by Student’s  tests (P < 0.05).

Results

Topical 10% TTO/DMSO induces temporary regression
of established subcutaneous AE17 tumours and slows
the growth of B16-F10 tumours

Immunocompetent mice with established (~9 mm?) AE17
subcutaneous tumours were treated topically with 50 pl of
10% TTO/DMSO or 10% H,O/DMSO alone (vehicle con-
trol) for 4 days and compared to untreated controls. Topical
10% TTO/DMSO induced a significant (P < 0.05) 10-day
period of AE17 tumour growth inhibition compared with
vehicle control-treated tumours (Figs. la, 2). Moreover,
10% TTO/DMSO treatment induced significant (P < 0.05)
tumour regression, as tumours on days 2-5 were reduced
2- to 5-fold compared to initial tumour size (day O; Figs. 1a,
2b). Treatment with 10% H,0/DMSO had no effect on
tumour growth compared with untreated control tumours
(Fig. 1a, b). Upon cessation of TTO/DMSO treatment at
day 4 (as regulated by AEC due to skin irritation), tumours
relapsed but with considerable variability; 2 of 20 mice dis-
played no signs of relapse until 3 months post treatment. In
the remaining 18 mice, tumours resumed control growth
levels approximately 4 days after treatment cessation
(Fig. 1a). Side effects manifested as skin dryness, erythema

Days post initial treatment

and eschar formation in the treated area, and were most
severe 2 days post treatment cessation (average skin irrita-
tion score 3; Fig. 2b). Skin began to heal 3 days post cessa-
tion of treatment and was almost completely resolved by
day 10 (Fig.2b). In addition, the antitumour effect of
10%TTO/DMSO was seen with established B16-F10
melanoma tumours, as treatment significantly (P < 0.05)
retarded B16-F10 tumour growth in immunocompetent
mice (Fig. 1c). However, treated tumours resumed control
growth levels 2-3 days following cessation of treatment
and grew rapidly to the humane endpoint of 100 mm?. Top-
ical Aldara applied for 5 days to established tumours,
included as a positive control, induced high levels of skin
erythema and dryness, yet failed to induce any tumour
growth inhibition or regression compared to untreated
AE17 or B16-F10 tumours (Fig. 1b, d).

DMSO carrier is required for topical TTO
to have antitumour effect in vivo

To demonstrate the importance of using DMSO as a carrier
for TTO, we examined the efficacy of 5 pl neat TTO with
no carrier (equivalent to 10% TTO in 50 pl DMSO), 10%
TTO/acetone and 10% TTO/isopropanol applied topically
for 4 days to established AE17 tumours. Neat TTO, 10%
TTO in isopropanol or acetone had no inhibitory effect on
tumour growth (Fig. 3). Neat TTO induced no skin irrita-
tion, whilst both isopropanol and acetone combined with
TTO induced minimal local skin irritation which included
some dryness and erythema, both of which completely
healed upon cessation of treatment.
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Fig. 2 Representative photographs of C57BL/6 J AE17 tumour-bearing
mice, treated with a 10% H,0/DMSO, b 10% TTO/DMSO treatments
on day O (initial treatment), day 1 and 3 (during treatment period), day
6 (3 days post treatment cessation) and day 10 (7 days post treatment
cessation). a Topical 10% H,O/DMSO treatment had no effect on
tumour growth and induced no skin inflammation, tumour sizes shown

100
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Fig. 3 C57BL/6 J mice with subcutaneous tumours (~9 mm?AE17)
treated topically daily for 4 days with 5 pl Neat TTO, 50 pl of 10%
TTO/Acetone or 50 ul of 10% TTO/Isopropanol compared with un-
treated controls. Data are represented as the mean £SE of at least two
independent experiments (five mice per treatment group)

Combined major components of TTO induce tumour
growth inhibition

TTO contains over 100 components. In an effort to identify

possible single components or combinations responsible for
the antitumour effect of topical TTO, we examined (a) the
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Day 6

Day 10

onday0, 1, 3, 6 and 10 were, 9, 12, 20, 36, and 68 mmZ b Topical 10%
TTO/DMSO treatment induced tumour growth inhibition and tumour
regression with dryness, erythema and eschar formation that was
almost completely resolved on day 10, tumour sizes shown on day 0,
1,3, 6 and 10 were 9, 6, 0, 2 and 20 mm? with skin scores on day 0, 1,
3,6,and 100f 0, 1,2,3,and 1

efficacy of each of the five major components which make
up 80% of TTO compared with (b) the combination of the
five major components (5C) applied topically together.
Doses of the single components were equivalent to those
found in 10% TTO i.e. 4% terpinen-4-ol, 2% 7-terpinene,
1% o-terpinene, 0.5% 1,8-cineole and 0.5% p-cymene.
None of these topically applied major components had any
inhibitory effect on established tumours (data not shown).
However, the combination (5C) significantly inhibited the
growth of established AE17 tumours compared with vehi-
cle control growth (Fig.4). Specifically, 10% TTO-5C/
DMSO applied topically for 4 days significantly (P < 0.05)
inhibited tumour growth for a period of 5 days (Fig. 4) and
induced significant tumour regression in 7 of 15 mice.
Tumours resumed control growth levels approximately
2 days following treatment cessation. Side effects included
skin dryness, erythema and eschar formation which began
to heal 3 days post cessation of treatment and completely
resolved by days 10-12.

During the treatment application, 10% TTO/DMSO
induces skin irritation that is likely necessary

for the antitumour effect and which rapidly resolves
upon cessation of treatment

Some local skin irritation resulted from topical application
of 10% TTO/DMSO yet no skin reaction was noted following
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Fig. 4 C57BL/6 J mice with subcutaneous tumours (~9 mm? AE17)
treated topically daily for 4 days with 50 pl of 10% TTO-5C in DMSO
compared with controls. Data are represented as the mean +SE of at
least three independent experiments (five mice per treatment group).
Asterisk indicate statistically significantly different (P < 0.05) from
control mice

H,0/DMSO or neat TTO treatment alone. We observed
skin irritation macroscopically which manifested as dryness
and erythema following two topical treatments. This pro-
gressed to eschar formation at the end of the four treatments
which peaked 2 days post treatment cessation and as such
limited the treatment to these 4 days (regulated by our
AEC). Histological analyses (Fig. 5) showed that epidermal
skin irritation was seen only as a result of TTO/DMSO

Fig. 5 Representative H & E staining of paraffin embedded sections
through the skin of C57BL/6 J mice bearing AE17 tumours (a) following
3 topical 10%H,0/DMSO treatments (vehicle control) (b) following 3

treatments with increased numbers of neutrophils present
(Fig. 5b). H,O/DMSO induced no/little histological
evidence of epidermal or dermal inflammation (Fig. 5a).
Dermal inflammation was also only seen in TTO/DMSO-
treated skin/tumour sections and was again characterised by
an abundance of neutrophils and a dense infiltration of
more diverse immune cells including macrophages, mast
cells and lymphocytes but not eosinophils (Fig. 5b).

Discussion

This study is the first to demonstrate the topical antitumour
efficacy of a TTO formulation in immunocompetent, tumour-
bearing mice. Four, daily, topical 10% TTO/DMSO treat-
ments of established ~9 mm? subcutaneously implanted
AE17 mesotheliomas were sufficient to induce a period of
significant regression and growth inhibition of these aggres-
sive, chemo-resistant tumours. Although topical treatment
with the carrier DMSO alone had no antitumour effect, it was
required for TTO-induced tumour eradication.

DMSO is widely used as an efficient penetration
enhancer [15, 16] and may act by lowering skin resistance
or increasing drug partitioning [17]. Topical treatment with
99% DMSO was successfully used for tissue extravasation
reactions following intravenous adriamycin and was well
tolerated in human patients [18, 19]. In the current study,
mice treated topically with 10% H,0/DMSO showed no
signs of adverse reaction, with normal liver serum enzymes

topical 10% TTO/DMSO treatments. (/) magnification 400x, scale
bar 50 pm, (2 and 3) magnification 1,600x, scale bar 12.5 pm. Inset 2
and 3 to highlight the presence of neutrophils
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and liver histology (data not shown), and no apparent ulcer-
ation of the skin. We hypothesise that the combination of
TTO with DMSO increases the absorption through the skin
and decreases the evaporation of TTO, as neat TTO and
TTO combined with acetone or isopropanol had no effect in
our tumour model.

Studies investigating the penetration of TTO revealed
that 1.1-4% TTO penetrates through human epidermis.
Over 98% of the oil evaporates within 4 h of its application
[20] and only terpinen—4—ol readily penetrates the skin.
Formulations to enhance this penetration and reduce evapo-
ration are therefore required. Topical TTO in 5-10% for-
mulations has been used successfully to treat acne, herpes
labialis and fungal skin infections (reviewed in [9]). More-
over, TTO has significant anti-inflammatory activity; how-
ever, this response maybe dependent on the formulation
used. Topically applied neat TTO reduces chemical, hista-
mine- and nickel-induced skin inflammation [21-23], with-
out affecting skin pathology. In addition, a 5% ointment and
10% gel similarly reduced chemically induced skin oedema
[24], but a 5% TTO lotion failed to reduce nickel-induced
skin oedema [23].

The antitumour effect of topical 10% TTO/DMSO was
accompanied by skin irritation which completely resolved
on cessation of treatment. Skin irritation following chemo-
therapeutic agents is typically observed following treatment
with topical imiquimod, ingenol-3-angelate and 5-FU
[1, 25, 26]. Inflammation is probably required for topical
anticancer chemotherapeutic agents to work, as studies of
topical imiquimod and 5-FU showed that higher rates of
inflammation following treatment were associated with bet-
ter cancer clearance [26]. Topical TTO/DMSO treatment
cessation after 4 treatments was required by our AEC due
to the skin inflammation induced. Lower and higher doses
of topical TTO/DMSO (3-5% and 15%) applied for longer
and shorter treatment periods induced lower and higher lev-
els of skin irritation but failed to induce significant tumour
regression in comparison with 10% TTO/DMSO (data not
shown). Skin inflammation induced by topical 10% TTO/
DMSO resolved upon cessation of treatment; however, the
majority of tumours regrew at rates similar to control
tumours. In a minority of cases (two mice), complete
regression occurred and a period free of macroscopic
tumours was observed. The longest of these was 3 months,
but in both cases the tumours eventually regrew with kinet-
ics similar to control tumours. Taken together, this further
emphasises the potential connection between skin inflam-
mation and the antitumour effect. With the development of
a more appropriate formulation, skin inflammation may be
reduced and the treatment period could be extended likely
decreasing the tumour relapse rate.

Topical TTO/DMSO may act as an adjuvant, similar to
topical imiquimod, by the activation of DCs to recruit cyto-
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toxic T cells against skin cancers. Aldara (imiquimod, 5%)
is FDA-approved for the clinical treatment of sBCC and
actinic keratoses, and is widely recognised as inducing skin
inflammation. In our study, TTO combined with acetone or
isopropanol had no antitumour effect and induced little skin
inflammation, suggesting the importance of skin inflamma-
tion to the antitumour outcome. Nonetheless, skin inflam-
mation alone is not sufficient to stimulate an antitumour
effect. Doses of Aldara identical to those used in our study
induced marked immune cell infiltrate including neutro-
phils, CD4* T cells and DCs [25]. Similarly, topical Aldara
induced high levels of erythema and skin dryness in our
mouse model, yet failed to inhibit AE17 or B16-F10 subcu-
taneous tumours in immunocompetent mice. Antitumour
responses to Aldara are variable [27, 28]. In addition to the
skin inflammation, systemic side effects such as headache,
flu-like symptoms and long treatment application time of
6 weeks are problematic. The lack of antitumour effect
using topical Aldara observed in our tumour-bearing mice
indicates that this treatment type may be ineffective against
these more aggressive tumour types, as only intratumoural
administration of imiquimod retarded the growth of subcu-
taneous AB1 mesotheliomas [29]. In an additional study,
topical imiquimod delayed the growth of subcutaneous
B16-F10 tumours, identical to those used in our study, but
these tumours were treated immediately post tumour cell
inoculation (i.e. prior to the formation of macroscopic
tumours) and with a low tumour cell inoculate (2 x 10%),
and hence with a lower tumour cell burden [30]. The lack
of antitumour efficacy of Aldara observed in our studies
maybe because of a greater tumour burden with ~9 mm?
established tumours.

It is feasible that TTO induces other effects on the
tumours besides immune activation. Imiquimod induces
apoptosis of tumour cells and inhibits tumour vascular for-
mation [31] whilst ingenol-3-angelate also activates protein
kinase C and induces primary necrosis of implanted subcu-
taneous tumours [1]. Melanoma and mesothelioma cells are
notoriously resistant to chemotherapy (reviewed in [32] and
[33], respectively); moreover, both AE17 and B16 cells
failed to undergo apoptosis following staurosporine treat-
ment [8]. Failure of Aldara to induce apoptosis as a result
of apoptosis resistance in our aggressive tumour models
could also explain the lack of Aldara antitumour effect we
observed. TTO induces apoptosis through lipid reorganisa-
tion of plasma membranes in human M14 melanoma cells
in vitro [7]. Interestingly, our in vitro study highlighted that
TTO was more dose effective in AE17 cells and induced
low level apoptosis and primary necrotic cell death. Whilst
B16-F10 cells were more resistant to either form of cell
death, G1 phase arrest was significantly induced following
TTO treatment [8]. The differential effect between the two
tumour cell types appears to be similar in our in vivo study,
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as topical TTO regressed AE17 tumours but only retarded
the growth of subcutaneous implanted B16-F10 cells dur-
ing the treatment period. The variable efficacy in the two
tumour models may also be related to the aggressiveness/
growth rates of the two tumours. B16-F10 tumours grow
very rapidly to reach 100 mm? approximately 12 days post
tumour cell inoculation, thus having a larger tumour burden
for the TTO to act against. Numerous studies have identi-
fied that antitumour agents are more effective against small
or slower growing tumours [13, 30, 34].

Histological evaluation of TTO/DMSO-treated skin
from tumour-bearing mice showed an influx of neutrophils
in both the epidermis and the dermis, and the presence of
other immune effector cells. This suggests that topical treat-
ment with TTO/DMSO may act by local immune activa-
tion. Ingenol-3-angelate induces a neutrophil-mediated
antibody-dependent cellular cytotoxicity eradication of
residual tumour cells [2]. The role neutrophils play in the
antitumor effect of topical TTO needs further investigation,
with studies currently underway in our laboratory to char-
acterise the immune cell populations and activation status
in the tumour, surrounding skin- and tumour-draining LNs
following treatments.

Numerous studies using tumour models have identified
that immune activation, specifically, systemically by mem-
ory cells, is important for antitumour efficacy and for trans-
lation to the clinic [35]. A lasting, memory immune
response following treatment is superior to local direct
efficacy. TTO may have both direct and indirect effects on
the tumours cells.

The antitumour effect of the TTO-5C/DMSO topical
treatment, yet lack of effect of the single agents (at concen-
trations tested), suggests that the effect of topical TTO may
be narrowed down to a combination of major active terp-
enes. In addition, the combination of multiple terpenes may
overcome problems such as resistance often seen with sin-
gle-agent treatment regimes. It is possible that with the
right formulation, single-agent TTO terpenes may be as or
more effective than TTO as numerous studies of TTO have
identified terpinen-4-ol as the major active component that
is likely responsible to TTO’s efficacy. However, as terpene
agents themselves are known to act as penetration enhanc-
ers, it is possible that the combination of terpenes enhances
the penetration of each other. The lack of systemic activity
within the treatment period identified by normal body
weight, no changes in serum alkaline phosphatase or aspar-
tate aminotransferase and normal liver histology (data not
shown) make TTO or a combination of TTO terpenes ideal
candidates for a cost effective, self-administrable skin can-
cer treatment.

Overall, topical TTO/DMSO represents a potentially
safe and effective antitumour treatment. Skin inflammation
during the treatment period similar to numerous topical

chemotherapeutic agents completely resolves and is proba-
bly necessary for TTO’s therapeutic effect. The extension
of topical TTO treatment time, which may lead to complete
cure of tumours and prevention of tumour relapse, could be
achieved by the identification of a more suitable TTO for-
mulation. This and studies to further characterise TTO’s
antitumour mode(s) of action are currently underway.
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