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Introduction
Despite advances in molecular biology and biology of tumors, in

techniques for cancer detection or in the development of target
directed compounds, the treatment of cancer is still a challenge. Thus,
although some leukemias are now often curable and breast cancer
became a chronic illness after treatment, the prognostic for other
neoplasias remain poor. These tumors initially respond to
chemotherapy, but eventually became resistant to a broad spectrum of
structurally and functionally unrelated anticancer agents
characterizing the so-called multidrug resistance (MDR) phenotype.
Development of MDR is one of the major obstacles to the success of
cancer chemotherapy. In clinical settings, patients that exhibit the
MDR phenotype usually do not respond to chemotherapy, present
tumor recurrence, develop metastasis and evolve to death. Therefore,
the search of drugs able to bypass MDR mechanisms and increase the
patient’s life expectancy is of great clinical relevance for cancer therapy.
In the last years, several extracts and substances isolated from plants
had shown to modulate drug resistance in cancer cells. In 2014, a
paper published by Queiroz and collaborators [1] showed that Melissa
officinalis essential oil (EO) and its major component citral, are
cytotoxic for glioblastoma multiforme cells, killing cells by a
mechanism dependent of the production of reactive oxygen species
(ROS). Data demonstrating that they also inhibit the transporter
protein MRP1 suggest that these components would be of interest for
GBM treatment. Here, we discuss the main mechanisms of drug
resistance, with emphasis in GBM, and we describe the properties of
M. officinalis EO, which could be effective against MDR tumors.

Cancer Drug Resistance
Multidrug resistance (MDR) is a multifactorial process with several

underlying mechanisms such as expression of transporter proteins of
the ABC super-family, alterations of pathways that control apoptosis,
alterations of DNA repair mechanisms and alterations of
mitochondrial functions, among others [2]. Super-expression of
transporter proteins of the ABC super-family (“ATP-binding cassette”)
is one of the most investigated MDR mechanisms. Among the 48
known human ABC genes, p-glycoprotein (Pgp/ABCB1), multidrug
resistance associated protein 1 (MRP1/ABCC1) and breast cancer
resistance protein (BCRP/ ABCG2) are the main targets for drug
resistance studies due to their association with MDR phenotype in
cancer. These proteins work as efflux pumps actively removing drugs
from the cells, decreasing their intracellular concentration and
therefore preventing cell death [3]. Also, defects in apoptosis pathways
contribute to chemoresistance or radioresistance. As most
chemotherapeutic drugs exert their cytotoxic effects by inducing
apoptosis, defects in apoptosis pathways emerged as another important
drug resistance mechanism. Apoptosis signaling may be disrupted by
the aberrant expression of antiapoptotic and/or apoptotic inhibitor

proteins. Moreover, alterations in mitochondria function has also been
pointed as an important target to cancer chemotherapy resistance,
inasmuch as alterations of the mitochondria membrane potential may
activate the intrinsic pathway of apoptosis or induce the production of
ROS, another important pathway in drug induced cell death [4].

Glioblastoma Multiforme
Glioblastoma multiforme (GBM), a grade IV astrocytoma, is the

most common and aggressive CSN primary tumor, with an average life
expectancy of less than 15 months [5]. Representing 50% of all
gliomas, GBMs are renowned for their radio- and chemo resistance
and is considered an incurable malignancy. Frequently, initial
treatment leaves a residual disease from which the tumor relapses,
generally with more aggressive and resistant cells. Indeed, even after
neurosurgical resection, followed by aggressive chemotherapy and
radiotherapy, GBM prognosis is dismal [6]. Intrinsic and acquired
drug resistances remain a major problem for GBM treatment. GBMs
are composed of a heterogeneous population of invasive and rapidly
proliferating neoplastic astrocytes with a high degree of cellularity,
vascular proliferation and tumor cell chemoresistance. The genome of
the GBM is highly mutated. Aberrations in the signaling elements
controlling apoptosis (such as mutationos/deletions of EGFR,
IDH1,PT53, PTEN, P16), in the expression of anti-apoptotic proteins
of the Bcl2 and XIAP families and in the expression of transporter
proteins of the ABC superfamily may explain the intrinsic resistance of
GBM cells to chemotherapy. The expression of ABC transporter
proteins in GBM has been correlated with poor prognostic [7]. Also,
pharmacological inhibition of MRP1 activity or expression resulted in
increased drug cytotoxicity [8,9].

The current GBM treatment, which comprises surgical resection,
radiation and/or chemotherapy, have low efficacy. The location of
GBM in the central nervous system and the lack of clear margins
between healthy and neoplastic tissues prevent complete resection of
the tumor and presumes additional radio- and/or chemotherapy.
However, use of these approaches alone or in combination are unable
to improve significantly the median survival time of GBM patients that
remain low [5,6]. Restricted drug delivery across the blood brain
barrier (BBB) and tumor cell resistance to chemotherapy and
irradiation contribute to the poor prognosis of the disease, despite
treatment. Thus, although the BBB may be disrupted at the tumor core,
it is intact at other tumor areas where the presence of tight junctions
and transporter proteins of the ABC family prevents access of
chemotherapeutics drugs to tumor cells. The alkylating agent
temozolomide (TMZ), the front-line drug used for GBM treatment
induces mitochondria uncoupling, ROS production, DNA strand
breaks in GBM cells [10,11] and show a modest increase in patents
survival rate [6]. However, a great number of patients with recurrent
GBM develop resistance to the second cycle of TMZ and the treatment
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efficacy is further decreased. Expression of ATP-dependent drug efflux
pumps, increase in mitochondria function and decrease of ROS
production are just some of the mechanisms responsible for TMZ
resistance [11,12].

Essential Oils
Essential oils (EO) are volatile compounds produced by plants that

present different biological activities including antitumor effect [13,
14]. Although essential oils also seem to have anti-MDR activity and
induce death of resistant cells [14] their anti-MDR activity still needs
to be better understood/explored. The antitumor activity of Melissa
officinalis EO is is a potential alternative for tumors treatment. Melissa
officinalis is an aromatic plant of the Lamiaceae family. Its EO presents
different biological activities including an antitumor activity that was
described by de Souza and colleagues [15]. In this work, it was shown
that the essential oil of the plant could inhibit the viability of cell lines
from various types of cancer such as breast, lung, colon, melanoma and
leukemia. However, although these cells include a number chemo
resistant lines like lung (A540) and melanoma (B16F10) the
mechanism of their death was not investigated. The study of the
composition of this EO, by gas chromatography, showed that it has as
major components neral (39.28%) and geranial (47.32%), which
together represent almost 90% of the oil composition [15]. These two
compounds are isomers of the same molecule, citral. Citral (3,7-
dimethyl-2,6-octadienal) is a reactive and volatile aldehyde, belonging
to the class of the terpenes, specifically a monoterpene. This compound
induces apoptosis of leukemia and breast cancer-cell lines through
Caspase-3 activation and cell cycle arrest [16,17]. Queiroz and
colleagues [1] showed that M. officinalis essential oil presents
antitumor activity in GMB cell lines and that its major component,
citral, has the same effect on these tumor cells, possibly being the
bioactive component of M. officinalis oil. In this paper, they also
showed that citral-induced apoptosis was mediated by ROS and that
this compound negatively modulated the expression and activity of the
MDR protein MRP1, an active transporter present in glioma cells and
in the BBB.

Conclusion
Treatment of GBM continues to be a challenge. Cure is not attained

with the protocols currently used that translate mainly in a modest
increase in survival rate, emphasizing the need to improve GBM
therapy. Several studies have aimed improvement of clinical efficacy of
GBM chemotherapy by targeting resistance mechanisms. The low
efficacy of target directed drugs may be explained by the high number
of genomic mutations and mechanisms of drug resistance present in
GBM and by different routes to escape from death. Thus, compounds
that interfere simultaneously with more than one of these pathways
may help to improve GBM treatment. Melissa officinalis EO was
shown to be cytotoxic for cell lines of chemoresistant tumors such as
melanoma and lung. The ability of Melissa officinalis EO (and citral) to
induce ROS production in GBM suggests its use as a co-adjuvante in
the treatment of patients resistant to TMZ. In addition, Citral, the
main component of M. officinalis EO, inhibits the expression and
activity of transporter protein MRP1, an important mechanism of drug
resistance in GBM. The effect of this inhibition on drug transport
through the BBB remains to be investigated. Thus, M. officinalis EO is
emerging as a promising tool to treat GBM and other MDR tumors.
Nonetheless, studies directed to other mechanisms of tumor resistance

such as pathways involved in apoptosis control, stem cells and miRNA
could bring additional clues to M. officinalis EO anti-MDR properties.
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