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Abstract Secondary plant metabolites, and in par-
ticular monoterpenes, have been recognised as
potential medicinal agents for centuries. As such,
terpenes have been the focus of a plethora of
scientific studies examining various aspects of their
bioactivity. In particular, antimicrobial activity and
anticancer potential have been studied extensively.
Whilst the antimicrobial and anticancer activity of
terpenes has been demonstrated in vitro, fewer
studies have been conducted examining specific
aspects of the mechanisms of antimicrobial action
and anticancer efficacy in vivo. The purpose of this
review is therefore to examine recent advances in the
areas of antimicrobial and anticancer activity.

Keywords Essential oil - Tea tree oil -
Antibacterial - Cytotoxicity - Antitumour

Introduction

Our understanding of the bioactivity of terpenes is
constantly evolving with the frequent publication of
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both new data and comprehensive reviews (Bakkali
et al. 2008; Burt 2004; Hammer and Carson 2011).
Given this, the aim of this paper is to review a
selection of recent, illuminating studies in the arena
of terpene bioactivity, including those presented by
the two authors at the 2010 Phytochemical Society of
Europe International Symposium entitled ‘‘Terp-
enes—Application, Activity and Analysis’’, and to
discuss these in the context of our existing
knowledge.

Anticancer efficacy and mechanisms of action

There have been abundant reports over the recent
years highlighting the anticancer efficacy of essential
oils and their terpene components, demonstrating in
vitro anticancer activity against a variety of mam-
malian cancer cell lines and animal models of cancer.
This short review will focus on more recent findings
regarding the anticancer activity of terpenes that have
progressed to animal research in addition to human
clinical trials.

At the Terpene symposium, Dr Greay summarised
published research demonstrating the in vitro and in
vivo anticancer activity of tea tree oil (Greay et al.
2010a, b). The presentation highlighted that both tea
tree oil and its major monoterpene component
terpinen-4-ol (Fig. 1) inhibited murine tumour cell
proliferation at concentrations non-cytotoxic to non-
tumour cell lines. The anticancer modes of action of
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both the whole oil and its major component involve
low level apoptosis, primary necrosis through cellular
and mitochondrial membrane disruption and G1 cell
cycle arrest of murine tumour cells (Greay et al.
2010b). Our more recent findings that topically
applied tea tree oil combined with DMSO inhibited
growth and temporarily regressed subcutaneous
tumours in immunocompetent mice were also pre-
sented (Greay et al. 2010a). The antitumour effect
observed was accompanied by skin irritation which
completely resolved post treatment, in addition to a
marked neutrophil infiltration into the tumour site
(Greay et al. 2010b). Further, it was reported that
topically applied tea tree oil induces significant
dendritic cell activation in mice, but the relationship
between this immune activation and antitumour
mechanism(s) of action remain to be elucidated
(Greay, unpublished data). Calcabrini and colleagues
(2004) were one of the first groups to report that tea
tree oil and terpinen-4-ol can induce cancer cell
cytotoxicity via caspase dependent apoptosis medi-
ated by membrane lipid reorganisation of human
melanoma cells. Moreover, both TTO and terpinen-4-
ol were more cytotoxic to adriamycin resistant
melanoma cells, suggested that neither are substrates
for P-glycoprotein (Pgp) (Calcabrini et al. 2004).
The diterpene ester ingenol-3-angelate (Fig. 1)
isolated from the sap of Euphorbia peplus (also
known as milk or radium weed) was first reported by
Ogbourne and colleagues (2004) to have anticancer
activity against both murine cancer cells in addition

Fig. 1 Structures of
selected terpenes with
antimicrobial and
anticancer activity

Thymol Carvacrol
HO
(0]
Pulegone Perillyl alcohol

@ Springer

to murine tumours (Ogbourne et al. 2004). The basis
of this research followed reports that topical appli-
cation of milkweed sap was reported to be effective
against skin cancers. Ingenol-3-angelate was cyto-
toxic to a range of murine and human tumour cell
lines, and when applied to both subcutaneous
tumours in immunocompetent mice and human
xenograft tumors in immunodeficient mice, induced
tumour regression by mitochondrial and plasma
membrane disruption ultimately resulting in primary
necrotic tumour cell death (Ogbourne et al. 2004).
Further research has shown that ingenol-3-angelate
induces activation of PKC and a neutrophil mediated
antibody dependent cellular cytotoxicity-dependent
prevention of tumour relapse (Challacombe et al.
2006). Most recently it was reported that topically
applied ingenol-3-angelate crosses the epidermis by
absorptive transport as a Pgp substrate where it can
enter the tumour site and injure tumour vasculature.
This damage in addition to CsA dependent subcuta-
neous haemorrhage at the tumour periphery appears
to be necessary for anticancer efficacy (Li et al.
2010). Its topical formulation PEP00O5 has shown
significant efficacy against AKs in phase II clinical
trials (Anderson et al. 2009; Siller et al. 2009) and is
currently in phase III clinical trials.

Perillyl alcohol (Fig. 1), amonoterpene abundant in
mint, caraway, sage, lemongrass and cherries amongst
others, has been reported efficacious against a number
of cancer cell lines, inducing apoptosis in glioma cells
(Fernandes et al. 2005), leukaemia cells (Clark 2006)
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and breast cancer cells (Yeruva et al. 2010), and in
addition to apoptosis, G1 and or G2/M cell cycle arrest
in tongue squamous cell carcinoma and lung adeno-
carcinoma cells (Elegbede et al. 2003) and in non-
small cell lung carcinoma cells (Yeruva et al. 2007).
Apoptosis induced by perillyl alcohol has been
reported to involve caspase 3 activity, increased
expression of Bcl-2 (Yeruva et al. 2007) and has also
been demonstrated as c-myc dependent (Clark 2006).
Gl cell cycle arrest of cancer cells by perillyl alcohol
appears to be mediated by the cyclin kinase inhibitors
p21 and p27 (Wiseman et al. 2007; Yeruva et al. 2007).

Studies examining topical efficacy of perillyl
alcohol in mice showed a protective effective via
Ras inhibition, apoptosis and inhibition of oxidative
stress against TPA induced inflammation and tumour
incidence (Chaudhary et al. 2009). However, phase
ITa studies examining efficacy of topical perillyl
alcohol cream against patients with AKs showed only
a modest effect in reversing sun damage by decreas-
ing the proportion of nuclei deviating from normal
and that the lack of significant activity may be due to
poor skin penetration (Stratton et al. 2010).

The observation that perillyl alcohol may suppress
Ras signalling pathways, rationalised the examination
of efficacy against glioma in human patients. A phase
I/Il study revealed inhalation of perillyl alcohol
stabilised disease in 13 out of 29 patients with recurrent
malignant gliomas, with case reports on tumour
regression in 3 patients (da Fonseca et al. 2008). In
addition, it was more recently reported that 89 patients
with recurrent malignant glioma treated with perillyl
alcohol inhalation survived significantly longer com-
pared with a historical untreated control group, with no
reported adverse side effects (da Fonseca et al. 2010).

These terpene agents have demonstrated enormous
potential for the treatment of various cancers. The
importance of highlighting efficacy not only in cell
culture systems but also in animal models which can
subsequently lead to promising clinical studies, show
that these broadly ignored terpene agents may in fact be
a fantastic source of future chemotherapy and/or
immunotherapy.

Antimicrobial effects and mechanisms of action

The antimicrobial activity of terpenes is well estab-
lished. In particular, many studies have been

published describing the biocidal activity of terpenes
and terpene-rich plant extracts, such as essential oils
(Bakkali et al. 2008; Burt 2004). Previous research
has also demonstrated that monoterpenes act largely
against microorganisms by compromising the integ-
rity and function of the cell membrane. Some of the
specific membrane-associated effects that have been
demonstrated to date include changes in membrane
potential (Fisher and Phillips 2009; Xu et al. 2008),
the leakage of intracellular components (Inoue et al.
2004; Lambert et al. 2001; Oussalah et al. 2006) and
inhibition of respiration (Cox et al. 2000). In contrast,
what is not well established is the potential for
terpene resistance to develop, subtle aspects of the
mechanism of action and effects elicited by sublethal
terpene concentrations, such as adaptation. Advance-
ments in this area come largely from the use of newer
technologies and techniques, which illustrate antimi-
crobial actions that can not be demonstrated using
traditional microbiological methods.

At the Terpene symposium Dr Hammer described
some recent findings on the effects of the essential oil
from Melaleuca alternifolia (tea tree oil), on the
development of antibiotic resistance in Escherichia
coli. This research built on earlier work which found
that the frequencies at which bacteria showed sponta-
neous resistance to tea tree oil was extremely low and
below the detection level (Hammer et al. 2008). The
major finding presented was that significantly fewer
single-step kanamycin resistant mutants were found
when tea tree oil was present compared to when tea tree
oil was absent (Hammer, unpublished data). However,
no significant differences were evident for ciproflox-
acin, ampicillin and rifampicin. Together, these data
indicate that the presence of tea tree oil does not
increase numbers of antibiotic resistant mutants and
may in fact decrease numbers. Similar data have not
been published in the scientific literature for plant
essential oils or terpene components.

Other recent findings have utilised newer technol-
ogies such as flow cytometry and molecular tech-
niques to investigate terpene bioactivity. This has
provided researchers with data and information that
could not be generated using more traditional labo-
ratory techniques. For example, using flow cytometry
to examine Listeria monocytogenes treated with
oregano, thyme or cinnamon oils showed three
bacterial populations; viable, dead and injured
(Paparella et al. 2008). This ‘injured’ subpopulation
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would be difficult to visualise by conventional viable
counting techniques. Furthermore, differences in the
effects of the three oils on L. monocytogenes suggest
that oregano and thyme act similarly by causing
extensive membrane damage whereas cinnamon oil
causes death without membrane damage (Paparella
et al. 2008). Flow cytometry has also been used to
demonstrate that clove (Syzygium aromaticum) essen-
tial oil increases the permeability of Propionibactium
acnes (Fu et al. 2009). The terpenes thymol and
carvacrol (Fig. 1) both reduce membrane potential
and permeability in Escherichia coli (Xu et al. 2008),
also shown by flow cytometry.

The use of molecular techniques has enabled
scientists to evaluate changes in gene expression in
microorganisms after exposure to terpenes. The
exposure of S. aureus to subinhibitory concentrations
of eugenol (Fig. 1) reduces the production of several
virulence factors including haemolysin, toxic shock
syndrome toxin 1 and staphylococcal enterotoxins A
and B (Qiu et al. 2010). Whilst these results were
determined by conventional phenotypic assays, they
were also confirmed by real-time PCR which showed
that transcription levels of the associated genes were
reduced. Two further studies have also found reduc-
tions in virulence factors after terpene exposure using
conventional phenotypic assays. The essential oil of
Origanum vulgare, containing predominantly carva-
crol, reduced lipase activity and coagulase production
in S. aureus (Carneiro de Barros et al. 2009). There is
also evidence that subinhibitory levels of the mon-
oterpenes pulegone, o-terpineol, citral, citronellol and
geraniol (Fig. 1) inhibit the virulence-associated
factors swarming motility and haemolysin production
in Proteus mirabilis (Echeverrigaray et al. 2008).
Molecular techniques have also been used to examine
protein expression after terpene exposure. Analysis of
protein expression using two-dimensional polyacryl-
amide gel electrophoresis (2-D PAGE) in Salmonella
enterica serovar Thompson grown with 0.1% thymol
showed significant changes when compared to a
control culture (Di Pasqua et al. 2010). Proteins with
significantly altered expression were cytoplasmic
(n = 37) and outer membrane proteins (n = 7), with
an additional uncharacterised protein (Di Pasqua
et al. 2010). Analysis of the altered proteins indicated
that metabolism was markedly altered and that
thymol exposure had elicited a stress-like response
in the Salmonella test strain. Analysis of protein
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expression using the related technique of sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) revealed changes in the expression of
proteins by P. acnes treated with clove oil (Fu et al.
2009). In particular, two proteins of 18 and 33 kDa,
respectively, were absent in cells treated with 10 and
20 mg/ml of oil. It was postulated that these down-
regulated proteins may correspond to a lipase (GehA)
and heat shock protein (PPA737) of the same size and
that their absence may render cells less virulent (Fu
et al. 2009). SDS-PAGE has also been used to
demonstrate the loss of intracellular constituents from
Salmonella typhi after eugenol treatment (Devi et al.
2010).

The use of defined genetic mutants has also
provided significant insight into the bioactivity of
terpenes. Efflux pumps are a well-known mechanism
employed by microorganisms to pump out harmful
substances. By examining the susceptibility of Pseu-
domonas aeruginosa mutants lacking defined efflux
pump components it was demonstrated that efflux-
deficient mutants were more susceptible than their
efflux-competent counterparts to Melaleuca alterni-
folia (tea tree) essential oil and several monoterpene
components (Papadopoulos et al. 2008). These data
show unequivocally that efflux is used by bacteria to
counteract the deleterious effects of monoterpenes.
Defined bacterial mutants were also used in the study
mentioned previously which examined the frequen-
cies of resistance to tea tree oil (Hammer et al. 2008).
This study examined S. aureus mutants with inacti-
vated mutS and mutL genes, meaning that they were
unable to repair their DNA and were therefore
hypermutable (Hammer et al. 2008). These hyper-
mutable isolates had increased frequencies of resis-
tance to the antibiotic rifampicin compared to the
non-hypermutable parent strain but did not differ in
resistance frequencies to tea tree oil (Hammer et al.
2008).

In conclusion, recent studies have demonstrated
insights into the antimicrobial activity of terpenes
that significantly enhance our understanding of these
natural compounds. In particular, the use of newer
technologies has enabled researchers to visualise cells
populations not readily evident by traditional tech-
niques and to assess changes induced by terpenes at
the level of gene transcription and expression.

This review has highlighted some of the latest
developments in the field of terpene bioactivity.
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Although these studies have significantly advanced
our understanding of the actions of terpenes, further
research is required to continue the elucidation of
mechanisms of action and activity.
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