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Abstract: Cancer is one of the leading causes of death worldwide, affecting millions of people
each year. Fortunately, the last decades have been marked by considerable advances in the field of
cancer therapy. Researchers have discovered many natural substances, some of which are isolated
from plants that have promising anti-tumor activity. Among these, essential oils (EOs) and their
constituents have been widely studied and shown potent anticancer activities, both in vitro and
in vivo. However, despite the promising results, the precise mechanisms of action of EOs and their
bioactive compounds are still poorly understood. Further research is needed to better understand
these mechanisms, as well as their effectiveness and safety in use. Furthermore, the use of EOs as
anticancer drugs is complex, as it requires absolute pharmacodynamic specificity and selectivity, as
well as an appropriate formulation for effective administration. In this study, we present a synthesis of
recent work on the mechanisms of anticancer action of EOs and their bioactive compounds, examining
the results of various in vitro and in vivo studies. We also review future research prospects in this
exciting field, as well as potential implications for the development of new cancer drugs.
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1. Introduction

Cancer is a complex disease that can take many forms [1]. Approximately 200 types of
tumors can affect all tissues of the body [2], each resulting from the acquisition of abnor-
mal characteristics by cells, such as independence from growth signals [3], resistance to
growth-inhibiting signals, resistance to programmed cell death, the acquisition of unlimited
replicative potential, the ability to induce the genesis of blood vessels or angiogenesis
and the ability to form metastases [4]. These six properties, which vary between tumors,
result from alterations in the expression or sequence of oncogenes and tumor suppressor
genes [5].

According to a World Health Organization report published in 2008, the number of
cancer cases worldwide had doubled over the past 30 years, reaching 12 million new cases
and resulting in seven million deaths [6]. In 2020, cancer was responsible for nearly 10 million
deaths, accounting for nearly one in six deaths and being one of the leading causes of death
globally [7]. Projections for 2030 indicate a continued increase to 11.4 million. Although
the growth of cancer therapies is considerable, the study of natural products is a promising
research strategy for the discovery of new drugs [8]. Moreover, two-thirds of the drugs used
in the treatment of cancer are of natural origin or derived from natural products [9].

Aromatic and medicinal plants play a key role in chemical, biological and pharma-
cological activities in general [10]. For thousands of years, they have been used to treat
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various diseases and ailments, thanks to their healing and therapeutic properties [11]. In
addition, many medicinal plants are used as a source of inspiration in the synthesis of
modern drugs [12]. Scientists study the properties of plant extracts to identify the active
compounds that give them their therapeutic properties [13]. These compounds can then be
synthesized in the laboratory to produce more effective and safer drugs. Essential oils (EO)
are natural complexes of volatile and fragrant molecules synthesized by aromatic plants
as secondary metabolites. They possess antimicrobial, antioxidant, anti-inflammatory,
anti-proliferative and anti-cancer properties, particularly due to the presence of bioactive
terpene and phenolic chemical compounds [14]. New research has brought attention to the
potential of essential oils and their chemical components in combating cancer. However,
further investigation is required to understand the specific physiological and molecular
mechanisms responsible for their anti-tumor properties. [15].

1.1. Essential Oils

Essential oils (EOs) are complex natural organic compounds, exhibiting a variety
of organic structures [16]. The term “oils” is used to describe their ability to dissolve in
fats, while the term “essential” is used to denote the distinctive odor produced by the
plants that produce them. [17]. EOs are secondary metabolites biosynthesized by aromatic
plants, which contain specialized structures for their secretion, such as secretory hairs (in
Lamiaceae), secretory pockets (in Myrtaceae) and secretory ducts (in Apiaceae). These
structures vary depending on the plant organ and are also involved in EO storage [18].

EOs are mainly extracted by distillation, but there are other techniques such as cold ex-
traction, supercritical carbon dioxide, and ultrasonic- or microwaveassisted extraction [19].
EOs are generally liquid at room temperature, volatile, flammable, and fragrant, and have
a density generally less than one [20]. Some EOs have a characteristic color, such as blue
tansy, red-brown cinnamon, or green Inula. They are insoluble in water but soluble in
vegetable oils and most organic solvents, such as alcohol and ether. EOs can be oxidized
rapidly and undergo isomerization under the effect of light [21].

The synthesis of essential oils (EOs) occurs through two primary pathways: the meval-
onic acid (MVA) pathway, which occurs in the cytoplasm, mitochondria, and endoplasmic
reticulum; and the deoxyxylulose phosphate or methylerythritol (MEP) pathway, which
takes place in plastids. Depending on the pathway followed, the constituents of essential
oils predominantly belong to two distinct biosynthetic families: terpenoids and phenyl-
propanoids. Monoterpenes (consisting of 10 carbons) and sesquiterpenes (consisting of
15 carbons) are the most commonly found compounds in EOs, although diterpene con-
stituents may also be present [22,23].

The precise function of EOs in plants remains somewhat undefined; however, research
has demonstrated several roles they play. EOs have been found to attract animals involved
in pollination and seed dispersal, act as a defense mechanism against phytopathogenic
organisms, and exhibit allelopathic effects [24].

1.2. Chemical Composition

Essential oils can contain approximately up to about 300 different molecules, but most
of them contain between 20 and 60 molecules. Terpene compounds constitute the majority
of these molecules, but there are also phenylpropanoids as well as other compounds such
as nitric and sulfuric compounds, although their frequency is lower and proportion similar.
Additionally, some essential oils may also contain nitrogen and sulfur compounds [25-28].

1.3. The Essential Groups of Essential Oils

Terpenes and terpenoids are the largest groups, with nearly 3000 terpenes described
in the literature [29]. They include monoterpenes (10 carbon atoms in the molecule),
sesquiterpenes (15 carbon atoms), and diterpenes (20 carbon atoms) [30]. Terpenes are
organic molecules made up of a multiple of five carbon atoms, with a general formula of
(CsHg)n. The base molecule is isoprene [31]. In its reactive form, isoprene is in the form of
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isoprenoylpyrophosphate (IPP), which partially converts to dimethylallylpyrophosphate
(DMAPP). The compounds IPP and DMAPP react together to form geranylpyrophosphate
(GPP), a precursor of C1gp monoterpenes. A second molecule of PPI reacting with GPP
provides farnesylpyrophosphate (FPP), a precursor of Cy5 sesquiterpenes [32]. A third PPI
molecule reacting with FPP provides geranylgeranylpyrophosphate (GGPP), a precursor
of Cyg diterpenes. This process continues for the formation of Cy5 sesterpenes, Cy triter-
penes, and Cy carotenes [33]. The boiling point of terpenes increases with the number of
carbon atoms in the molecule, which means higher mass molecules are less volatile [34].
It is important to mention that essential oils are typically obtained through steam distil-
lation or hydro-distillation methods, resulting in a high concentration of monoterpenes.
However, they contain comparatively lower levels of diterpenes and even less triterpenes
(Figure 1). [35,36].
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Figure 1. Some chemical structures of essential oil constituents.

The phenylpropanoid group is a less common set of phenylpropane derivatives
(CsH5-CH,-CH,-CHs). The precursor of this series is shikimic acid (or trihydroxy-3,4,5-
cyclohexane-1-carboxylic acid), which leads to the cinnamic acid derivatives C¢Hs-CH=CH-
COOH. This second group includes aldehydes (like cinnamaldehyde) and methoxylated
derivatives, as well as allylphenols (like eugenol) and propenylphenols (like anethole). Lac-
tones or cyclic esters (like coumarin) can also form from cinnamic acid derivatives. Some-
times the aliphatic chain is reduced to a single carbon atom, as is the case with vanillin
(Figure 1) [37,38].

Additionally, essential oils often contain nitric and sulfuric compounds as a result of
the degradation of molecules with low or no volatility [39]. For instance, the oxidation of
linoleic and linolenic acids generates unstable peroxides that, upon further degradation,
give rise to alcohols, aldehydes, and lower molecular weight acids. Organic acids are rarely
present in EOs because they react with alcohols to form esters. Carotenes break down
into ionones. Sulfur-containing nitrogen compounds are rare in EOs, but can be found in
roasted, grilled, or roasted foods. Concretes contain high molecular weight molecules, and
the presence of sulfur often imparts a very strong odor. Molecules containing sulfur and
nitrogen are aglycones, glycosinolates, and isothiocyanates. Aglycones represent the sugar-
free component of a glycoside, whereas glycosinolates are compounds containing sulfur or
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nitrogen that are derived from the combination of glycose and an amino acid. Alongside
isothiocyanates, cyanates, and nitric compounds, essential oils (EOs) may contain other
nitrogen-containing molecules as well [40,41].

1.4. Anti-Cancer Properties of Essential Oils

According to the International Agency for Research on Cancer (IARC), in 2012, the
number of new cases of cancer worldwide was 14.1 million, resulting in 8.2 million
deaths [42]. Currently, cancer is the leading cause of death, and it is expected to in-
crease by 70% over the next two decades, cancers of the lung, liver, stomach, colorectal,
breast, prostate and esophagus being responsible for the majority of deaths [42,43]. These
statistics emphasize the increasing demand for the development of novel and innovative
chemotherapeutic drugs in the coming years.

Cancer can be broadly divided into three distinct stages. First, there is the initiation
stage, in which exposure to carcinogens and impaired DNA repair mechanisms leads to
damage and mutations in cells. Subsequently, the promotion stage ensues, characterized
by excessive cell proliferation, alterations in tissue structure, and inflammation resulting
from the expansion of the initially affected cells. Finally, there is the progression stage, in
which preneoplastic cells form tumors through clonal expansion, promoted by increased
genomic instability and alterations in gene expression [44].

Due to the progressive nature of cancer and changes in susceptibility to treatment, each
stage of carcinogenesis requires specific chemotherapeutic approaches. More specifically,
tumor progression is associated with genomic instability resulting from the accumulation
of mutations affecting factors involved in cell proliferation, apoptosis and DNA repair,
among other processes [44,45]. Chemotherapy drugs act mainly during the promotion
stage, by inhibiting cell proliferation, increasing the rate of cell death, and inducing tumor
cell differentiation [46].

Although research into the use of essential oils (EOs) as cancer therapeutic agents is
relatively recent, it is interesting to note that nearly half of conventional chemotherapy
agents are of plant origin, of which approximately 25% are directly derived from plants
and 25% are chemically modified versions of plant products [47]. An example of such
molecules is paclitaxel, also known by the trade name Taxol, which was originally extracted
from the bark of the Taxus brevifolia tree [4]. The mechanism of action of this substance
relies on disrupting the process of cell division, known as mitosis, by specifically targeting
tubulin, a protein component of the cellular cytoskeleton. This action triggers the activation
of the mitosis checkpoint and subsequently induces apoptosis, or programmed cell death,
in cancer cells. [48]. Paclitaxel is used as a therapeutic agent, alone or in combination with
other drugs, to treat different types of cancer, including ovarian, breast, and pancreatic
cancers [48]. Due to the depletion of natural sources, the laboratory synthesis of this drug
was necessary, mainly by a synthetic route involving patchoulol, a component of essential
oils, to produce patchoulol oxide [49].

More recently, researchers including Altshuler and his team have found that the enan-
tiomer (+)-citronellal, a major component of the essential oils of Corymbia citriodora and
Cymbopogon nardus, is also an effective compound in disrupting microtubule formation,
similarly to well-known microtubule-disrupting agents such as colchicine and vinblas-
tine [50]. This discovery highlights the potential of essential oils as anti-cancer therapeutic
agents and opens new perspectives for their use in the treatment of cancer. However, it
should be emphasized that more research is needed to assess their effectiveness and safety,
as well as to determine the best application and dosage approaches.

EOs have demonstrated anticancer properties through various mechanisms. These
include cancer prevention mechanisms, direct effects on established tumor cells, and
interactions with the tumor microenvironment (Figure 2) [51,52].
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Figure 2. Essential oils cancer preventative and anticancer mechanisms of action. EOs possess antimu-
tagenic, antiproliferative, antioxidant, and detoxifying capabilities acting on various pathways in the
cancer cell, as well as cancer preventative capabilities. EOs may directly inhibit mutagen entry into the
cell. EOs can decrease phase I enzymes such as CytC, preventing mutagen formation, and increase phase
IT enzymes such as GST, UGT, QR, and EH for enhanced detoxification. EOs bind ROSforming reactive
phenoxy radicals, which bind more ROS and increase antioxidative enzymes CAT, SOD, GPx, and GSH,
thus preventing oxidative damage as a cancer preventative mechanism. EOs disrupt mitochondrial
membrane potential causing an increase in ROS and decrease in GSH, release of CytC, resulting in a
cascade of disruption in Bcl/Bax ratio, increase in caspase 3 and caspase 9 activity, and PARP cleavage,
resulting in apoptosis. EOs suppress mTOR and pPDK1 causing PKB dephosphorylation, which dually
acts to initiate caspase activity and deactivate mdm?2, causing an increase in p21 to further initiate caspase
activity resulting in apoptosis. Increased p21 also induces G1/S phase cell cycle arrest. EOs cause a
decrease in CDK7, blocking CDK1/cyclin complex causing G2/M phase cell cycle arrest. Bax: B-cell
lymphoma 2-associated X protein; Bcl-2: B-cell lymphoma 2; CAT: catalase; CDK: cyclin-dependant
kinase; CytC: cytochrome C; CytP450: cytochrome P450; EH: epoxide hydrolase; EO: essential oil; ER:
endoplasmic reticulum; ETC: electron transport chain; GPx: glutathione peroxidase; GSH: glutathione;
GST: glutathione S-transferase; mdm2: murine double minute 2; mTOR: mechanistic target of rapamycin;
MITO: mitochondria; NF«B: nuclear factor-«B; PARP: poly ADP ribose polymerase; pPDK1: protein
pyruvate dehydrogenase kinase 1; PKB: protein kinase B; QT: quinone reductase; ROS: reactive oxygen
species; SOD: superoxide dismutase; UGT: uridine 5'-diphospho-glucuronosyltransferase.

1.5. Antitumor Properties of Essential Oils

Although significant progress has been made in comprehending the mechanisms of cell
transformation, cancer continues to pose a significant global health challenge, primarily due
to the emergence of multidrug resistance (MDR) in transformed cells. Cellular plasticity and
flexibility, as well as high exposure to anticancer drugs, make tumors resistant [53-56]. EOs
whose antitumor properties have been known since antiquity through empirical studies,
have been the subject of numerous publications confirmed by in vitro studies, showing their
cytotoxic action against different tumor cell lines (Table 1). Several molecules present in
essential oils; in particular, phenols (such as carvacrol, thymol and eugenol), alcohols (such
as linalool), and aldehydes (such as cinnamaldehyde) possess antitumor properties [57].
EQOs containing high levels of these compounds typically demonstrate the most effective
anti-tumor properties when tested against human cancer cell lines [58]. Certain plant
essential oils, such as eucalyptus, chamomile, mugwort, and verbena officinalis, possess
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the ability to induce apoptosis in tumor cells. Additionally, other essential oils have the
capacity to disrupt the mitochondrial membrane potential [59].

Table 1. Essential oils composition of some plants with antitumor properties.

Family

Main Components

References

Cupressaceae

B-pinene;
x-pinene.

[60]

Cupressaceae

D-verbenol;
Cedrol;
L-verbenol.

Cupressaceae

Camphor;
Bornyl d’acetate.

Euphorbiaceae

Viridiflorene.

Flacourtiaceae

B-caryophyllene;

a-humulene.

1,8-cineole;
Borneol;
Camphor;
Carvacrol;
D-germacrene;
Limonene;
p-cymene;
Thymol;
a-thujone;
y-terpinene.

Lamiaceae [65-68]

Caryophyllene;

Meliaceae B-caryophyllene.

B-caryophyllene;

Myricaceae
y a-humulene.

Myrtaceae a-pinene; B-caryophyllene. [71]

x-pinene;
Sabinene;
Rosaceae v-eudesmol; [72]
a-thujene;
a-humulene.

B-caryophyllene;

Rutaceae
B-elemene.

1.6. Antiproliferative Mechanisms of Action of Essential Oils

Resistance to cell death, sustained proliferative signaling, and evasion of growth
suppressants are key hallmarks of cancer [74]. Consequently, it is vital to devise therapeutic
approaches that target apoptosis (programmed cell death) induction and cell proliferation
arrest. Research has shown that EOs can trigger both intrinsic (mitochondria-dependent)
and extrinsic (death receptor-dependent) pathways of apoptosis.

Girola et al. (2015) examined the antitumor properties of a compound called camphene,
isolated from the essential oil of Piper cernuum, on melanoma cells. Their results showed
that this compound was able to induce apoptosis by activating the caspase-3 pathway,
while also triggering endoplasmic reticulum (ER) stress signaling [75]. Another study
investigated the mechanism of action of carvacrol, a monoterpenoid phenolic compound
abundant in the essential oils of oregano and thyme [76]. In a metastatic breast cancer cell
line called MDA-MB-231, carvacrol induced apoptosis by causing permeabilization of the
mitochondrial membrane, resulting in release of cytochrome C, activation of caspases (indi-
cated by cleavage of poly ADP ribose polymerase (PARP)), and DNA fragmentation [76].
Frankincense extracts derived from Boswellia sacra have also been studied and shown an
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ability to induce apoptosis with PARP cleavage in MDA-MB-231 cells, with increased
specificity towards cancer cells [77]. Studies have also revealed that citral, present in several
essential oils, induces caspase activation and, consequently, apoptosis in different types
of cancer cells, including colorectal cancer and glioblastoma [78-80]. In addition, citral
treatment was associated with reduced expression of factors promoting cancer cell growth
and survival, such as aldehyde dehydrogenase 1A3 (ALDH1A3) and microtubule affinity
regulatory kinase 4 (MARK4) [81,82].

Protein kinase B (PKB) is a key molecule involved in cell metabolism, transcription,
cell cycle progression, and survival [83]. A study showed that Litsea cubeba seed oil vapor
induced cell cycle arrest and apoptosis in non-small cell lung carcinoma cells, a type
of cancer with a high mortality rate [84]. These effects were attributed to a significant
decrease in the expression of the protein mTOR (mechanistic target of rapamycin) and
phosphorylation capacity of PPDK1 (protein pyruvate dehydrogenase kinase 1), which
led to the dephosphorylation of PKB and activation of the caspase-dependent apoptosis
pathway [84]. In addition, PKB dephosphorylation inactivated the mdm2 (murine double
minute 2) protein, leading to increased p21 expression and subsequent caspase initiation
after G1 phase arrest/S of the cell cycle [84]. The dual mechanism of action of essential oils
provides them with antiproliferative and antioxidant properties. Direct vapor inhalation of
essential oils may offer advantages for localized delivery to the site of lung cancer [84].

In another study, Wu et al. (2013) demonstrated that administration of organosulfur
compounds from garlic significantly reduced cell viability in a dose- and time-dependent
manner, with diallyl trisulfide being the most effective [85]. These effects were observed in
a hepatic tumor cell line called ]J5, where they induced G2/M phase cell cycle arrest and
cell death through decreased expression of cyclin-dependent kinase (CDK) 7, resulting in
inhibition of the CDK1/cyclin complex [85].

Abnormally elevated expression of nuclear factor kB (NFkB) is associated with can-
cer initiation and progression [86-88]. a-Terpineol, a monoterpenoid alcohol, has been
shown to downregulate NF«B transcription in different tumor cell lines, with a particularly
pronounced inhibitory effect on the small-cell lung carcinoma cell line NCI-H69 [89]. Ad-
ditionally, a-terpineol has been found to have synergistic properties with linalyl acetate,
another monoterpene, in colon cancer cells. This combination inhibited NF«B expression
and led to apoptosis [90].

1.7. Cancer Cell Specificity of Essential Oils

Conventional chemotherapy drugs are more cytotoxic to cancer cells due to their
higher rate of cell division. However, this cytotoxic action presents problems of cell
specificity and associated toxicity for healthy cells [91]. The resulting side effects can
impede healing and pose a danger to the patient’s life. Current therapeutic approaches,
such as surgery followed by chemotherapy, radiotherapy, and immunotherapy offer better
chances of cancer treatment and remission [91]. However, they do not fully address the
need for cancer cell-specific therapy or a larger therapeutic window between normal and
cancer cells. Although the new targeted strategies represent a significant improvement,
they still face cell-specificity issues and high attrition when moving from preclinical studies
to clinical application [91]. The use of monoclonal antibodies shows high selectivity, but
limited cytotoxic activity [92]. Thus, the combined administration of monoclonal antibodies
and conventional chemotherapy drugs represents a potential route to address this issue,
delivering the highly cytotoxic agent specifically to cancer cells [92].

In this context, the use of essential oil (EO) extracts as unique therapeutic agents has
been demonstrated in several in vitro studies, showing targeting specificity towards cancer
cells and absent or greatly reduced cytotoxicity towards healthy cells, through various
mechanisms of action (Table 2).
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Table 2. Essential oils bearing plants and major constituents with targeted cytotoxicity to cancer cells

in in vitro studies.

Species Col\::i(::fxg(s) Cancer Cell Lines Noncﬁn::sr Cell Maj cg;:::::; ftsi::-:g EO Mechanisms Reference
Cytotoxic to cancer cells
Carvacrol, p-cymene, Mouse fibroblast (ICsp 0.347 mg/mL) and Antioxidant
Thymus fallax thymol, 'y-l:erginene DLD-1 (CRe) (L.929) noncytotoxicgto normal activity 193]
cells (IC5p 22 mg/mL)
Cytotoxic to cancer cells
(EO dilution ICs 1:900 for
a-pinene, a-thujene, T47D. MCE7 Immortalized TDA47, 1:1000 for MCF?7,
Boswellia sacra B-pinene, myrcene, MD. A-M,B-231 (i3c) normal human 1:950 for MDA-MB-231) Antiproliferative [77]
boswellic acid breast (MCF10-2A) and noncytotoxic to
immortalized normal cells
(EO dilution ICs) 1:680)
Cytotoxic to cancer cells,
particularly HepG2 (ICsp
1,8-cineole, 31.8 ng/mL), Hela (ICsp
p-propylbenzaldehyde, Bel—I;If(%G(ij)n}(-jleLa (}?f_ I;%(EC)}:E 4 66.46 p1g/mL) and Bel-7402
raniol, geranial, o . (ICs0 96.08 g/mL), with . . . )
Amomum tsaoko 8¢ g (Cc), A549 (Lo), umbilical vein .S Antiproliferative [94]
«-terpineol, SGC-7901 (GAC) endothelial less cytotoxicity towards
a-phellandrene, neral, PC-3 (Pc) 4 (HUVEC) HL-7702 (ICso
B-pinene 272.4 ug/mL) and HUVEC
(ICsp 163.91 pg/mL). No
cytotoxicity towards A549
Geranial, neral, geraniol, African green Cytotoxic to cancer cells
Lippia alba (Citral trans-B-caryophyllene, Hela (Co) monke l%i dne (CCs0 3.5 ug/mL) and Citral-dependent [95]
chemotype) 6-methyl-5-hepten-2-one, (VZro) y noncytotoxic to normal cytotoxicity -
limonene, linalool cells (CCsp > 100 pg/mL)
Duva-3,9,13-trien-
1,5alpha-diol-1-acetate, Cytotoxic to cancer cells
Boswellia s octyl acetate, o-methyl (no viable cells after EO
(1200 m, /rEL anisole, naphthalene Human urothelium dilution 1:1100 after 24 h)
franki & decahydro-1,1,4a- J82 (Blc) URO and noncytotoxic to Antiproliferative [96]
rankincense gum trimethyl-6-methylene-5- ( tsa) normal cells (no viable
resin) Yy Yy s
(3-methyl-2-pentenyl), cells after EO dilution
thunbergol 1:400)
(Mikhaeil et al., 2003)
Cytotoxic to HeLa (CDsp
63.3 pg-ml~! % A549 (CDs
Bicyclogermacrene, Monkey kidne 60.7 pg-ml~') and HT-29
Casearia sylvestris p-caryophyllene, HeLa (Cc), A549 (Vero) gnd micz (CDsp 90.6 g ml 1) with Cytotoxicity [97]
spathulenol, (Lc) HT-29 (CRc) macrophages less cytotoxicity to Vero
a-humulene, a-pinene phag (CDsp 210.1 pg-ml~') and
macrophages
(CDsp 234.0 pg-ml™!)
Cytotoxic to HeLa (CDsp
) 90.7 g /mL), A549 (CDso
Zanthoxylum oc-hilg.x_rcnaﬁ,e%lihil-le;zne HeLa (Cc), A549 Xlsg;egnlémxlnni?e] 82.3 ug/mL), and HT-29 Cvtotoxicit 98]
thoifolum Lam - -pinene, (Lc) HT-29 (CRe) (CDsp 113.6 ug/mL) and y y
myrcene, linalool macrophages .
noncytotoxic to normal
cells (CDsg > 600 ng/mL)
BS-241 (Mouse
Sabi T-cell lymphoma) EO dilution of 1:5000 killed
Commiphora ? ADINENS, MoFir Normal human skin criution of e A .
gileadensis -Caryophylleng, (Epstein Barr virus fibroblasts (FB) 87% of BS—24-1Acells and Antiproliferative [99]
germacrene D, x-pinene transf dh 40% of MoFir cells
ransformed human
B lymphocytes)
Cytotoxicity to cancer cells
Epidermal A431 and HaCaT (<20%
Aniba rosacodora Rosewood essential oil A431 (Ec), HaCaT keratinocytes viability) and minor Cytotoxicity [100]

(REO), linalool

(pre-cancerous)

(HEK001, NHEK)

cytotoxicity to normal cells
HEKO001 and NHEK (>70%
viability)

Note. Cytotoxicity is expressed as the concentration of the essential oils inhibiting cell growth by 50%; CRc: colorectal
cancer; Bc: breast cancer; Lc: lung cancer; Cc: Cervical cancer; GAC: gastric adenocarcinoma; Pc: prostate cancer; BLc:
bladder carcinoma; Ec: epidermoid carcinoma; IC50: inhibitor concentration 50; CC50: cytotoxic concentration.

Boswellia sacra extracts have shown very promising results both in vitro and in vivo.
They have been shown to be cytotoxic to three breast cancer cell lines (T47D, MCF7, and
MDA-MB-231) at varying concentrations, while preserving the viability of MCF10-2A
immortalized normal human breast cells [77]. This study also showed that Boswellia sacra
extracts hydrodistilled for 12 h at 100 °C were more potent than essential oil extracts
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prepared at 78 °C, due to a greater amount of boswellic acid present. Apoptosis markers,
such as caspase 3 activity, PARP cleavage, and DNA fragmentation, were rapidly activated
in MDA-MB-231 cells, but not in MCF10-2A cells [77]. Importantly, treatment with the
extracts blocked the growth of T47D-derived multicellular tumor spheroids, indicating
their potential for efficacy in in vivo models [77]. Similarly, Boswellia sacra demonstrated
cell-specific cytotoxicity in a dose-dependent manner in the bladder transitional cell carci-
noma cell line J82, in contrast to the lack of cytotoxicity observed in the normal bladder cell
line UROtsa [96]. Treatment of J82 cells rapidly resulted in cell shrinkage and plaque de-
tachment, while no changes were observed in UROtsa cells. This effect was associated with
a decrease in the expression of 47 genes after treatment with the essential oil extracts, whose
functions include transcription factors, cell cycle regulation, and cell proliferation [96].
Finally, Boswellia sacra has also demonstrated cytotoxicity towards human pancreatic cells,
both in culture and in a xenograft mouse model. This was manifested by repression of cell
cycle regulators and activation of the caspase pathway in vitro, as well as decreased tumor
cell growth and tumor cell death in vivo [101]. Similarly, similar to the findings of Suhail
etal. (2011) [77], it was observed that the potency of the essential oil extract was enhanced
as the hydrodistillation temperature increased. This increase in temperature positively
correlated with cytotoxicity, attributed to the extraction of higher levels of boswellic acids
and sesquiterpenes.

The EO extracts of Amomum tsaoko have demonstrated cytotoxicity against different
human cancer cell lines, such as liver cancer (HepG2 and Bel-7402), cervical cancer (HeLa),
gastric adenocarcinoma (SGC-7901), and prostate cancer (PC-3) [94]. It should be noted
that these extracts were less effective against normal HL-7702 hepatocytes and umbilical
vein endothelial cells (HUVEC) [94]. The individual components of this EO blend, namely
eucalyptol and geraniol, were also evaluated [94]. Eucalyptol showed no cytotoxicity
against cancer cell lines, while geraniol showed minimal cytotoxic effect on all cancer cell
lines, but significantly less than the effect of the complete EO mixture [94]. Hence, the
synergy between eucalyptol and geraniol, along with other components present in essential
oils, may contribute to their cytotoxic activity [94].

1.8. Synergism of Essential Oils Extracts with Conventional Chemotherapeutic Agents: Potential
of Combination Therapy Using Essential Oils

Research studies have indicated that certain specific components of essential oils can
enhance the cytotoxic activity of chemotherapy drugs in various cell lines (refer to Table 3).
This enhancement enables the use of lower drug concentrations while still achieving a
similar therapeutic effect [102,103].

Table 3. In vitro studies of essential oils in combination with conventional chemotherapy agents.

Chemotherapy Drug EO Constituent
Cell Lines Used Alone and Used Alone and Combined EO and Chemotherapy Drug Reference
Concentration Concentration
Prostate cancer cell Docetaxel ICs, d-limonene ICs 1
(DU-145) 58 M 28 mM ICs0 docetaxel 1.9 mM and d-limonene 0.2 mM [102]
Paclitaxel B-caryophyllene B-caryophyllene B-caryophyllene
Human breast cancer 0.025 pg/mL~! resulted in no 2.5 ug/mL~! and Paclitaxel 10 ug/mL~! and Paclitaxel [103]
(MCF-7) resulted in 28% cell inhibition of cell 0.025 pg/ mL~! resulted in 0.025 ug/ mL~! resulted in :
growth inhibition growth 50% cell growth inhibition 68% cell growth inhibition
Human colorectal ;’achtaxei B ﬁ-car}{o%hyllene ) ﬁ-caLrX?ph}éll;nel el 1 /S-cirzflophglijeni~ 1
adenocarcinoma 0.025 pg/m resulted in no .5 ug/mL™" and Paclitaxe 0 ug/mL™" and Paclitaxe [103]
(DLD-1) resulted in 17.3% cell inhibition of cell 0.025 ug/ mL~1 resulted in 0.025 ug/ mL~?! resulted in
growth inhibition growth 91% cell growth inhibition = 189% cell growth inhibition
Paclitaxel B-caryophyllene B-caryophyllene B-caryophyllene
Mouse fibroblast 0.025 pg/ mL~! resulted in no 2.5 ug/ mL~! and Paclitaxel 10 ug/ mL~! and Paclitaxel [103]
(L-929) resulted in 18.4% cell inhibition of cell 0.025 pg/mL ! resulted in ~ 0.025 pg/mL ! resulted in

growth inhibition

growth

36% cell growth inhibition

123% cell growth inhibition
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Docetaxel is commonly used as first-line treatment for hormone-refractory prostate cancer,
with a median survival of approximately 20 months [102]. However, this drug is associated
with serious side effects and usually administered with other treatments with dose-dependent
toxicity for patients [102]. A study has shown that limonene, a specific compound, exhibits
cytotoxic activity against the DU-145 prostate cancer cell line when used alone. When given
in combination with docetaxel, it sensitized the cells to this drug in a dose-dependent manner,
which allowed the use of much lower doses of docetaxel, reaching the IC50 in concentrations
ranging from from 2.8 nM to 1.9 mM [102]. In addition, limited toxicity was observed towards
normal prostate epithelial cells. Further analyses of the effects of this combination treatment
revealed an increase in ROS production from mitochondrial-dependent and independent
pathways, as well as an increase in cytochrome C release, p53 stabilization, and cleavage of
caspase and PARP after exposure for 0 to 48 h [102].

The use of limonene not only reduces the required dosage of the toxic drug docetaxel
but also offers the advantage of low toxicity in humans. Furthermore, there is a possibility
that this combination could be effective in cell lines which are resistant to docetaxel [102].

B-Caryophyllene, although not cytotoxic as a single agent, has been shown to signifi-
cantly enhance the cytotoxic activity of paclitaxel in different cancer cell lines. Specifically,
the strongest effect was observed on DLD-1 cells treated with a combination of paclitaxel
and 10 ng/mL B-caryophyllene, which resulted in an approximately 10-fold increase in
paclitaxel activity [103]. B-Caryophyllene has been shown to increase cell membrane per-
meability, thereby promoting the absorption of paclitaxel. This increase in permeability is
probably due to the accumulation of -caryophyllene in the lipid bilayer of the membrane,
which alters the permeability for substances such as paclitaxel [103].

Neutropenia is a common side effect of cancer itself, as well as treatments such as
chemotherapy and radiation therapy. In particular, radiation therapy targeting sites of bone
marrow proliferation can lead to neutropenia [104]. Cancer-associated neutropenia is asso-
ciated with a high mortality risk due to increased susceptibility to Gram-negative bacterial
infections, and when accompanied by fever, it is considered an oncology emergency [104].
Current treatment options are limited, and administration of granulocyte-colony stimulat-
ing factors (G-CSF) may be considered in some patients to promote granulocyte production
in the bone marrow. In some cases, modification of the chemotherapy dose may also be
appropriate [104].

A study by Zhuang et al. (2009) examined 105 patients with non-end-stage breast,
colon, nasopharyngeal, or lung cancer. The results showed a significant reduction in
leukocyte (14.2%) and neutrophil (11%) depletion in the treated group compared to the
control group over a period of 6 weeks [105]. Flow cytometry analysis revealed a greater
decrease in CD4 cells and natural killer cells in the placebo group compared with the
group treated with a complex of Chinese herbal medicines (CCMH) [105]. The main
component of CCMH was citronellol, a potent antioxidant compound known for its anti-
cancer, anti-inflammatory, and woundhealing properties, with a concentration of 273.6 mg
per capsule [105]. However, the study does not provide specific details on the role of
citronellol and other components in the observed results. Therefore, the exact mechanism
of action remains to be elucidated.

Previous studies have demonstrated that geraniol can increase the sensitivity of cancer
cells to the conventional chemotherapeutic agent, 5-fluorouracil (5-FU), while also pro-
moting drug absorption [106,107]. Moreover, when combined with the potent carcinogen
dimethylhydrazine, geraniol demonstrated chemoprotective effects on normal colonic cells
in rats [108]. This protection is explained by a reduction in DNA damage compared to
control groups that did not receive essential oil extract [108].

1.9. Mechanisms of Anti-Cancer Action

The mechanisms of anticancer action of essential oils are multiple and complex. Some
molecules present in essential oils have the ability to disrupt the cell cycle by blocking cell
proliferation and inducing apoptosis (programmed cell death) [109]. Others can interfere
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with cell signaling and inhibit the formation of new blood vessels (angiogenesis) necessary
for tumor growth [110]. In addition, essential oils can also induce oxidative damage to
tumor cells by disrupting their redox balance. Some compounds also have the ability to
alter the physicochemical properties of the cell membrane, which can lead to membrane
instability and loss of cell function [111].

It is important to note that the mechanisms of anticancer action of essential oils can
vary depending on the type of cancer targeted and specific composition of the essential oil
used [112]. Additionally, more in vivo and clinical studies are essential to better understand
the efficacy and safety of essential oils as a potential cancer treatment [113].

Although much research has been carried out in the field of chemotherapy using sub-
stances isolated from aromatic plants [114], few studies have investigated the mechanism
by which whole EO or one of its constituents acts on tumor cells [115]. Although most
studies report specific toxicity to cancer cells in the absence of toxicity to control cells, it is
well known that some compounds such as safrole or isoeugenol are dangerous; and it is
crucial to assess the toxicity of EO constituents in vitro and, in particular, in vivo [116]. The
mechanisms involved are very diverse (Figure 3 and Table 4), ranging from structural levels
to molecular levels (regulation of gene transcription) and metabolic levels (production of
reactive oxygen species in cancer cells) [117].
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Figure 3. Principal mechanisms of antitumor activities for essential oils.

Table 4. Antitumor activity of the main components of essential oils.

Components Antitumor Activity Animal and/or Cell Line Tested References
v' Human breast adenocarcinoma

V" The halting of cell cycle progression (MCF-7)
and the initiation of apoptosis v" Leukemic cell line in mice

v' Antioxidant activity v' Malignant colon cell line (Caco-2)

Carvacrol V' Inhibition of DNA synthesis v Induced tumor in rats [118-122]

V' Prevention of hepatocellular V' The cell line used in this study is

carcinogenesis HepG2, derived from hepatocellular

adenocarcinoma
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Table 4. Cont.

Components Antitumor Activity Animal and/or Cell Line Tested References
v' Cell cycle arrest V" The colon cancer cell line used in this
v" Morphological and functional study is Caco-2
blocking of cell differentiation v" Human cancer cell colonies
] v" The impact of geraniol on the V' The cell line employed in this study is
Geraniol metabolism of fatty acids and HepG2, which represents human [123-126]
mevalonate in human cell lines hepatocellular carcinoma.
V' Apoptosis induction and inhibition of Additionally, the study explores
RhoA activation hepatocarcinogenesis in rats
v/ Stimulation of apoptosis and the
exertion of an antianglogenic imp act /' Adenocarcinoma of human colorectal
V' Activation of detoxification enzymes cancer
such as glutathione-S-transferase . . .
1 . v' Induction of carcinogenesis in rat
) (GST) and uridine diphosphate mammary (DMBA)
Limonene glucuronosyltransferase (UDPGT) v Insilico ay roaches [127-130]
V' Strong affinity with HMG-CoA PP . .
v" Human pancreatic carcinoma cells
reductase (PaCa)
v' Effects on the intracellular
communication gap junction
v" Elevation of reactive oxygen species
and reduction in evels epatocellular carcinoma (He
) (ROS) and reduction in ATP level v Hep 1lul i (HepG2)
Linalool v" Induction of apoptosis via activation v/ Human lymphoma (Raji) [131,132]
of p53 and CDKIs
v' Human breast adenocarcinoma
. . (MCEF-7)
v Haclltmg .of'the cfell cycle progression v Melanoma lineage (B16-F10)
Thymol an .lm,téa“o“ of apoptosis v Mast Cell Cell Line (P815) [133-135]
v’ Antioxidant activity v Human intestinal cell line (Caco-2)
v" Human hepatocellular (HepG2)
V' Suppression of Akt phosphorylation,
promotion of apoptosis, and
m.hlbltlo.n of HDAC2 p.rotem V" Melanoma cell line (51L8A)
v/ Stimulation of apoptosis .
. . v" Human mammary adenocarcinoma
Thymoquinone v Haclltmg of the cefll cycle pro}gfressmn (MDA-MB-468) [136,137]
and induction of apoptosis by . MR
influencing the Akt pathway V' Breast cancer cell line (MDA-MB-231)
v" Regulation of the activation of the

PPAR-y pathway

1.10. Suppression of Inflammation and Reduction of Oxidative Stress

Inflammation and oxidative stress have been associated with the progression of cancer.
However, they can also play a role in its development [138]. While multiple studies have
shown that the anti-cancer properties of certain compounds found in EOs are associated
with inflammation reduction, EOs also target various molecular pathways to inhibit and/or
halt tumor cell proliferation. EOs can induce apoptosis by directly activating pro-apoptotic
proteins or via signaling pathways, arrest the cell cycle directly or by inhibiting the activity
of protein kinases, and modify the membrane potential of cancer cells [139,140].

As EOs contain several compounds, several mechanisms can act in synergy to generate
an amplifying action on oxidative stress [141,142]. As an illustration, limonene has been
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shown to replenish diminished levels of glutathione-peroxidase, catalase, glutathione, and
reductase. Similarly, eugenol has been found to restore glutathione levels in skin exposed
to the carcinogen DMBA. Additionally, geraniol has demonstrated inhibitory effects on the
production of nuclear factor kappa B (NF-kB), a crucial transcription factor involved in the
synthesis of pro-inflammatory proteins within the body [143,144]. The connection between
NEF-«kB’s inflammatory activity and development of cancer, resistance to therapy, tumor
angiogenesis, and metastasis is extensively recognized and documented. Eugenol has
been demonstrated to effectively diminish NF-«B levels in the treatment of induced gastric
carcinomas in rats. Moreover, other research studies have indicated that compounds like
eugenol alleviate inflammation by targeting additional factors such as cyclooxygenase-2
(COX-2), cytokines, and inflammatory molecules including IL-13, IL-6, TNF-alpha, and
PGE2. [145,146].

1.11. Generation of Reactive OXYGEN Species within Cancer Cells

The elevation of free radicals and oxidative stress within cancer cells can potentially
exert an anti-tumor influence. Certain terpene constituents found in essential oils, like
B-caryophyllene, demonstrate the ability to selectively stimulate the production of reactive
oxygen species (ROS) within cancer cell mitochondria, while avoiding an escalation of
oxidative stress in normal cells. Conversely, thymol appears to generate a stable intermedi-
ate known as a phenoxy radical, which subsequently generates free radicals and oxidized
derivatives of quinones. This process has been associated with the demise of melanoma and
osteosarcoma cells. [147]. Furthermore, a study conducted by Dipanwita et al. (2011) [148]
demonstrated that thymol stimulates the production of hydrogen peroxide within the
mitochondria of cancer cells. Additionally, eugenol has the ability to induce oxidative stress
in cancer cells and reduce glutathione levels.

1.12. Owverexpression and Detoxification of the Liver

Some terpenoids have the ability to inhibit the enzymes involved in the initiation
phase of carcinogenesis. This effect is associated with the induction of phase I and phase
II enzymes involved in xenobiotic metabolism. These enzymes aid in the detoxification
of carcinogens, reducing their impact on DNA and thereby lowering the risk of cancer.
Among these enzymes, glutathione-S-transferase is one of the most important and can be
increased by 30% thanks to the action of some terpenoids, such as limonene, which is the
main component of lemon EO [149-151].

1.13. Alteration of Mitochondrial Membrane Potential

An increasing body of research demonstrates the favorable impacts of essential oils
on cancer, primarily through the modulation of membrane polarization in cancerous cells,
especially the mitochondrial membrane. Terpenoids, due to their high lipophilicity, exhibit
a notable affinity for cell membranes. Kim et al. (2012) [152], found that geraniol induces
apoptosis in prostate cancer by altering the polarization of the mitochondrial membrane of
cancer cells. Additionally, cancer cells are often hyperpolarized, and terpenes help depolar-
ize the membrane, thereby restoring normal cell processes, including apoptosis [153,154].
a-bisabolol and thymol are also effective against acute lymphoid and myeloid leukemias
by modifying the polarization of the mitochondrial membrane [155]. Germacrone appears
to have a similar effect on the mitochondrial membrane of breast cancer cells, and geraniol
also induces colon cell membrane depolarization [156]. B-elemene and other terpenes have
been found to modify the membranes of cancer cells. Terpenoids can trigger the release
of cofactors, including cytochrome C, from the mitochondria of cancer cells, leading to
caspase-dependent apoptosis activation [157]. One pathway that can enhance the perme-
ability of the inner mitochondrial membrane to water and small molecules is through the
opening of transition pores. Terpenoids such as a-bisabolol seem to target this mechanism.
Modulating the membrane potential can also influence the opening or closing of ion chan-
nels, subsequently altering intracellular pH and inducing various cellular responses. For
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instance, thymol and carvacrol are capable of inducing apoptosis through the mitochondrial
pathway by opening calcium channels, leading to the release of Ca?* into the endoplasmic
reticulum of osteosarcoma cancer cells. [158,159].

1.14. Activation of Apoptosis by Caspases

Multicellular organisms use two distinct mechanisms to regulate their cells: apoptosis
and necrosis. Apoptosis, also known as programmed cell death, is crucial for embryonic
development, cell differentiation, maintenance of tissue homeostasis, and regulation of
the immune system [160]. This complex process involves the activation of genes involved
in programmed death, and mutations in these genes can lead to various human diseases,
including cancer [161]. Key features of apoptosis include condensation of cytoplasm and
nucleolus, DNA fragmentation, and polymerase degradation [162]. Apoptosis is a crucial
pathway for anticancer agents, although tumor cell resistance to most cytostatic agents
poses a major challenge in cancer therapy [163]. Understanding the signaling pathways
that control the induction of apoptosis by cytostatic agents in tumor cells is therefore crucial
to improve cancer therapy [164].

Numerous studies have demonstrated that specific compounds like thymol, thy-
moquinone, and terpenes possess the ability to induce apoptosis through both caspase-
independent and caspase-dependent pathways, albeit in a tissue-specific manner [165].
These agents have exhibited their efficacy in activating various caspases, notably caspases 3,
7,8,and 9, which are triggered in different cancer cell lines encompassing prostate, glioma,
breast, colon, lung, and leukemia [166]. f-Caryophyllene, a-bisabolol and B-elemene are
other terpenes that can activate caspases. Finally, germacrone has also been identified as an
activator of caspases 3, 7 and 9 [167].

1.15. Cell Cycle Arrest

In a study by Yin et al. [168], it was demonstrated that thymol can impede the tran-
sition of the cell cycle from the GO phase to the G1 phase. Similarly, Rajput et al. [169]
found that thymoquinone specifically targets the Akt pathway, inhibits cyclin D1, halts
the cell cycle, and induces apoptosis in breast cancer cells. Additionally, in another study,
Tundis et al. (2009) [170] revealed the participation of PARPy pathways in the anti-cancer
effects of thymoquinone on breast cancers. In vitro investigations have indicated that prior
exposure of tumor cells to thymoquinone, followed by the administration of gemcitabine
or oxaliplatin, enhances growth inhibition compared to using gemcitabine or oxaliplatin
alone. [171]. The mechanisms underlying these effects involve the dysregulation of NF-«B,
Bcl-2 family genes, and NF-kB-dependent antiapoptotic genes. Thymoquinone disrupts
the expression of NF-«kB, which provides an explanation for its diverse cellular activities.
Sethi et al. (2008) [172] also showed that this compound is involved in the activation of
apoptosis pathways via the suppression of NF-«B. In humans, thymoquinone inhibits cell
proliferation in melanomas, sensitizes to chemotherapy, and activates STAT transcription
pathways. In another study conducted by Yazan et al. (2009) [173], it is proposed that
this compound exhibits a cytotoxic effect by inducing apoptosis through a P53-dependent
signaling pathway:.

1.16. Modification of Signaling Pathways (Disabling the PI3K/Akt/NF-xB Pathway)

In order to control cancer growth, deactivating the PI3K/Akt/NF-«kB pathway has
been identified as a strategic approach [174]. Numerous cancers, including leukemia,
exhibit overexpression of genes that lead to phosphoinositide 3-kinase (PI3K)/Akt acti-
vation, making it a crucial target for cancer therapy [175]. The PI3K signaling pathway
plays a role in regulating cell growth and glucose metabolism [176]. It impacts protein
synthesis through the mTOR enzyme and influences glucose uptake and utilization [177].
Activation of the PI3K pathway renders cancer cells dependent on high glucose flux [178].
By targeting this pathway, compounds like geraniol can influence the metabolic aspect of
cancers, such as prostate cancer that heavily relies on glucose for energy production [179].
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Cancer cells predominantly rely on aerobic glycolysis in the cytoplasm (fermentation of
pyruvate to lactate, resulting in only two ATP molecules per glucose molecule) rather
than oxidative phosphorylation in the mitochondria (production of 36 ATP molecules per
glucose molecule) [180]. Geraniol’s inhibition of mTOR in cancer cells can also reactivate a
process known as “autophagy,” leading to cell death [181]. Derivatives of B-Caryophyllene
have also shown potential in acting through this biochemical pathway against breast and
prostate cancers, while a-bisabolol demonstrates activity against pancreatic cancer and
B-elemene exhibits effectiveness against stomach and lung cancers [182].

1.17. Modification of the AMPK Pathway

AMP-activated protein kinase (AMPK) serves as a cellular energy state sensor and
plays a crucial role in regulating energy metabolism [183]. While its beneficial effects
have primarily been associated with type II diabetes, there is increasing interest in its
involvement in cancer cells [184]. This protein functions as a mediator for the tumor
suppressor LKB1 and, when stimulated, it reprograms cellular metabolism and influences
the p53 biochemical pathway, which plays a role in the series of events leading to caspase
activation and apoptosis in cancer cells [185]. Some studies indicate that terpenoids like
geraniol and B-caryophyllene can activate AMPK, leading to the inhibition of cell growth
and apoptosis in bladder, prostate, and breast cancers [186].

1.18. Modulation in the Expression of MAPK/ERK Proteins

MAPK/ERK proteins are members of a family of proteins present in cells that transmit
signals from membrane receptors to DNA at the level of the nucleus. Signaling begins
when a signaling molecule binds to a receptor on the cell membrane, followed by signal
transduction and then signaling pathways that culminate in the production of a second
messenger [187]. The second information mentioned activates DNA within the nucleus,
leading to protein expression and consequent cellular changes, including cell division.
MAPK/ERK proteins, which are kinases, operate by adding phosphate groups to nearby
proteins, triggering a phosphorylation-dephosphorylation reaction that acts as an on/off
switch. Certain compounds like limonene and pB-elemene appear to function similarly by
promoting apoptosis in cancer cells, particularly in lymphomas [188].

1.19. Inhibition of the Activity of 3-Hydroxy-3-Methylglutaryl-Coenzyme A

The enzyme 3-hydroxy-3-methylglutaryl-coenzyme a reductase is essential in choles-
terol metabolism because it catalyzes the formation of mevalonate, a precursor necessary
for cell proliferation. Depletion of mevalonates results in arrest in the G1 phase of the cell
cycle. Thus, inhibiting mevalonate synthesis may be an effective strategy to limit cancer cell
growth. Some terpenoids, such as farnesol, have the ability to inhibit this synthesis. Indeed,
studies have shown that farnesol may have this effect on liver cancer in rats. f-ionone also
showed similar properties by reducing cholesterol synthesis [189,190].

1.20. Anti-Angiogenic Effect

Tumors rely on the nutrients supplied by blood capillaries through a process called
angiogenesis. However, certain compounds found in EOs, such as terpenes and certain
polyphenols, can hinder the formation of vascular networks that nourish tumors, as ex-
emplified by limonene. In a recent study conducted by Chen et al. (1998) [130], it was
observed that the group treated with limonene exhibited a significantly lower microvessel
density (5.32 £ 4.26) compared with the control group (18.64 £ 2.81). Furthermore, the
expression of vascular endothelial growth factor (VEGF) was also markedly reduced in the
limonene group (29.71 &+ 8.92 vs. 45.77 £ 4.79). Similarly, f-elemene has demonstrated
effective reduction of VEGF both in laboratory studies and in live organisms. Another
study revealed that administering 100 mg/kg of eugenol (three times a week) induced
apoptosis in tumor cells and significantly decreased VEGF and matrix metalloproteinase,
providing clear evidence of its antiangiogenic effect [191-193].
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1.21. Modification of Histones

Histones are essential proteins that coil around DNA, creating nucleosomes as struc-
tural units. The positively charged nature of histones enables them to strongly interact
with the negatively charged phosphate groups present in DNA. This interaction plays
a critical role in DNA packaging and organization. Post-translational modifications of
histones, such as methylation, phosphorylation, acetylation, ubiquitination, and acylation,
impact the chromatin state and, therefore, expression regulation gene. Recent studies have
indicated that the inhibition of cancer cell growth by specific terpenes, including S-elemene,
may be associated with an elevation in histone H1 levels. Histone H1 is recognized as
a transcription inhibitor, suggesting that the increased abundance of this histone could
contribute to the observed suppression of cancer cell proliferation [194-196].

1.22. Inhibition of Other Factors Involved in the Induction of Tumorigenesis

Essential oils (EOs) contain monoterpenoids that inhibit isoprenylation, a chemical
reaction carried out by enzymes like the protein farnesoltransferase, on some proteins
in cells. These prenylated proteins activate promoters of genes involved in cell growth
and proliferation [197]. Monoterpenoids disrupt these reactions by competing with them,
thereby slowing down or obstructing the activities of cell signaling proteins that promote
cancer cell growth [198]. For instance, compounds like limonene or perillylic acid reduce the
levels of growth factors such as mitogen IGF-II while increasing the presence of stabilizing
factors like TGF-f3. These effects have been observed in mammary tumor cells, where they
induce cell cycle arrest in the G1 phase, ultimately leading to the death of tumor cells [199].
EOs inhibit the Ras family protein pathway and related genes, which have a crucial role in
promoting cancer growth by accelerating cancer cell division [200]. Limonene, for example,
blocks this pathway and thus prevents the development of cancer. In addition, terpenoids
have an effect on hypoxia-inducible factor-1oc (HIF)-1o, which actively participates in
human cancerous tumors. Studies show that S-elemene, for example, significantly inhibits
the expression of these proteins [201].

1.23. Routes of Administration of Essential Oils

In general, there are four main interfaces that connect the body to the outside world:
digestive, cutaneous, pulmonary, and genito-urinary [202]. Currently, all forms of injections
(intramuscular, intravenous, subcutaneous) are contraindicated for essential oils (EO)
due to the knowledge and galenic forms available. EOs are aromatic molecules whose
absorption depends on their mode of administration [203]. The oral (or per os) route is
the first considered and allows digestive absorption of essential oils at all levels of the
digestive tract. This absorption occurs mainly by passive diffusion through the lipid bilayer,
but some aromatic molecules can also undergo active transport targeting levorotatory
rather than dextrorotatory isomers [204]. The respiratory tract is another efficient route of
administration for EOs, avoiding intestinal and hepatic first-pass metabolism and allowing
rapid absorption into the general circulation [205]. Terpenes, which are readily metabolized
by oxidation, hydroxylation, and conversion to glucuronides or sulfates, are typically
absorbed by the body via oral, transdermal, or inhalation routes [206,207]. Elimination
occurs rapidly through faeces and urine, often within one to three days. EO compounds are
transported by the blood and can act either in their native form or in the form of derived
metabolites [208]. Studies have shown that the glucuronides and sulphates derived from
carvacrol and thymol (main components of the HE of Origanum compactumy) are quickly
found in the urine after oral absorption in rats [209]. Limonene, administered orally in rats
and man, is also completely absorbed from the intestine, with almost total elimination in
the urine in the form of derived metabolites [210]. EO compounds can also be absorbed
through the skin, as shown in a study of carvone enantiomers, which were better absorbed
when applied to the skin. The two isomers tested ([R] and [S] isomers) are not metabolized
by the same pathway [211].
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1.24. Toxicity of Essential Oils

In general, oils and aromatic substances used under medical supervision and in phys-
iological doses do not show toxicity. However, toxic problems can arise from confusion,
suicide attempts, or irresponsible self-medication. Some aromatic molecules are poten-
tially very toxic and are therefore prohibited or restricted in the pharmaceutical industry,
perfumery, food flavorings, and nutraceuticals [212,213]. For example, menthol, which is
the main component of peppermint essential oil [Mentha x piperita (L) var. piperita] and
Japanese mint [Mentha arvensis (L) var. piperascens] can be very toxic when given in high
doses, causing abdominal pain, nausea, vomiting, dizziness, ataxia, convulsions, drowsi-
ness, and then coma. Products containing menthol are not recommended for children
under 30 months, regardless of their mode of administration. In addition, some diseases,
such as glucose-6-phosphate dehydrogenase deficiency (favism), increase the toxicity of
menthol [214].

Thujone, a monoterpene ketone present in the essential oils of Artemisia absinthium,
Thuja occidentalis, Salvia officinalis, Artemisia vulgaris, Artemisia afra, Artemisia ar-
borescens and Artemisia herba-alba, exists in two isomeric forms, « and 3, the « form
being the most toxic. a-Thujone is a GABA-A receptor antagonist and has stimulant and
convulsant effects. It has also been suggested that thujone reacts with the same recep-
tors as tetrahydrocannabinol. Thujone poisoning can cause epileptic seizures, cyanosis,
intermittent hypotonia, hyporeflexia, and loss of consciousness [215].

Pulegone, a compound found in the essential oils of pennyroyal from Mentha pulegium,
Hedeoma pulegioides, Agasthoma betulina, and Mentha arvensis, is another potentially toxic
aromatic substance. EOs rich in pulegone can cause hepatocellular necrosis leading to
sometimes fulminant acute hepatitis. The mechanism of toxicity is beginning to be bet-
ter understood: pulegone, by transforming into menthofuran and various electrophilic
metabolites of menthofuran, can covalently bind to CYP2A6 and NADPH-P450-reductase
proteins and reduce, in a time-dependent manner and the concentration, the activity of
human CYP2A6. These two effects may partly explain the hepatocellular damage caused
by these compounds [216].

2. Conclusions

The ability of EOs to inhibit cancer cell growth without affecting healthy cells is linked
to their ability to activate specific molecular targets that induce cell death. Numerous
studies have revealed that some constituents of EOs, such as carvacrol, can be considered a
new class of anticancer drugs that are highly effective in shrinking tumors while exhibiting
low toxicity. Additionally, several studies have explored the synergistic effects of EOs
with other compounds, including conventional drugs, but these studies are limited to
in vitro conditions. In this type of experiment, it is difficult to understand the effects
obtained, because EOs are complex mixtures of molecules with very varied chemical
structures. Therefore, the action of EOs on cancer cells is the result of the effect of each
individual compound modulated by the potential action of the synergistic effect. Despite
these challenges, it is important to encourage studies on the synergistic effects of EOs with
conventional chemotherapy, as these mixtures may provide promising sources of new anti-
cancer agents. Exploring the anticancer properties of EOs and their active components is a
current research area that needs to be studied in parallel with conventional chemotherapy.

3. Future Perspectives

Future research should focus on investigating the synergistic effects of EOs with
conventional drugs, although these studies are currently limited to in vitro conditions.
Understanding the potential interactions between EOs and standard chemotherapy agents
could lead to the development of new and more effective anti-cancer treatments. Exploring
the active components of EOs and their mechanisms of action is an important area of
ongoing research. By studying EOs and their compounds in parallel with conventional
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chemotherapy, researchers may discover new sources of anti-cancer agents and potentially
enhance the efficacy of existing treatments.

In summary, further studies are needed to unravel the complexities of EOs and their
interactions with cancer cells. The exploration of synergistic effects and identification
of active compounds within EOs could open new avenues for developing innovative
anti-cancer therapies.
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