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Abstract

The therapeutic use of essential oils, or aromatherapy, is a popular practice of complementary
and alternate medicine for the treatment and management of respiratory infections. Essential
oils are most often applied topically via massage or via inhalation. Fifty-five essential oils and
369 combinations were identified for the management of respiratory infections. As scientific
evidence supporting these indications was lacking, this study intended to explore this avenue

of research.

The minimum inhibitory concentration (MIC) was recorded for each identified essential oil
against nine test organisms (Staphylococcus aureus ATCC 25924, Streptococcus agalactiae
ATCC 55618, Streptococcus pneumoniae ATCC 49619, Streptococcus pyogenes ATCC
12344, Haemophilus influenzae ATCC 19418, Klebsiella pneumoniae ATCC 13883,
Moraxella catarrhalis ATCC 23246, Mycobacterium smegmatis ATCC 19420 and
Cryptococcus neoformans ATCC 14116). Gas chromatography coupled to mass spectrometry
(GC-MS) was utilised to confirm purity of the essential oils and to identify the chemical
profiles. The data from the GC-MS and antimicrobial studies was then analysed using
chemometrics, a multivariate tool used to determine structure-activity relationships.
Orthogonal projections to latent structure models were created and the compounds responsible
for antimicrobial activity identified. The antimicrobial and toxic effects of the essential oils
were then studied in 1:1 combinations using the MIC and brine shrimp lethality assay (BSLA),
respectively. The interactive profiles of the combinations (antimicrobial and toxicity) were
determined by calculating the fractional inhibitory concentration (XFIC) where either synergy,
additivity, indifference or antagonism could be identified. Forty-nine essential oils and twenty-
four essential oil combinations (1:1) were studied further for anti-inflammatory effects due to
the favorable results of these oils in the MIC assay and BSLA. The anti-inflammatory activity
was assessed by measuring the inhibition of nitric oxide (NO), an inflammatory mediator,
production in LPS-activated RAW 264.7 macrophages. These oils were further investigated
for potentially toxic effects using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) against human lung cell lines (A549). Based on the results of the anti-
inflammatory and cell viability assessment against A549 cell lines, five essential oil
combinations were found to be promising in equal combinations. These five combinations were

then studied further by means of variable ratios using MIC analysis against the nine micro-
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organisms associated with the respiratory tract. The variable ratios were plotted on
isobolograms and then expanded where the MIC results were assessed using the synergy
prediction software, SynergyFinder. The results of the isobolograms were compared to the
SynergyFinder plots and an optimal blend of essential oils determined. The optimum blend of
essential oils was then formulated into a nanoemulsion using the self-emulsification technique.
The antimicrobial potential of the nanoemulsed essential oil formulation was validated by
means of MIC analysis against the same nine micro-organisms and the results of the
formulation compared to those of the pure essential oils in optimal ratios.

This study confirmed the antimicrobial potential of essential oils, with noteworthy inhibition
observed for 31.9% of essential oils against all the pathogens tested. Amyris balsamifera L.
(amyris), Coriandrum sativum L. (coriander) and Cinnamomum zeylanicum Blume (ceylon
cinnamon) showed the broadest spectrum of activity. Computational software was applied to
define the chemistry responsible for individual antimicrobial effect. Eugenol was identified as
the most frequently reoccurring biomarker that contributed to broad-spectrum noteworthy
antimicrobial activity of essential oils; while linalyl acetate, a-pinene and B-pinene were
frequently responsible for poor antimicrobial activity. The chemometric tool was assessed for
prediction accuracy by means of antimicrobial validation. The prediction accuracy relating to
the chemometric outcomes of this study was 92.3% for active biomarker predictions and 61.9%
for inactive biomarker predictions. Following the analysis of individual essential oils,
combinations were assessed for antimicrobial potential in 1:1 and varying ratios. The prediction
tool, SynergyFinder was implemented and compared to isobolograms generated for essential
oil blends. Prediction accuracy for synergy by SynergyFinder was on average 34% across all
nine ratios studied. This low outcome is primarily due to differences in mathematical theory
applied to the definition of synergy between the isobologram and SynergyFinder. An optimal
blend of essential oil was identified. This blend included the Hyssopus officinalis var.
angustifolius (M.Bieb.) Benth. (hyssop) in combination with Rosmarinus officinalis var.
angustifolius (Mill.) DC. (rosemary) essential oil in blends of 49.57% of H. officinalis to
50.43% of R. officinalis. This blend of essential oil was developed into a pharmaceutical
nanoemulsion formulation and assessed against the same panel of pathogens. The formulation

provided a six-fold enhanced antimicrobial effect as compared to the neat essential oil blend.

Essential oils, as investigated here, display antimicrobial potential alone and in combination
against pathogens of the respiratory tract. Chemometric analysis was proven to be an effective
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tool for identifying active compounds that could potentially become novel lead compound for
new antimicrobials. The blended essential oils further demonstrated potential for holistic
treatment effects, proving anti-inflammatory and non-toxic activity when equally blended. It
was further determined that the SynergyFinder prediction software, critical in preclinical
formulation design, provides valuable supporting tools to isobolograms when optimizing
essential oil combinations for antimicrobial effect. This study has also gone on to show the
opportunity to combine essential oils into novel pharmaceutical formulations for enhanced
antimicrobial effects. Therefore, this study has been majorly successful in identifying unique
resources for antimicrobial optimization of essential oils and creates an exciting starting point

for future research in this field.
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MIC of (b) independently

FIC (ii)=

*Where (a) is the MIC of the one oil in the combination and (b) is the MIC of the other.

From these values the FIC index will be calculated as: XFIC = FIC (i) + FIC (ii).

Equation 2:
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Preview and description of thesis

This study is a thesis by publication that incorporates research published into chapters; with
permissions acquired from the publishers for the re-use in this thesis available in Appendix B.
Figure 1 is a flow chart that demonstrates the sequence of events followed in undertaking this
research. The design of this thesis has been divided into four parts. Firstly (shown in red), the
essential oils recommended for various respiratory tract infections were identified and
reviewed (Chapter 1, Article 1). The essential oils were then investigated for antimicrobial
effect against nine micro-organisms of the respiratory tract (Staphylococcus aureus,
Streptococcus  agalactiae,  Streptococcus — pneumoniae,  Streptococcus — pyogenes,
Mycobacterium smegmatis, Klebsiella pneumoniae, Moraxella catarrhalis, Haemophilus
influenzae, Cryptococcus neoformans). These essential oils were further analysed using gas
chromatography coupled to mass spectrometry (GC-MS), the major compounds identified, and
purity confirmed. Using multivariate tools such as chemometric analysis, the compounds
responsible for the noteworthy antimicrobial activity against the respective pathogen were
identified (Chapter 2, Article 2). This was followed by the investigation of the selected 369
essential oil combinations for antimicrobial, anti-inflammatory and toxic effects (Chapter 3,
Article 3). This chapter could thus provide credence to the displayed antimicrobial activity of
essential oils (alone and in combination) responsible for antimicrobial activity. Next (following
the refinement of samples), five essential oil combinations were defined as the most promising
for antimicrobial, anti-inflammatory and non-toxic effects and were assessed for antimicrobial
activities when blended in varying ratios (Chapter 3, Article 4). I1sobolograms and synergy
contour maps (Synergy Finder) were created to define optimized synergy in each blend
(Chapter 3, Article 4). Lastly (shown in blue), a best combination of essential oils was blended
according to optimized synergy results and developed into a solution based pharmaceutical
formulation for inhalation delivery in the management of respiratory tract infections (Chapter
4, Article 5). Chapter 5 provides a final overview and conclusion.
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CHAPTER 1
GENERAL INTRODUCTION




1. Background

1.1. Essential oils

Essential oils are odorous and volatile liquids derived from plant material. Plants produce
essential oils as secondary metabolites which are stored within the plant in secretory structures
such as glands, secretory hairs, secretory ducts, secretory cavities or resin ducts (Djilani and
Dicko, 2012). Essential oils play an important role in nature where they act to protect the plant
by means of antibacterial, antiviral, antifungal and insecticidal action. In addition, essential oils
protect the plant from herbivores while attracting some insects to scatter plant pollen and seeds
for plant reproduction (Bakkali et al., 2008). Essential oils are commonly obtained by
hydrodistillation, and sometimes by solvent extraction, or supercritical fluid extraction
(Bakkali et al., 2008, Ni et al., 2021). Essential oils are composed predominantly of mono- and
sesquiterpenes, but other types of compounds such as allyl and isoallyl phenols may also be
present within an essential oil (Rios, 2016). The applications of essential oils are equally as
diverse with essential oils having been applied in cosmetics and perfumes, as well as medicinal
applications due to their perceived therapeutic benefits (Djilani and Dicko, 2012).

1.2.Essential oils as antimicrobial agents

Essential oils have been used for their antimicrobial potential as early as 4500 BC, where the
Ancient Egyptians made use of these oils in cosmetics and ointments for medicine (Baser and
Buchbauer, 2009). As of 1937, Rene Gattefosse, developed the term “Aromatherapy” and
began researching essential oils for their therapeutic properties (Bakkali et al., 2008). The
clinical use of essential oils continued to develop in France where in 1969; Maurice Girault
created the ‘aromatogram’ (Peace Rhind, 2012). Aromatograms, similar to clinical
antibiograms, list the essential oils identified as having antimicrobial potential against an
individual microbial pathogen, as determined in laboratory settings. As a result of this work,
and others by Daniel Penoel, Jean Valnet and Pierre Franchomme, the use of essential oils for
treating infections has developed into a clinical practice of aromatherapy which is known today
as ‘aromatic medicine’ (Peace Rhind, 2012). The practice of aromatherapy and aromatic
medicine remains one of the most popular forms of complementary medicine to date (El-
Anssary, 2020). Despite the empirical knowledge held for thousands of years concerning the
antimicrobial potential of essential oils, clinical research performed in laboratories around the

world have further proven their potential, advancing the interest in essential oil use within
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clinical settings. Numerous scientific studies and reviews performed over the last four decades
have highlighted the potential of essential oils for antimicrobial effect (Deans and Ritchie,
1987, Burt, 2004, van Vuuren and Viljoen, 2011, de Rapper et al., 2012, Lang and Buchbauer,
2012, Raut and Karuppayil, 2014, Orchard et al., 2018a, Ni et al., 2021).

For human application, essential oils are applied through topical, oral and inhalation in
aromatic medicine practice. Topical application includes the massage or application of diluted
essential oils to the surface of the skin. According to Tisserand and Young (2014), essential
oils applied through this route of administration have poor absorption with only 5% of the
applied essential oil transported into the bloodstream. Essential oils can also be administered
via ingestion along the oral route. These essential oils are encapsulated within gelatin capsules
or diluted in a glass of water for administration along this route. Bioavailability of essential oil
is indicated at 95% via oral ingestion, however, the consumption of these products is leveled
with a degree of uncertainty with regards to safety and as such not strongly advocated
(Tisserand and Young, 2014). Lastly, essential oils can be administered through the method of
inhalation. Inhalation of essential oils is the action of direct breathing in of these agents for
therapeutic effect. Essential oils, once inhaled, have direct distribution to the lungs, with an
effective bioavailability of 50% (Tisserand and Young, 2014). Essential oils, once inhaled, are
able to reach the tiniest spaces within the lungs and due to their effects on mucocilliary
clearance, are able to remain in these spaces for prolonged periods (Hasani et al., 2003).
Inhalation of essential oils can also result in changes to behavior and mood when treating
patients, as 5% of essential oils administered via inhalation are transported to the brain by
means of olfactory receptors. Commercially available aromatherapeutic texts note extensively
the use of essential oils by means of inhalation for the management of respiratory related
infections, with numerous texts and internet sources available for quick reference of treatment

regimens.

1.3. The use of essential oils in the respiratory tract

According to the European Pharmacopoeia, more than 25 essential oils are listed as ingredients
for use in the respiratory tract in the management of respiratory related infections. These
essential oils include Pimpinella anisum L., fructus (anise), Foeniculi amari fructus (bitter
fennel), Eucalyptus globulus Labill. (eucalyptus), Menthae piperitae aetheroleum
(peppermint), Melaleuca alternifolia Cheel. (tea tree) and Thymus vulgaris L. (thyme).

Commercially available aromatherapeutic texts, however, note a greater number of essential
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oils for use in the respiratory tract (Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 2005,
Clarke, 2009, Buckle, 2014, Curtis et al., 2016). The physiological effects of individual
essential oils and their components on the respiratory system has been studied in vitro and in
animal models. Studies have demonstrated that some essential oils cause a reduction in
respiratory tract infection symptoms (Kamin and Kieser, 2007, Shields, 2011). Despite the
potential of these essential oils to manage symptoms associated with respiratory infection, risk
exists (respiratory depression, increased mucous production and decreased mucocillary beat)
when applied in the respiratory tract (Plotkowski et al., 1993, Su et al., 1993, Sekizawa et al.,
1996). In addition, little is known of the effect of essential oils on pathogens clinically relevant
to respiratory tract infections. Despite the lack of scientific support for the use of essential oils
for respiratory infections, a large array of resources exist regarding the use of essential oils for
these purposes. The recommendation and claims of use for many of the essential oils may have
been from knowledge passed down over the generations, or may be due to the information
taken from the known uses of the herbs or extracts (Orchard et al., 2018b). This further
indicates why scientific validation for the use of essential oils against respiratory tract
associated pathogens is necessary.

1.4. The identification of commercial essential oils used in the respiratory tract

Essential oils recommended for use in the respiratory tract were identified using the aroma-
therapeutic literature available to the layman (Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar,
2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016). Review of the literature allowed for the
identification of 55 commercial essential oils cited for use in the respiratory tract for the
management of respiratory infections. An overview of the essential oils identified is provided
in Table 1.1 with a summary of the respiratory uses of these essential oils provided in Figure

1.1 (also present in the literature review Leigh-de Rapper and van Vuuren (2020)).

Table 1.1: Summary of individual essential oils indicated in the management of respiratory

tract conditions

Scientific name Common name  Indication for use*
. . Cold, bronchitis, congestion, mucous reduction,
Abies balsamea Fir flu
Amyris balsamifera Amyris Asthma, cold, cough, bronchitis, flu
Angelica Angelica Cold, bronchitis, pleurisy

archangelica




Scientific name

Common name

Indication for use*

Boswellia carterii

Frankincense

Asthma, catarrh, cough, laryngitis, bronchitis,
congestion, mucous reduction

Canarium

Catarrh, cough, bronchitis, congestion, mucous

. Elemi -
luzonicum reduction
Carum Carvi Caraway Laryngltls, bronchitis, congestion, mucous
reduction
Cinnamomum Camphor Cold, cough. pneumonia
camphora
Clnnar_nomum Ceylon cinnamon Cold, flu
zeylanicum
Citrus aurantifolia  Lime Catarrh, cough_, sinusitis, bronchitis, congestion,
mucous reduction
Citrus sinensis Orange Cold, bronchitis
Citrus bergamia Bergamot Bronchitis, TB, tonsillitis
Citrus limonum Lemon ]Ellch)Id, cough, laryngitis, pharyngitis, bronchitis,
Commiphora
molmol Catarrh, cold, cough, pharyngitis, bronchitis,
- Myrrh . g
Commiphora congestion, mucous reduction
myrrha
Co!'landrum Coriander Flu
sativum
Cupressm_Js Cypress Cold, diphtheria, bronchitis, flu, hay fever
sempervirens
Cymbopogon
citratus .
Cymbopogon Lemon Grass Laryngitis
martinii
Daucus carota Carrot Seed Cough, bronchitis, congestion, mucous reduction
Elettaria Cardamom Flu
cardamomum
Eucalyptus Eucalyptus Catarrh_, _cold, sinusitis, laryngitis, pharyngitis,
globulus bronchitis, pneumonia, flu
Ferula galbaniflua Galbanum Cough, congestion, mucous reduction
Foeniculum Fennel Cough
vulgare
Helichrysum
officinalis Asthma, cold, cough, bronchitis, congestion,
. Immortelle .
Helichrysum mucous reduction, flu
racemosa
Hyssopus HVSSo Asthma, cold, bronchitis, congestion, mucous
officinalis ys30p reduction, flu, sore throat
Illicium verum Star anise Cough
Jasminum . Cold, cough, laryngitis, pharyngitis, bronchitis,
L Jasmine .
officinalis pneumonia
Juniperus Catarrh, cough, bronchitis, congestion, mucous
o Cedarwood .
virginiana reduction
Laurus nobilis Bay Bronchitis




Scientific name

Common name

Indication for use*

Lavandula Catarrh, cough, laryngitis, bronchitis, pneumonia,
L Lavender

angustifolia TB

Lavandula burnati Lavandin Laryngitis, bronchitis, flu

Lavandula latifolia

Lavandula spicia

Lavender Spike

Laryngitis, bronchitis

Litsea cubeba May Chang Oral thrush
'V'e'a'?uc?‘ Tea-Tree Catarrh, cold, flu
alternifolia
Melaleuca cajeput ~ Cajeput Asthmg,_cold, sinusitis, laryngitis, pharyngitis,
bronchitis, flu
Asthma, catarrh, cold, cough, sinusitis, laryngitis,
Melaleuca - o Iy )
L Niaouli pharyngitis, bronchitis, pneumonia, TB,
viridiflora . :
congestion, mucous reduction
Mentha piperita Peppermint Asthma, cough, sinusitis, bronchitis, flu
Myrtus communis  Myrtle Congestion, mucous reduction
Ocimum basilicum  Basil Catarrh, cough, flu
Orl_ganum Marjoram Asthma, cold, sinusitis, bronchitis
majorana
Origanum vulgare  Origanum Cold, bronchitis, flu
P!menta officinalis Pimento Cold, bronchitis, flu
Pimenta racemosa
Pimpinella anisum  Aniseed Cold, congestion, mucous reduction
Pinus sylvestris Pine Asthma, cold, cough, laryngitis, bronchitis
Piper nigrum Black Pepper Catarrh, cough, flu
Rosa damascena Rose Cough, laryngitis
ROfSFTjElFI!’]US Rosemary Asthma, cold, cough, bronchitis, flu
officinalis
Salvia officinalis Sage Catarrh, cold, bronchitis, flu
Salvia sclarea Clary sage Asthma, cough
Santalum album
Santalum Sandalwood Cough, laryngitis, bronchitis
austrocaledonicum
Cold, cough, sinusitis, laryngitis, pharyngitis,
Styrax benzoin Benzoin bronchitis, pneumonia, congestion, mucous
reduction, flu
Syzygium
aromgtlcum Clove Asthma, cold, bronchitis, TB, flu
Syzygium
caryophyllata
Tagetes minuta Tagetes Oral thrush
Tagetes patula
Thymus vulgaris Thyme Asthma, cold, cough, laryngitis, pharyngitis,

bronchitis, flu

Tilia europaea

Linden Blossom

Bronchitis, flu, pleurisy

Viola odorata

Violet

Diphtheria, laryngitis, congestion, mucous
reduction

Zingiber officinale

Ginger

Cough, flu

*References include Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016
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Figure 1.1: Summary of categorized respiratory conditions in which essential oils are used.

Upon identification of the individual essential oils indicated for use in the respiratory tract, it

was noted that blends comprising more than one essential oil was commonly indicated.

Essential oil combinations are the preferred means of essential oil application in aromatic

medicine due to the perceived synergistic and holistic benefits offered by this approach

(Lawless, 1995). Therefore, following the identification of the individual essential oils

indicated in the management of respiratory infections, further investigation was required to

determine the essential oils indicated for use in combination for an enhanced therapeutic effect.

Using the same resources, Table 1.2 summarises the possible combinations that could be

identified for each of the 55 essential oils. Further detail into the combinations is discussed in

Chapter 3.

Table 1.2: Summary of recommended essential oil combinations

Scientific name

Common name

Use in combination*

Abies balsamea

Fir

Basil, caraway, cedarwood, frankincense,
lavender, myrtle, niaouli

Amyris balsamifera

Amyris

Benzoin, elemi, frankincense, galbanum,
jasmine, lavender spike, sage

Angelica archangelica Angelica

Basil, benzoin, hyssop, lavender, lemon, sage,
sandalwood

Boswellia carterii

Frankincense

Basil, bergamot, black pepper, cardamom,
cedarwood, cinnamon, galbanum, lavender,
myrrh, orange, pine, sandalwood




Scientific name

Common name

Use in combination*

Cardamom, frankincense, galbanum, ginger,

Canarium luzonicum  Elemi

lavender, orange, rosemary

Basil, bay, benzoin, cardamom, coriander,
Carum carvi Caraway elemi, frankincense, galbanum, ginger,

lavender, orange
Cinnamomum A

Camphor Basil, cajeput, lavender

camphora

Basil, benzoin, cardamom, clove, coriander,
Cinnamomum . eucalyptus, frankincense, galbanum, ginger,

. Ceylon cinnamon )

zeylanicum lavender, lemon, myrrh, orange, pine,

rosemary, thyme

Citrus aurantifolia

Lime

Angelica, bergamot, black pepper, carrot
seed, ginger, lavender, linden, rose, rosemary,
sage, tea-tree

Citrus sinensis

Orange

Angelica, black pepper, caraway, carrot seed,
cinnamon, clove, coriander, cypress,
frankincense, ginger, hyssop, jasmine,
lavender, lemon, marjoram, niaouli, rose,
rosemary, sage, tagetes, thyme

Citrus bergamia

Bergamot

Coriander, cypress, eucalyptus, jasmine,
lavender, lemon, marjoram, myrrh, pine,
rosemary, sandalwood, tea-tree

Citrus limonum

Lemon

Benzoin, cardamom, carrot seed, cedarwood,
cinnamon, eucalyptus, fennel, frankincense,
ginger, hyssop, lavender, linden, myrtle,
niaouli, orange, peppermint, rose,
sandalwood, tagetes, thyme

Commiphora molmol

Commiphora myrrha

Myrrh

Benzoin, cedarwood, cinnamon, clove,
cypress, eucalyptus, frankincense, galbanum,
lavender, lemon, peppermint, pine,
sandalwood, tagetes

Coriandrum sativum

Coriander

Bergamot, black pepper, cardamom,
cinnamon, cypress, frankincense, galbanum,
ginger, jasmine, lemon, orange, pine, sage,
sandalwood

Cupressus
sempervirens

Cypress

Bergamot, cedarwood, clary sage,
frankincense, lavender, lemon, marjoram,
orange, pine, rosemary, sage, sandalwood

Cymbopogon citratus

Cymbopogon martinii

Lemon Grass

Basil, cedarwood, clove, coriander,
eucalyptus, jasmine, lavender, niaouli, orange,
peppermint, rosemary, sandalwood, tagetes,
thyme

Bergamot, lavender, lemon, lime, orange,

Daucus carota Carrot Seed
rosemary
Elettaria Coriander, frankincense, galbanum, lemon,
Cardamom .
cardamomum myrtle, pine




Scientific name

Common name

Use in combination*

Benzoin, cedarwood, coriander, cypress,

Eucalyptus globulus Eucalyptus lavender, lemon, lemongrass, marjoram,
peppermint, pine, rosemary, thyme, tea-tree
. Cardamom, elemi, frankincense, ginger,
Ferula galbaniflua Galbanum o . ging
jasmine, pine, rose, tagetes
. Basil, lavender, lemon, rose, rosemary,
Foeniculum vulgare Fennel
sandalwood
Helichrysum
officinalis Bergamot, frankincense, lavender, orange,
- Immortelle
Helichrysum rose
racemosa
L Angelica, cypress, fennel, lavender, lemon,
Hyssopus officinalis Hyssop
orange, rosemary, sage, sandalwood
- . Cardamon, caraway, coriander, cypress,
[licium verum Star anise .
fennel, ginger
. . . Bergamot, frankincense, immortelle,
Jasminum officinalis ~ Jasmine
lavender, orange, rose, sage, sandalwood
Benzoin, bergamot, cinnamon, cypress,
Juniperus virginiana  Cedarwood frankincense, jasmine, lavender, lemon,
linden, myrrh, rose, rosemary, sandalwood
Cedarwood, coriander, eucalyptus, ginger,
Laurus nobilis Bay lavender, lemon, marjoram, orange, rosemary,
thyme
Bay, bergamot, caraway, carrot seed,
cedarwood, cinnamon, clary sage, clove,
Lavandula S ]
anqustifolia Lavender hyssop, jasmine, lemon, marjoram, myrtle,
g niaouli, orange, pine, rosemary, tagetes,
thyme
Lavandula burnati : Bergamot, clary sage, immortelle, jasmine,
Lavandin

Lavandula latifolia

lemon, orange

Lavandula spicia

Lavender Spike

Bergamot, immortelle, jasmine, lemon,
orange

Litsea cubeba

May Chang

Basil, jasmine, lavender, orange, rose,
rosemary

Melaleuca alternifolia

Tea-Tree

Cinnamon, clary sage, clove, coriander,
cypress, elemi, eucalyptus, fennel, fir,
frankincense, galbanum, garlic, ginger,
hyssop, immortelle, jasmine, lavandin,
lavender, lavender spike, lemon, lemongrass,
lime, linden, marjoram, myrrh, myrtle,
niaouli, orange, origanum, peppermint, pine,
rose, rosemary, sage, sandalwood, tagetes

Melaleuca cajeput

Cajeput

Angelica, bergamot, cardamom, clove,
eucalyptus, hyssop, immortelle, lavender,
lemon, myrtle, niaouli, pine, rose, rosemary,
sandalwood, thyme




Scientific name

Common name

Use in combination*

Basil, coriander, fennel, frankincense,

Melaleuca viridiflora  Niaouli galbanum, lavender, lemon, myrrh, orange,
peppermint, pine, rosemary, sage
Benzoin, cedarwood, cypress, eucalyptus,
Mentha piperita Peppermint ginger, lavender, lemon, marjoram, myrtle,
niaouli, pine, rosemary, sandalwood, tagetes
Bergamot, cardamom, coriander, lavender,
Myrtus communis Myrtle lemon, lemongrass, peppermint, rosemary,
tagetes, thyme
Bergamot, black pepper, cedarwood,
Ocimum basilicum Basil eucalyptus, hyssop, lavender, lime, marjoram,
rosemary, sage, sandalwood, tea-tree
Bergamot, cedarwood, cypress, eucalyptus,
Origanum majorana  Marjoram frankincense, lavender, orange, rosemary,
sandalwood, thyme
. . Angelica, basil, fennel, lemongrass, myrrh,
Origanum vulgare Origanum .
pine, rosemary, tagetes
Pimenta officinalis Pimento Frankincense, galbanum, ginger, lavender,
Pimenta racemosa lemon, lemongrass, orange, pine
L . . Amyris, cardamon, caraway, cedarwood,
Pimpinella anisum Aniseed .
coriander, fennel, galbanum
Cardamom, cedarwood, cinnamon, clove,
Pinus sylvestris Pine cypress, eucalyptus, galbanum, lavender,

lemon, myrrh, myrtle, niaouli, rosemary,
sandalwood, tagetes, thyme

Piper nigrum

Black Pepper

Basil, benzoin, bergamot, cedarwood,
cypress, frankincense, lavender, lemon,
marjoram, rosemary, sandalwood

Rosa damascena

Rose

Bergamot, clary sage, galbanum, jasmine,
lavender, orange, sandalwood

Rosmarinus officinalis

Rosemary

Basil, bergamot, black pepper, carrot seed,
cedarwood, cinnamon, clove, cypress,
frankincense, ginger, hyssop, lavender,
lemongrass, marjoram, myrrh, niaouli,
orange, peppermint, pine, tagetes

Salvia officinalis

Sage

Bay, bergamot, coriander, frankincense,
ginger, hyssop, jasmine, lavender, myrrh,
niaouli, orange, rosemary, sandalwood,
tagetes, thyme

Salvia sclarea

Clary sage

Bergamot, cedarwood, cypress, frankincense,
jasmine, lavender, lime, sandalwood

Santalum album

Santalum
austrocaledonicum

Sandalwood

Basil, benzoin, bergamot, black pepper,
cedarwood, cypress, frankincense, ginger,
hyssop, jasmine, lavender, lemon, marjoram,
myrtle, rose, thyme
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Scientific name Common name  Use in combination*

Bergamot, cardamom, coriander, cypress,
Styrax benzoin Benzoin frankincense, jasmine, lavender, lemon,
myrrh, orange, rose, sandalwood

Basil, benzoin, bergamot, black pepper,

Syzygium aromaticum .
y2yg cedarwood, cinnamon, eucalyptus, lavender,

Clove .

Syzygium lemon, orange, peppermint, rosemary, thyme,

caryophyllata tea-tree

T min

agetes minuta Tagetes Galbanum

Tagetes patula
Bergamot, black pepper, cedarwood,

Thymus vulgaris Thyme cinnamon, clove, eucalyptus, ginger, o
lavender, lemon, lemongrass, myrtle, niaouli,
orange, pine, rosemary, sage, thyme

Tilia europaea Linden Blossom Benzoin, cedarwood, ginger, jasmine,
lavender, rose, tea-tree

Viola odorata Violet Benzoin, frankincense, jasmine, lavender,

lemon, orange, rose, sandalwood

Bay, cajeput, cardamom, caraway,

cedarwood, cinnamon, clove, coriander,
Zingiber officinale Ginger elemi, eucalyptus, frankincense, lemon, lime,

myrtle, orange, peppermint, rosemary,

sandalwood, thyme
*References include Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016; Common name

only cited

The use of essential oils in combination requires consideration that there is potential that the
blend may result in synergistic or even antagonistic interactions. The aim of combining
essential oils is to provide an enhanced effect and thus the resultant combination should act
synergistically when blended. Synergy can be defined as an effect seen by a combination of
substances being greater than would have been expected from individual contributions
(Williamson, 2001). Synergy is commonly sought in the pharmaceutical profession when
aiming to produce new and more effective drug combination formulations (e.g. clavulanic acid
and amoxicillin). However, essential oils are not only blended for their antimicrobial potential
when combined but also for possible synergy that results in enhanced anti-inflammatory and
non-toxic effects. These interactions are explored and further elaborated on in Chapters 2 and
3. Current antimicrobial research is very effective in being able to identify the potential of
single oils or 1:1 combinations for antimicrobial purposes; however, finite research exists for
the combined effect of essential oils in varied ratios. Just as essential oils are seldom applied
individually in aromatic medicine, so too are they rarely applied in equal ratios when used in

combination for a therapeutic effect. More commonly, in aromatic practice essential oils are
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combined in varying concentrations to illicit an effect that is dependent on the individual
qualities of each oil in the combination (New Directions Aromatics, 2020). Although research
considering the effect of essential oils in varied ratios is sparse, it has been consistently noted
within the published data that when essential oils are mixed in various concentrations, that a
varied antimicrobial interaction may occur depending on the concentration of the two
components used (Foucquier and Guedj, 2015). Therefore, essential oil research for
antimicrobial effectiveness should consider the use of these products in varied ratios to confirm
and optimize the antimicrobial effects of an essential oil blend at a specific ratio. Optimization
in the process of pharmaceutical development is an expectation for formulation design, as
product optimization provides for improved patient safety and compliance, reduced unit cost,
and reduced probability of a failed product (Taylor, 2015). However, despite the ability of
current methods available for antimicrobial research to provide a more precise effective dose
ratio when reviewing essential oil blends in various ratios as compared to equal blends, infinite
ratios of essential oils in combination exist when only two essential oils are combined.
Therefore large-scale systematic antimicrobial screenings would be required in order to
identify the exact ratio within an essential oil combination for optimum antimicrobial synergy,
which is not practical with the current methods available (Fatsis-Kavalopoulos et al., 2020).
The use of computer-aided software to quantify synergy for drug design and development has
been in use within the pharmaceutical industry for a number of years, with great success (Yu
and MacKerell, 2017). The use of this technology in essential oil antimicrobial research is
novel, with limited data available to validate its potential for use in this field of study. However,
the application of this technology for antimicrobial determination amongst essential oils
provides the possibility to test a vast array of essential oil combinations using a limited number
of fixed ratio experiments to optimize these combinations for synergy. The use of this
technology and the determination of essential oils interactions is explored and further

elaborated on in Chapter 4.

In summary, both essential oils alone and in combination need to be validated in terms of
efficacy and safety. This study predominantly focuses on addressing antimicrobial activity,
anti-inflammatory activity and toxicity specifically related to essential oils combinations
indicated for use in the respiratory tract. Knowledge regarding the optimal essential oil blends
are then applied to the novel approach of synergy prediction using computer-aided technology
as a means to optimize essential oil blends for formulation design for antimicrobial effect
against pathogens relevant to the respiratory tract.
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1.5. Aim and objectives of the thesis

The aim of this study is to investigate the accuracy of synergy prediction made by computer-

aided software for the use of essential oils in the treatment of respiratory infections.

The objectives of this study are as follows:

To identify the essential oils most commonly used and recommended for the treatment
of respiratory tract infections.

To perform GC-MS analysis on the essential oils in order to identify the chemotype.
To perform antimicrobial testing of each essential oil against the micro-organisms
associated with respiratory infections using the minimum inhibitory concentration
(MIC) assay.

To perform structure activity relationship (SARS) of the components of the essential
oils by means of chemometric analysis (SIMCA).

To identify the most frequently documented blends that are used in treating respiratory
infections.

To determine the interactive profile of 1:1 combinations by calculating of the fractional
inhibitory concentration (ZFIC).

To determine the interactive profile of 1:1 combinations for anti-inflammatory effects.
To determine the interactive profile of 1:1 combinations for non-toxic effects.

To determine optimized antimicrobial synergy from essential oil blends where synergy
is observed in the XFIC assessment across antimicrobial, anti-inflammatory and toxicity
studies, by means of various ratio studies (isobologram analysis).

To perform SynergyFinder analysis to determine optimized antimicrobial synergy from
essential oil blends where synergy is observed in the XIFIC assessment across
antimicrobial, anti-inflammatory and toxicity studies, by means of various ratio studies.
To formulate an essential oil product based on an ideal and optimized essential oil

mixture using the results of the various ratio studies.

Article 1 - Literature review on essential oils used in the respiratory tract

At the time of this thesis, this article had been published. This article is shown as it appears

in publication. The article featured as the cover page for the volume.
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This review explores the body of scientific information available on the antimicrobial properties of essantial
oils against pathogens responsible for respiratory infections and critically compares this to what is recommended
in the Layman’s aroma-therapeutic literature. Essential oils are predominantly indicated for the treatment of
respiratory infections caused by bacteria or viruses (total 79.0%), the efficacy of which has not been confirmed
through clinical trials. When used in combination, they are often blended for presumed holistic synergistic
effects. Of the essential oils recommended, all show some degree of antioxidant activity, 50.0% demonstrate
anti-inflammatory effects and 83.3% of the essential oils showed antihistaminic activity. Of the essential oils
reviewed, 43.8% are considered non-toxic while the remaining essential oils are considered slightly to
moderately toxic (43.7 %) or the toxicity is unknown (12.5%). Recommendations are made for further research
into essential oil combinations.

Keywords: respiratory tract, essential oils, antimicrobial properties, aromatherapy, combination, drug discovery,

natural products.

Introduction

Respiratory tract infections have been the cause of up
to 10.8 million child deaths annually" with approx-
imately 47.0% of all new hospital admissions in
pediatric patients being reported® The bacterial
micro-organisms maost commonly  associated  with
respiratory related infections include Streptococcus
pneumoniae, Hoemophilus influenzoe and Staphylococ-
cus gureus.* Streptococcus pneumoniae is currently the
leading cause of community-acquired pneumonia,
bacterial meningitis, bacterial sinusitis and otitis madia
with resistance to antibiotics such as penicillins having
developed over the last 20 years. Greater resistance of
5. pneumoniae has spread to macrolides, doxycycline,
trimethoprim-sulfamethoxazole and second and third
generation cephalosporins.™ Viruses are the leading
cause of infactions of the respiratory tract with
pathogens such as the influenza virus and adenovi-
rusas most commonly isolated. The socio-economic
impact of these infections is substantial with excessive
costs linked to treatment, hospitalization and absen-
tegism.

Essential oil blends are believed to work synergisti-
cally to heal the mind, body and senses'™ Thesa
blends were frequently used to soothe aches and
pains in ancent Egyptian medicine. More recently,
blends such as Pinus sylvestris (pine), Citrus limon
(lemon) and Mentha piperita (peppermint) are used to
treat throat infections and congestiun.” In @ number
of studies, it has been identified that practicing
physicians have recommendaed Complementary and
Alternative Medicines (CAM) such as essential oils to
patients suffering from respiratory related infections.®
These suggestions include the inhalation of essential
oils to provide relief to congestion and aid in treat-
ment. These suggestions are based on the assumpticn
of safety associated with natural product therapies,
believed to be beneficial for health with Gttle or no
adverse side effects!® This premise is unfounded, as
many natural products have been identified as having
potentially toxic effects!"™""! The activity between
blendad moleculas has the potential to increase side
effects and promote or reduce toxicity. There is limited
data on the effect of multiple essential oil combina-
tions for toxicity. The aim of the review was to identify
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essential oils used for respiratory tract infections
{according to the commercially available aroma-ther-
apeutic texts) and then critically evaluate the available
published literature to determine the potential of
these essential oils as antimicrobial agents against
respiratory tract infections.

Commercially available aroma-therapeutic texts
were selected for review to determine the essential
oils most commonly prescribed for use in respiratory
tract infections. These texts included commaonly cited
and recommended, peer-reviewed publications. Web-
sites were excluded from this analysis due to the lack
of peer-review. Scientific literature for analysis was
selected from three different electronic databases,
namely PubMed, ScienceDirect, and Scopus. Literature
was selected for works published during the period
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2008-2019, with only studies relevant to respiratory
related infections included for analysis. The filters used
included either ‘essential oils’, "volatile oils', ‘aroma-
therapy’ or the sdentific or common name for each
individual essential oil listed in the aroma-therapeutic
texts related to respiratory therapeutic potential. Addi-
tional filters included ‘antimicrobial’, ‘antibacterial’,
‘antifungal’, ‘antiviral’, ‘respiratory’, ‘infection’, ‘combi-
naticns’, ‘fungal infections’, ‘bactenal infections’, or
‘toxicity”. To effectively identify the literature related to
the use of essential oils for respiratory purposes, the
inclusion criteria selected was broad with all published
resources on the inwvitro and invivo bacterial and
fungal effects of essential oils determined by means of
the microdilution assay, macrodilution assay, or the
agar diluticn method considered. Literature identified
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in the review was excluded where lack of accessibility
to the full publication was noted or techniques for
analysis employed were other than those stated within
inclusion criteria (that is, diffusion assays excluded due
to the known wvariability obtained when examining
results). Further exclusion criteria comprised of patho-
gens not relevant to the respiratory tract and its
infections as well as studies investigating the potential
of indigencus, non-commercial essential oils.

Infections of the Respiratory Tract

The respiratory system is a collection of structures that
is required for breathing and consists of the upper and
loweer respiratory tracts. Structures that form the upper
respiratory tract include the nose, nasal cavity, mouth,
pharynx and larynx; while the lower respiratory tract
includes the trachea, bronchi, bronchicles and
alveoli"™ The main function of the respiratory tract is
to take in oxygen and release carbon dioxide, through
a process known as respiration. Respiration does not
oCCur in the entire respiratory tract but rather occurs
at the level of the alveoli where gaseous exchange of
oxygen and carbon dioxide occur. Owxygen is ex-
changed for carbon dioxide in the bloodstream, and
then transported through the body to organs and
structures to maintain functionality. The respiratory
tract has natural barriers to prevent against infection
such as nasal hair, mucociliary cells, phagocytic
inflammatory cells and residual microbiota.™* Micro-
organisms that are inhaled must pass through these
barriers to be pathogenic to the host. This breach in
protection causes damage to related tissue, releasing
the hormone histamine and initiating the inflamma-
tory response’¥ Histamine is released by master
immunity regulators known as mast cells in the area of
tissue damage, faciltating the attraction of leukocytes
and proteins to the site of injury. The attracted
leukocytes proliferate at the site of tissue damage,
destroying the pathogen™ The proliferation of
leukocytes also results in the accumulation of fluid
associated with vasodilation. This accumulated fluid is
slowly drained by the Ilymphatic system as the
infectious micro-organism is eradicated. The main
functions of the response are to prevent spread of, as
wall as remowve the micro-organisms responsible for
the infection while promoting the repair of tissue.
Respiratory complications such as sinusitis, bronchitis,
bronchiolitis, laryngitis and pharyngitis are conditions
where the inflammatory responses have been trig-
gered in the sinuses, bronchi, bronchioles, larynx and

{ CHEMISTRY &
BICOWERATY

pharyrx respectively. The characteristic symptoms of
these conditions, such as mucus production, pain and
coughing are the result of the inflammatory response
being activated.

Respiratory tract infections are among the leading
causes of rnortality,'" with respiratory infections identi-
fied within 92.0% of all hospital admitted patients.™
The micro-organisms most commonly associated with
respiratory related infections are summarized in
Tables 1 and 2.

Infections involving the respiratory tract are most
often because of bacterial and viral pathogens and
can be divided into two categories — upper and lower
respiratory tract infections. Upper respiratory tract
infections (URTI), are defined as acute infections of the
nose, throat, larynx and trachea™ and include con-
ditions such as the common cold, acute sinusitis,
pharyngitis, epiglottitis, acute rhinosinusitis and otitis
media'® Pathogens most commonly associated with
URTI include Streptococcus pyogenes, Streptococcus
pneumonice, Haemophilus influenzae and Moraxelia
catarrhalis (Table 1). Streptococci are estimated to
cause 700 million human infections each year world-
wide and are responsible for up to 500000 deaths™
Streptococcus pyogenes has generally been associated
with ‘strep throat’ and is commonly linked with
infections such as pharyngitis, laryngitis and epiglotti-
tis. Streptococcus pneumoniae is currently the leading
cause of community-acquired pneumonia, bacteral
meningitis, bacterial sinusitis and otitis media.**"
Streptococcus pyogenes and 5. pneumaonige are Gram-
positive bacteria that form part of the natural flora of
the upper respiratory tract in healthy individuals. The
structure of the bacteria allows for this class of micro-
organism to evade detection by the host immunity at
first stage of infection and therefore often results in
severe life-threatening complications.™ Haemophilus
influenzae is a Gram-negative coccobacillus commonly
detected within the respiratory tract of 75.0% of
healthy adults. The incidence of upper respiratory tract
infections associated to non-type H. influenzae has
steadily increased since 1993 with infections such as
simusitis, otitis media and bronchitis associated to this
pathogen.®>™! Infections due to Moraxella catarrhalis
invasion have emerged owver the last 30 to 40 years,
and are considerad a sericus cause of infection among
healthy individuals.*¥ Moraxella catarrhalis is a Gram-
negative, diplococcus identified as natural flora within
the respiratory tract of healthy individuals. Infections
associated to M. cotarrhalis include otitis media and
bronchitis with pneumonia identified in immunocom-
promised hosts,*5!
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Lower respiratory tract infections (LRTI) are defined
as acute illnesses, lasting 21 days or less, and are
usually associated with a cough and at least one other
lower respiratory tract symptoms such as sputum
production, dyspnea, wheeze or chest discomfort or
pain. Conditions associated with LETI include, but are
not limited to, bronchitis, influenza, pneumonia,
Legionnaire’s disease and tuberculosis (Tabke 2). Lower
respiratory tract infections are often caused by poly-
microbial infections, and commeon pathogens include
Mycoplasma pneumaniae, Streptococcus prneumoniae,
Haemophilus influenzae, Legionella pneumophila and
Mycobacterium  tuberculosis  (Table 2).  Mycoplasma
pneumonice was first identified as having been
responsible for causing respiratory related infections in
the early 19305 where it was identified that this
pathogen was responsible for a ‘primary atypical
pneumonia'.m‘- Legionella preumophila is responsible
for causing Legionnaire’s disease, a severe and life-
threatening form of pneumocnia. This Gram-negative
badillus was first identified in 1977 and since then has
been an important cause of community-acquired
prneumonia.®® Mycobacterium tuberculosis is a Gram-
negative bacillus responsible for causing the highly
contagious pulmonary tuberculosis. M. tuberculosis is
highly wvirulent and spreads in the air through the
diffusion of infected respiratory droplets. Growth of
this pathogen within the lungs is assocciated with
extensive damage that ultimately causes death ™!

Apart from bacterial and wiral pathogens, fungal
and yeast pathogens also effect the respiratory tract
and may result in infections among immunocompro-
mised patients. The most common fungi responsible
for pneumonia and other respiratory tract infections
include, Preumocystis jirovecii, the Aspergillus species,
Candida albicans and Cryptococcus neoformans, >
Fungal pathogens cause severe and life-threatening
fungal pneumonia in immunocompromised hosts due
to the lack of cellular protective mechanisms and
account for 30.0% of deaths among organ transplant
recipients. =1

The socio-economic impact of these respiratory
related infections is substantial with excessive costs
linked to treatment, hospitalization and absentesism.
This impact suggests the need for respiratory-related
infections to form part of a larger, global primary
health priority.*¥ According to a World Health Organ-
ization (WHO) report released on the prevention and
control of chronic respiratory infections, this was
considerad a prionty. The WHO emphasized the need
to reduce the mortality and morbidity effects of these
infections. The primary objective was aimed at
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strengthening healthcare by identifying new and cost-
effective alternatives for treatment™ Developments
in respiratory infection control have resulted in
reduced burden of disease and death owver the past
two decades, however, The Forum of International
Respiratory Societies (FIRS) have more recently re-
ported that as of 2013, four-million deaths weare
globally attributed to acute infections of the respira-
tory tract with these infections considered the leading
overall cause of death in developing countries. Years
following the WHO report on the prevention and
control of chronic respiratory infections, these con-
ditions are still the greatest single contributor to the
overall burden of disease in the word™ further
highlighting the need to identify newer, more Cost-
effective methods for respiratory infection control and
treatment.

Current Treatment Regimens

Antibiotics, although effectively used to treat bacterial
infections, hawve contributed to the emergence and
spread of antibiotic-resistant bacteria in communities.™
Resistance to antibiotics is common. A growing level of
resistance to S-lactam antibiotics, such as amoxidllin and
amoxicillin-clavulanic acid, are on the rise, howewver,
these agents still remain the first line therapy in the
management of bacterial respiratory tract infections in
both children and adults %! Antibictics suggested for
the management of respiratory tract infections include,
flucroguinolones (such as erythromydn), macrolide anti-
biatics (such as dindamycin) and cephalosporins (such as
cefpodoxime, cefuroxime, cefdinir and ceftriaxone).

Natural Product Therapy

In recognition of the plight of antibiotic resistance and
the allopathic management principles for the treat-
ment of respiratory related infections, a surge in
interest in CAM therapies has emerged with 60-80%
of developing countries identifying CAM as the maost
prevalent sources of medicine worldwide.™ In order
to address the effects of growing antimicrobial
resistance and increased CAM use, many researchers
hawve focused investigations and occupied their efforts
in alignment with natural products such as essential
oils® The inhalation of essential oils to cause a
desired therapeutic effect is known as aromatherapy,
‘aroma’ associated to smell and “therapy’ associated to
treatment. >

{ CHEMISTRY &
BICOWERATY

Essential oils are applied through topical, oral and
inhalation practices for the treatment of respiratory
tract infections. Topical application includes the mas-
sage or application of diluted essential oils to the
surface of the skin. For the treatment of respiratory
related infections, it is suggested that essential cils be
applied to the chest, back and scles of the feel
Application to the chest and back are indicated for the
drainage of sinuses and loosening of phlegm due to
the aroma effect of the essential oils applied, while
application to the soles of the feet are indicated for
the abscrption of the essential oil inte the blood-
stream for a pharmacological effect. Essential oils
applied topically have poor absorption with only 5.0%
of the applied essential oil transported into the
bloodstream. !

The second route of essential oil administration is
through the ingestion of essential oils. Essential oils
are usually formulated by encapsulation in gelatin
capsules or diluted in water for oral administration.
Bioavailability of essential oils is indicated at approx-
imately 95.0% through oral ingestion, however, the
consumption of these essential oils is levelled with a
degree of uncertainty regarding safety and as such,
not strongly advocated.

The preferred means of essential oil administraticn
for the treatment of respiratory tract infections is
through inhalation. Essential cils then distribute to the
lungs, with an effective bioavailability of 50.0% (Fig-
ure T).

Essential oils, once inhaled, can reach the tiniest
spaces within the lungs and due to their effects on
mucociliary clearance, are able to remain in these
spaces for prolonged periu:udi"‘“ Inhalation of essential
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Figure 1. A diagrammatic representation of the route of
absorption followed by essential cils once inhaled.
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oils is believed to cause behavior and mood changes
theraby treating the patient holistically. Approximately
5.0% of essential oils absorbed in this way are trans-
ported to the brain by means of olfactory receptors.
Once absorbed through the blocdstream, the essential
oils are transported to the liver and kidneys for
metabolism and excretion with 70-90.0% of the
essential oils absorbed and removed in this way.

Commercially available aroma-therapeutic texts
note extensively the use of essential oils for the
treatment of respiratory infections, with numerous text
sources awvailable for quick reference for treatment
regimens. Within the literature investigated 72241-%
55 different essential oils were identified for the
treatrnent of respiratory related infections (Table 3). An
overview of the respiratory uses of essential oils can
be seen in Figure 2.

Essential oils are mostly used for the treatment of
infections caused by bacteria or viruses (total 79.0%).
This is followed using these agents in the treatment
and management of symptoms most often associated
with respiratory infection including excess mucous
production, pain and inflammation as well as coughs.

Antimicrobial Susceptibility of Essential Qils

The antimicrobial susceptibility of essential oils has
been studied extensively with well over 2’000 publica-
tions on the use of these agents for antimicrobial
purposes published in the year 2019, alone. A number
of antimicrobial susceptibility methods are available
for the determination of activity, with varying degrees
of reliability.**! Variations in the applied methods for
antimicrobial susceptibility testing have implications

w0 Baoierial ections

® Vil infections
Mucous mructios

& Fain and mlamnmaion

W Cough sesction

# Fungal infecsiors

Figure 2. Summary of categorized respiratory conditions in
which essential oils are used.

(3 e

on the perceived result, as factors such as essential oil
extraction method, wolume of incculum, growth
phase, culture medium used, pH of media, volatility of
essential oil and incubation periods influence
results #* The most commonly employed methods for
antimicrobial susceptibility testing are the minimum
inhibitory concentration (MIC) through broth dilution,
and disk diffusion (Figure 3). The use of disk diffusicn
assays for antimicrobial testing of essential oils is still
widely applied and published; however, this method-
ology has been fraught with fault and has been
deamed by researchers to be an unreliable method for
antimicrobial susceptibility testing of essential oils.*!

Other assays such as the time-kill or death kinetic
activity as it is also known as have also been included
for review. Time-kill assays indicate the killing effects
of a tested sample or combinations of samples
dependent on the concentration of each, owver time.
The methodology includes exposing a test pathogen
to a single test sample or a combination of samples at
varying concentrations. At predetermined intervals,
aliquots of the tested medium are collected and
senally diluted. These dilutions are then plated on
agar and incubated for a period dependant on the
optimum culture conditions of the micro-organism
investigatad. After incubation, the agar plates are
analyzed for growth after exposure to essential oil by
counting the colony forming units of test organism
survived !

The MIC method of broth dilution for analysis of
the antimicrobial activity of essential oils is considered
the preferred means of analysis for essential oils due
to its increased level of accuracy.™ For the purposes
of this review, only those studies having made use of
MIC broth dilution and time-kill methodology hawve
been considered.
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Figure 3. Scientific articles published (PubMed, Sciencelirsct,
Google Scholar and Scopus), per year om the antimicrobial
susceptibility of essential oils comparing methods of the
minimum inhibitony concentration with disk diffusion assays.
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The Antibacterial Activity of Essential Qils
Antibacterial Mechanism of Action of Essential Qils

Essential oils demonstrate varying complex mecha-
nisms of antimicrobial effects dependent on the
chemistry within the essential oil. Essential oils are
often comprised of several differant classes of chem-
ical constituents, each of which may prove to have a
differing antimicrobial effect. In addition, the antibac-
terial activity of essential oils also differs based on the
architectural structure of the bacterial pathogen.
According to Swamy et al,*¥ essential cils primarily
destabilize the cellular structure of bacterial patho-
gens, leading to the breakdown of membrane integ-
rity. The antimicrobial potential of essential oils varies
among Gram-positive and Gram-negative bacteria due
to the variations in density of the bacterial cell wall.
Essential oils are lipophilic in nature and as such, are
taken up quickly within Gram-positive bacterium due
to their dense lipophilic phospholipid bilayer within
cell walls. Essential oils therefore elicit a prompt
antimicrobial effect at the junction of the cell wall as
well as within the cell cytoplasm.*¥ Damage to the
cell membrane results in increased permeability of the
cell preventing cellular activities, such as energy
production, membrane transport, metabolic regulatory
functions and increased leakage of cellular compo-
nents and loss of ions.****! Within the cell cytoplasm,
essential oils have demonstrated the ability to disrupt
proton pumps and deplete intracellular-ATP. These
evients all cascade to cause cytoplasmic coagulation of
inner lcellular components which cause death to the
call =

Gram-Positive Bacteria

Pneumoecoccal infections, including Streptococcal spe-
cies, have been identified by the WHO as causing the
greatest number of respiratory infections among
Gram-positive bacteria."® Pneumococcal infections are
generally associated with initial colonization of these
bacteria within the nasopharyme. Due to the anatomy
of the nasopharyr, steady progression of infection
occurs with colonization of pneumococcal pathogens
within the lower parts of the respiratory tract,
eventually leading to systemic disease*™ Prieumo-
coccal infections are readily spread among susceptible
individuals, such as children and the elderly, through
droplet formation and transmission from the naso-
pharynx  colonization through  sneezing  and
coughing.[""’] Table 4 shows some of the antimicrobial
in vitro studies undertaken on commercial essential

{ CHEMISTRY &
BICOWERATY

oils against Gram-positive pathogens responsible for
respiratory related infections.

Of the 55 available commercial essential oils
documented within the aroma-therapeutic literature
for use in respiratory infections, only a minority have
been tested against respiratory related, Gram-positive
pathogens by means of broth dilution, of which the
majority have been against the micro-organism 5taph-
ylocoocus ourews. The pathogen, 5 aureus, is not
unique to respiratory infections and is responsible for
a great number of other infecticns including the skin
and other body systems resulting in impetigo, menin-
gitis and septicemia.®™ When compared to the WHO
classification of the pathogens most responsible for
respiratory infections (Tables 1 and ), the lieratura
shows a great disparity in available data on the
antimicrobial potential of essential oils, specifically for
respiratory infections caused by Gram-positive bacteria
(Figure 4).

Figure 4 indicates that 5 pyogenes, the pathogen
miost responsible for infections of the upper and lower
respiratory tract (largest circle), has far less scientific
data published on the effects of essential oils against it
when compared to the pathogen, 5 auwreus, with
limited pathogenesis for respiratory infections (small-
est circle). This result is augmented further by the
disparity in prominence for respiratory infections
caused by 5 pneumonige and the availability of
scientific data to validate the aroma-therapeutic claims
for essential oil use in treating infections caused by
this micro-organism. This outcome is of great concern

A

Essemlalall Fﬂ

S .
Figure 4, Activity map indicating the gquantity of scientific
publications {conmector bar} reporting on respiratory Gram-
positive pathogens compared to the prevalence of these micro-
organism to cause respiratory infection (circle). The thicker the
connector bar, the greater the number of publications available
for essential oil use against this pathogen. The langer the circle,
the greater the prevalence for respiratory pathogenesis as
determined by the WHO.
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as essential oils are extensively cited within aroma-
therapeutic literature for providing widespread anti-
microbial potential when inhaled or ingested for
respiratory related infections and symptoms, however,
from the data obtained, it can be determined that
these statements are largely unfounded when com-
pared to evidence against the most prominent
pathogens associated with respiratory infections.

From the literature reviewed, it was determined
that essential oils have moderate potential for anti-
microbial effects against the Streptococcal pathogens
commonly associated with respiratory infections. Note-
worthy antimicrobial activity is considered for essential
oils exhibiting MIC values < 1.00 mg/ml, while moder-
ate antimicrobial activity is classified for MIC values
= 1.00 mg/ml and = 5.00 mg/mL>* Essential cils with
MIC values of more than or equivalent to 5.00 mg/ml
are considered as having little antimicrobial effects.
With this in mind, studies "7 against the pathogen 5.
agalactige demonstrated that only one sample (Men-
tha piperita with an MIC value of 2.50 mg/mil) of the six
essential oils investigated displayed moderate antimi-
crobial activity, while the other five essential oils
(Cinnamomum zeylanicum (dnnamon), Evcalyptus glob-
ulus {eucalyptus), Juniperus communis (juniper berryl,
Syzygium aromaticum  (clove) and Thymus vulgaris
(thyme)] proved to have no antimicrobial potential
with MIC values of greater than 5.00 mg/ml. Against
the pathogen, 5 pyogenes, M. piperita confirmed
antimicrobial potential with a noteworthy MIC value of
063 mg/ml @ Mentha piperita is indicated within
aroma-therapeutic texts”™*"-* fgr the managemeant
of infections associated to the lower respiratory tract
including, bronchitis, pneumonia, tuberculosis (TB)
and influenza, howewver, 5 pyogenes is a pathogen
most commonly associated with upper respiratory
tract infections incuding sinusitis, laryngitis and phar-
yngitis. The essential oil of lavender, Lovandula
angustifolia, proved to have moderate antimicrobial
potential against the pathogen 5 pyogenes with an
MIC value of 1.20 ma/ml2® Lavandula angustifolia is
indicated within aroma-therapeutic texts for the
management of both upper and lower respiratory
infections such as bronchitis and laryngitis."2541 -+
The essential oil most effective against this pathogen,
was noted as Syzygium aromaticum with an MIC of
0.10 mg/ml® Syzygium aromaticum, as with L. angus-
tifolia and M. piperita is associated with the manage-
ment of conditions of the lower respiratory tract and
include, TB, asthma and bronchitis.™ %4 -*! Notewor-
thy antimicrobial effects were determined against the
lower respiratory tract infection causing pathogen, 5
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pneumoniae, = with the essential oil Cinnamomum
zeylanicum determined the most effective in antimi-
crobial activity with an MIC of 0.06 ma/ml"® Cinnamo-
mum zeylanicum is indicated within aroma-therapeutic
texts for the management of infections associated to
the commeon cold and influenza.l”38471-4

Gram-Negative Bacteria

Gram-negative bacteria possess a more complex cell
wall when compared with Gram-positive bacteria,
making them mere resistant to the antimicrobial
effects of essential oils. The porin channels responsible
for transmission of external substances into the cell of
Gram-negative bacteria are resistant to hydrophobic
compounds and as such, essential oils are taken up
more slowly into the cells of these pathogens. The
antimicrobial effect is thus hindered, and the bacteria
are more resistant to essential oils.2%

Haemophilus influenzae is the pathogen most
commonly isolated from respiratory infections of the
upper and lower respiratory tract according to the
WHO dassification of infection (Tables I and 2). H
influenzoe, as with pneumococcal species, initially
colonizes the nasopharyne Initiation of infection
results due to the disruption in host immunity and
spreads both systemically and through the respiratory
tract, causing widespread infection.® H. influenzae is
characterized into two forms, either typeable or non-
typeable, based on the presence or absence of the
polysacchanide capsule. The polysaccharide capsule
aids in assisting the pathogen to avoid detection and
immune responses such as phagocytosis, allowing
non-typeable forms of H. influenzae to cause respira-
tory related infections®! This pathogen has evolved
in its attempt to evade host detection and maintain
host infection, with varying classes of strains develop-
ing annually due to resistance.

Table 5 shows the antimicrobial inwitro studies
undertaken on commercial essential oils against Gram-
negative pathogens responsible for respiratory related
infections by means of broth dilution assays.

Of the 55 availlable commercial essential oils
documented within the aroma-therapeutic literature
for use in respiratory infections, 25 oils have been
tested against respiratory related Gram-negative
pathogens by means of broth dilution. When com-
pared to the WHO classification of the most respon-
sible pathogens for respiratory infections (Tables T and
2), the literature sourced once again shows a great
disparity in available research on the Gram-negative

{ CHEMISTRY &
BICOWERATY

bacteria most commonly isolated within respiratory
tract infections (Figure 5).

The pathogen Klebsiella pneumoniae is the most
studied raspiratory pathogen (Figure 5), yet, the patho-
gen most commonly associated with infaction, H
influenzae, has far less scientific data available on
validating essential oil efficacy. This is further high-
lighted against the micro-organism Moraxella catarrha-
fis, commonly associated with lower respiratory tract
infections, yet little related research could be identi-
fied. Klebsiella pneumoniae is an uncommon pathogen
responsible for nosocomial pneumonia infections in
immunocompromised hosts and has more than 80
identifiable serotypes, most of which cause acute and
severe infection at onset with a mortality rate as high
as 580%™ Serotypes of K pneumonige are also
identified as having a tough outer polysaccharide
capsule that allows the pathogen to go undetected.
Treatment of infections caused by this pathogen is
axtensive with both oral and intravenous antibiotics
administered for periods of two weeks or longer. %557
The antimicrobial potential of essential oils against this
pathogen is promising with several oils presenting
with noteworthy antimicrobial effects (Table 5). From
the literature sourced, 61.0% of essential oils inves-
tigated demonstrated noteworthy to moderate anti-
microbial effect. The essential oils with the greatest
effect were Foeniculum vuigare (fennel), Mentha piper-
ita, Qcimum basilicum  (basil), Origanum majorana
(marjoram) and Criganum vulgare (origanum) with MIC
values of 0.01 mg/mlL®! These essential oils are noted
within aroma-therapeutic texts for their effect on

ingerikins wiger
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Ligonils e
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Figure 5. Activity map indicating the gquantity of scientific
publications {conmector bar} reporting on respiratory Gram-
negative pathogens compared to the prevalence of these
micro-organism o cause respiratory infection [circle). The
thicker the connector bar, the greater the number of publica-
tions available for essential oil use against this pathogen. The
larger the circle, the greater the prevalence for respiratory
pathogenesis as determined by the WHO.
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general chest infections and for the treatment of lower
respiratory  infections such as bronchitis and
$53I5ITISS pneumonia* Other essential oils such as Zingiber
“““““““““ officinalis (ginger) also demonstrated noteworthy anti-
microbial potential against this pathogen with an MIC
value of 047 rng."ml.'“'- The antimicrobial effect of
thesa essential oils against Gram-negative bacteria
have been supported by a number of other studies
highlighting the potential of these samples for the
treatment of infections caused Gram-negative
pathogens other than K pneumoniage.%8-129

Legionella pneumophilia is a common cause of
prneumonia within immunocompromised hosts and is
spread through inhalation of contaminated water
source aerosols. The bacteria survive and grow in
protozoa of contaminated water sources within natural
environments such as dams and lakes as well as within
artificial water systems. Transmission is not related to
human-to-human exposure."™ Treatment of L pneu-
mophilia pneurnonia requires the use of antibiotics
with mortality in untreated patients occurring as high
as 40.0-80.0%"" Of the essential oils investigated
against this pathogen, the vast majority (72.0%) have
been identified as having noteworthy antimicrobial
potential with MIC wvalues < 1.00 mg/mL  Other
studies have identified moderate antimicrobial activity
with effects ranging from 2.25mg/ml to 4.50 mg/
ml"*" The antimicrobial study of essential oils against
L. prneumophilia 1s not extensive due to the hazardous
matenals associated with the growth medium used for
laboratory testing. Specialized equipment and facilities
associated with the study of L pneumaphilia limits
further investigations.

The essential oil with the greatest antimicrobial
potential against this pathogen was identified as T.
vulgaris of which an MIC value of < 0.03 mag/ml was
observed against four warying strains of L
pneumophr’ﬁa.'”- Thyme essential oil is recorded to be
effective against respiratory pathogens of the upper
and lower respiratory tract™ It should be noted,
however, that T. vulgaris has been proven to be toxic,
and as such has limited potential for internal or oral
use.

Moraxella catarrhalis, formerly known as Neisserig
catarrhalis or Micrococcus cotarrhalis, s @ commonky
identified commensal of the upper respiratory tract, with
a particular preferential attachment to the oropharyngeal
apithelial cells"™ Moraxella catarrhalis has been identi-
fied as a significant cause of upper and lower respiratory
tract infections in healthy children and elderly patients
and a wel-known cause for pneumonia-mortality in
immunocompromised patients"™ Virulence of M. catar-

Reference

Main chermical constituent
ar-Curcurmens [43,55%)
Citronellal (41.66 %)
1.8-Clneale [31.25 %)
w-Budesmel (25.20%)
cls-Carveal (3063 %)
(E)-Merclid o (4249 %)
Zinglberenal (37.69%)
Geranicl (47.91 %)

Citronellal (21.20%)

1.25-2.50 malml

= 250 ma/ml

= 2.50 mg/ml
0.62 - 250 mg' ml

Result (MIC)
0.31-1.25malml
0.62- 250 mg'm
1.25-2.50 malml
1.25-2.50 mg' ml
= 2.50 mg dml

Pathogen grain

Comman namea

18 pot determined. ™ Value net menticned.

Tablke 5. (cont.)
Essential ol
Sclentific name
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rhalis is characterized by the tough polysaccharide
capsule enveloping this micro-organism with increased
levels of resistance developing against first-line treat-
menits such as penicillin"®""Y Only three studies could
be identified on the investigation of essential oils against
this micro-organism using broth dilution assays ##1%
The essential oils of Citrus fmon and C fysirx (malknut
lime} were investigated for their antimicrobial effect
against M. catarrhalis with MIC values of 8.0 mag/ml (not
active) and 0.25 mg/ml identified, respectively #5105, ¢
hystrix, or makrut lime, essential oil is a native dtrus to
Asia and has bean shown to elict excallent antimicrobial
activity against Gram-negative pathogens with MIC
values ranging from 0.25 mg/ml to 0.50 mg/ml- 510

Corynebacterium diphtheriae, is a non-motile, non-
encapsulated, Gram-positive bacterium and the lead-
ing cause of diphtheria infection. Diphtheria was
previously considered a serious childhood disease,
however, due to extensive wvaccination programs,
infections as a result of this pathogen are now limited
with the majority of outbreaks identified within under-
developed countries"™ As of 2013, 4680 diphtheria
cases were reported to WHO, with an estimated 2500
associated deaths."™ Respiratory diphtheria presents
as a grayish-white, fibrinous and firmly adherent
pseudomembrane over the tonsils, the pharynx, or the
laryroe. Other clinical manifestations include hoarse-
ness and stridor. Extension of the characteristic
adherant pseudomembrane correlates with disease
saverity, while resultant suffocation is a common cause
of death in this infection.™ Despite the global
occurrences of this pathogen and deaths associated,
no studies have been conducted on the antimicrobial
potential of essential cils against this micro-organism.
The limits in scientific research may be due to the
complexity of growth requirements for this pathogen
for antimicrobial assay.

Thie vast majority of studies identified made use of
antimicrobial susceptibility testing methods such as
disk diffusion, which as previously stated, has been
shown to be inconsistent and an unreliable measure
of antimicrobial effect of essential oils. The results of
the MIC antimicrobial studies undertaken and re-
viewed indicate potential for use of Lavandula angus-
tifolia, Mentha piperita, Thymus vulgaris, Zingiber
officinale and Citrus limon in the treatment of respira-
tory infections. Despite these findings, more than 50
essential oils are indicated for use in layman literature
for the management and treatment of respiratory tract
infections. To corroborate or refute these claims, it is
suggested that further research be conductad on a
greater number of essential oils, as indicated for

{ CHEMISTRY &
BICOWERATY

respiratory use, for antimicrobial potential against
respiratory specific pathogens.

The Antifungal Activity of Essential Qils Used
for Respiratory Infections

Antifungal Mechanism of Action of Essential Qils

The mechanism of action of essential oils against fungi
is very similar to that of bacterial cells with disruption
of the cell architecture leading to a cascade of events
responsible  for cell death."™ Essential oils have
demonstrated potent antifungal effects due to the
lipophilic nature of these products. Essential oils
comprising primarily of chemical constituents of low
molecular weight and increased lipophilicity have an
increased antifungal effect."™ Essantial cils have the
ability to disrupt the cell membrane of a fungal cell by
binding to ergosterols, the highly lipophilic building
blocks of the call, responsible for maintaining cell
fluidity and membrane integrity, while also preventing
the production of beta-glucans, responsible for main-
taining the fungal cell wall. Within the cell, essential
oils have demonstrated the ability to cause dysfunc-
tion to the mitochondria leading to inhibition of
proton pumps and reduction in ATP production,
leading to cell death™ In addition, essential oils
have demonstrated the ability to affect the organelle
of the cell through the same mechanisms responsible
for damage to the cell membrane."*

Within the fungi genus, 300 000 varying species
exist, however, less than 1.0% of these organisms are
parasitic and thus pathogenic to a human host™™
Pathogenesis of fungi within human hosts occurs
through truly pathogenic fungi and opportunistic
fungi within immunccompromised patients. Respira-
tory-related infections caused by fungi and yeasts only
ocour within immunecompromised hosts and include
pathogens such as Aspergillus miger, Candida albicans
and Cryplococcus necformans.

Aspergillus species, indluding A niger, are widely
identifiable molds sourced within the environment
(including soil and air) and are responsible for
pulmonary aspergillosis in severely immunocompro-
mised hosts. Pulmonary aspergillosis is a critical
condition caused by the inhalation of Aspergilius
spores into the lower respiratory tract"™ Treatment
of pulmonary aspergillosis includes the intravenous
use of the antifungal agent, Amphotaricin B, however,
mortality associated to this condition ranges from 50-
90.0% in infected patients”"™ Essential oils investi-
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gated against this fungal pathogen proved to elict
noteworthy antimicrobial effect, with all essential oils
reported having demonstrated an MIC value of less
than 1.00 mg/ml (Tabie 611114118

The essential oil most effective was Daucus carota
{carrot seed) with MIC values of between 0.01 mg/mil
and 0.02 mg/ml against both clinical and reference
strains of this pathogen"™ This essential oil is
indicated by aromatherapists for the treatment of
upper and lower respiratory tract infections such as
influenza and bronchitis, as well as in the management
of coughs associated to these conditions."! Scientific
studies on 0. carota essential cil have demonstrated
noteworthy antimicrobial effects against a number of
other, non-respiratory related micro-organisms, %%
with greater antifungal activity noted then antibacte-
rial activity. The antifungal effects are attributed to the
virulent compenent of fungi (germ tube formation),
being inhibited by D. carota essential il "'

Candida albicans is a natural commensal of the
upper respiratory tract within the human body and is
rarely systemically pathogenic with Candida pneumo-
nia considered a rare infection of the lung."* Candida
pneumonia is only identified in patients on long-term
antibiotic use, ventilation, or in severely immunocom-
promised and metastatic patients. Onset of infection
often is because of Candida pathogenesis from a
distant site such as the skin or gastrointestinal
tract."*122 Traatment of Candida pneumonia includes
the use of Amphotericin B intravenously; howewver,
Candida pneumonia still maintains a high degree of
mortality in all isolated patients."

Cryptococcus neoformans is a fungal pathogen
transmitted to human hosts by means of inhalation of
Cryptococcal propagules. Cryptococcus neoformans typ-
ically affects immunocompromised hosts and is con-
sidered a life-threatening fungal infection with a high
degree of mortality. Cryptococcus necformans is the
only known eukaryote with a polysaccharide capsule
enveloping it. This capsule aids in evading host
immunity and is significant in the virulence of this
pathogen."**"* Essential oils tested against respira-
tory fungal pathogens have demonstrated noteworthy
antimicrobial potential with 65.5% of the 13 essential
oils investigated having an MIC value of 1.00 mg/mil or
loss [BRARTOTTANEN pe cann in Table 6, Daucus carota
essential oil, once again, was determined as the oil
with the greatest antimicrobial effect of the essential
oils investigated with an MIC value of 0.01-0.02 mg/
ml against Candida albicans and 0.0003 -0.0005 mg/mil
against Cryptococcus neoformans."™ Similar findings
were determined by Hammer et al®™ and de Rapper

{ CHEMISTRY &
BICOWERATY

etall® Other essential oils with similar antifungal
effects include Cinnamomum zeylanicum, Cymbopagon
citratus (lemongrass), Citrus iimon, Lavandula angustifo-
lig and Mentha piperita.

The Antiviral Activity of Essential Qils Used for
Respiratory Infections

Antiviral Mechanism of Action of Essential Oils

The antiviral mechanism of action of essential oils is
predominantly understudied with very little known of
the potential mechanisms of action.™ Previous stud-
ies have reported the inhibition of virion envelopment,
designed for viral entry into host cells, as well as the
inhibition of wirus replication by hindering cellular
DMA polymerase and alteration in phenylpropanoid
pathways."*% Viruses present a complex challenga for
essential oils, as some viral pathogens are encapsu-
lated while others are not. The encapsulated viruses
are often more resistant to the lipophilic nature of
essential oils and as such present a unique challenge
in prevention of viral cells!"®! Viruses are parasitic
infections within susceptible host cells that cannot
replicate themselves. Viruses act by initiating gene
expression processas within host cells to create more
of the virus/"™ The viruses most responsible for
respiratory infection include rhinovirus, parainfluenza
virus, coronavirus, adenovirus, respiratory syncytial
virus, coxsackie virus, human metapneumovirus, and
influenza virus, summarized in Tables T and 2.

The antiviral potential of essential oils has not been
wellestablished within the scientific literature. Only
one study could be identified on the effect of essential
oils against the respiratory virus, coronavirus and two
others against the human influenza virus."*-"2" The
coronavirus is a vinus commonly isolated within human
populations with 15-30.0% of respiratory cases iden-
tified, annually”*? Populations most at risk for
infection include neonates, the elderly and immunao-
compromised  individuals. Respiratory  infections
caused by this virus are self-limiting with no known
antiviral or preventative vaccination available*¥
According to Loizzo et al,"™ an ICg, value is deter-
mined when evaluating the antiviral activity of a
sample. This value indicates the effective concentra-
tion of a sample responsible for inhibiting 50.0% of
virus growth. Further to this, the selective index (5I)
may also be provided as a means of antiviral potential
measurement. An essential oil with a 5l value greater
than four is considered suitable as an  antiviral
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agent '2*13 whila an I, value of less than 0.001 mg/
ml is considered as noteworthy."**'3 With this in
mind, none of the essential oils investigated (Cupressus
sempervirens (cypress), Juniperus oxycedrus, Laurus
nobilis (bay laurel) and Salvia officinalis (sage]) against
the coronavirus isolate indicated noteworthy activity,
however, L. nobilis essential oil did produce an 51 value
of 4.20 indicating potential activity. "™ Laurus nobilis is
indicated within the layman aroma-therapeutic liter-
ature for the treatment of lower respiratory tract
infections such as bronchitis, an acute condition often
associated to viral infections.™! Laurus nobilis essential
oil has been shown to have positive antiviral effects
against virusas associated with plants and animals and
reduces the viral load and virus replication.['2412

The incidence of human influenza virus amounts to
B.0% of respiratory infections, annually"** Influenza
symptoms include sudden onset of fever, muscle pain,
headaches and exhaustion, often resolving within 1-2
woeks"¥! Populations most at risk for infection
include infants, older adults, pregnant women, and
the immunocompromised. Respiratory  infections
caused by this virus are self-limiting, however, season-
al preventative vaccinations are available and updated
annually."*7

According to a study conducted by Garozzo
et al"*" the essential oil of Melaleuca alternifolia (tea
tree) has an inhibitory effect on influenza virus
replication at doses below the cytotoxic dose. This
study determined that wviral replication was signifi-
cantly inhibited if tea tree essential oil was added in
the early stages of infection (within two hours of
infection), indicating that tea tree essential oil inhibits
viral replication of influenza virus at the early phase of
replication"®"! In another study against the human
influenza wirus, essential ocils were combined for an
antiviral effect* In this study, the essential oils of
Covidothymus capitatus L. (Spanish oregano], Origanum
dictamnus L. (dittany) and Salvia fruticosa M. (Greek
sage) were added to extra-virgin clive cil and tested
against human influenza wirus strains. The study
revealed that the essential oil combination displayed
antiviral activity against influenza A/HINT virus strains,
influenza B and human rhinovirus 14 (HEV14), while
no viral inhibition was found against influenza AS
H3M2, respiratory syncytial virus (R5V) and adenovirus
5.

Mo other data is available on the effects of essential
oils alone or in combination against human wviral
species relating to respiratory tract infections.

{3 CHEMISTRY &
BloohERSTY
Essential Qil Chemistry

Essential oil chemistry has been well-documented within
the literature with researchers identifying various essen-
tial oil chemotypes related to biological activity. Essential
oil chemistry comelates strongly to essential oll quality
and is governed by several institutions such as the
European Pharmacopoeia and the Intemnational Standard
Organization (1500 From the literature, it has been
determined that essential cils can comprise of up to
more than socy different compounds, however, essential
oils predominate in only a few major constituents."
These major chemical compounds can constitute up to
B50% of the essential oil with the other individual
compounds identified comprising in trace amounts.=9
The antimicrobial activity is very often as a result of the
synergistic effects of the total interaction of chemical
compounds constituting the essential oil. Mumerous
studies have identified that perceived biological activity
of an essential oil may be more dosely related to the
activity of the major chemical constituent "3#-141 Essan-
tial oils containing aldehydes or phenols such as citral,
carvacrol, eugenol or thymod as major compound
showed the highest degree of antibacterial activity, while
essential oils comprising of ketone or esters such as §-
myrcene, o-thujone or geranyl acetate have much
waaker activity'1#¥ Tgbie 7 demonstrates the major
chemical compounds per essential oil used for respira-
tory infections. Of the essential oils investigated, 96.0%
of the major chemical constituents identified are of
terpenoid onigin, of which 78.0% are monoterpenes,

The antimicrobial activities of some essential oil
chemical compounds associated with essential oils
used to treat respiratory infections are highlighted in
Tabie 8.

According to Rios and Recio™! noteworthy antimicro-
bial activity is considered for compounds exhibiting an
MIC values less than or equivalent to 0.01 mg/mi, while
it i further stated by Gibbons'®! that compounds
demonstrating an MIC value of between 006 and
0.10 mg/mil are of dinical relevance. On critical examina-
tion, the chemical compounds as elaborated on in
Tabie 8, demonstrated very [ttle noteworthy antimicro-
bial effects, according to standards defined by
Gibbons"®9 These compounds indude, carvacrol against
5 aureus (MIC=0.002 mg/ml) and P. geruginosa (MK =
0,005 mgfmil, menthol against 5 awreus (MIC=0.01 mg/
mil) and thymol against M. tuberculosis (MIC= 0,008 mg/
mil), 5 aureus (0.003 mg/ml) and P geruginosa (MIC=
0,01 mg/mi). Criganum vulgare (comiprising of carvacrol),
Mentha piperita (comprising of menthol) and T. vuigaris
(comprising of thymolas main constituents).  These
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Table 7. The major chemical composition of the essential cils commonly used in respiratory tract infections.
Major constituent/s Constituent class Essentizl oil Reference
Scientific name Commaon name
trans-Anathole Monoterpens Foeniculum dulce Fennsl 3]
Anethole Monoterpens Foeniculum vulgare Fennsl [144]
Camphaor Monoterpens Cinnamomum camphora Camplvor [145]
Rosmarinus officinalis Rosemary 3]
Sahda officinalis Sage [145]
Caratol Sesquiterpena Daucus carota Carrot seed [6, 115, 148)
Carvacrol Monoterpens Origanum vwlgare Origanum [145]
Carvone Monoterpens Carum canvi Caraway [6,147]
f-Caryophyllene Sesquiterpena Fiper migrum Black pepper [&, 148]
a-Cedrena Sasquiterpans Cedrus atiantica Cedanwood 2]
Junipenus sp. Jumiper [1489]
1,8-Cineole Monoterpens Elettaria cardamomum Cardamom [145]
Evcalyptus globuwlus Eucalyptus [&, 1500
Lavandula latifolia Lawvender spike [145]
Mealaiewca vindifiora Nizouli [6,151]
Myrtus communis Myrtla 6, 152]
Criganum majorana Marjoram [6,153]
Rosmarinus officinalis Rosemary [145]
Cinnamyl alcohal Maonoterpens Styrax benzoin Benzoin [&, 154]
Citronellol Monoterpens Rosa = damascena Rose [145]
Diallyl wrisulfide Other Allivm sativem Garlic [145]
Eugenol Monoterpens Cinnamomum zeylamicum Cinnamon [6, 155]
Lawrus nobilis Bay [6,156]
Fimenta dioica Fimento [145,157]
Syzygium gromaticum Clowve (2]
Furanoeudesma-1 3-diens Sesquiterpena Commiphora myrrha Myrth [&, 158]
Geranial Monoterpens Cymbopogon citratus Lemomngrass [6,159]
sopinocamphone Monoterpens Hyssopus officinglis Hyssop [&, 160]
Limonens Monoterpens Canarium luzonicuwm Elemi [6,161]
Citrus gurantifolia Lime [145]
Citrus bergamia Bergamaot [145]
Citrus fimon Lemon [6,162]
Citrus sinensis Oranige [6,163]
Linalool Monoterpens Coriandrum sativim Coriander [145]
Lawandula intermedia Lawvandin [145)
Ocimum basilicurm Basil [6,164]
Linalyl acezate Monoterpens Lawgndula angustifofic Lavender [&, 165])
Sahia sclarea Clary Sage (&, 166]
Menthaol Monoterpens Mentha piperita Pepparmint [6,167]
Terpinen-4-ol Maonoterpens Melalewca alternifolia Tea tres [&, 168]
a-Pinene Monoterpens Cuprassus sem penvirens Cypress [&, 169]
Helichrysum ialicum Immortelle [145]
Finus syhvestris Pina [145)
B-Finena Monoterpens Abies balsamen Fir [6,170]
Thymal Monoterpens Thymus vulgaris Thyme [6,171]
Jingiberane Sesquiterpens Jingiber officinale Gingear [145)

13 Mot determined.

essantial oils have demonstrated the greatest degree of
antimicrobial effect against pathogens of the respiratory
tract, thus supplementing daims that the perceived
binlogical activity of an essential oil may be more dosaly

related to the acivity of the major chemical constituent.
It is prudent to consider that the interaction of chemical
constituents within an essential oil create a synergistic
environment that produces an antimicrobial effect by
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Table B. The antimicrobial activity of major chemical composition within essential oils used in respiratory tract infections.

Major constituent's Antimicrobial activity (MIC) Reference
trans-Anathale Antibacterial

M. tubercufosis (H37Rv) 20083 pgfmil N7

K. pneumoniae (RSKK 574) B pg/mi [89]
Camphaor Antibacterial

M. tubercufosis (H37Rv) 41,66 pg/mi N7

5 aureus (ATCC 25923) 0u& mg/mi

P geruginosa (ATCC 27853) 0,07 mg/mi

5 preumonioe (clinical isolate) B0 mg/mi 73]
Camphaor Antiviral

Influenza A (H1MN1a) EC:p=4.1-15644.00 pma 74

Influenza A (H1MN1a) EC=4.8-1447.00 pa 75]
Carotol Mot known
Carvacrol Antibacterial

M. tubercufosis (H37Rv) 2102 pg'ml N7

5 aureus (CCMI 335) 0,10 mg/mi [74]

5 aureus (ATCC 25923) 0U07 mg/mi

5 aureus (ATCC 25923) 0,51 mg/mi

5 gureus (ATCC 289213) 051 mg/mi

5 aureus (ATCC 33591) 097 mg/mi

5 aureus (ATCC 33592) 0,58 mg/mi

5 aureus (ATCC 433000 048 mg/mi

5 aureus (clinical isolate) 057 - 1.02 mgfml

F. gerugimosa (COMI 331) =020 mg/ml [74]

P geruginosa (ATCC 27853) 0,01 mg/mi

K. pneumoniae (RSKK 574) B pg/mi [89]
Carvacrol Antifungal

C. aibicans (CCMI 209} 005 mg/mi [74]
Carvone Antibacterial

M. tuberculosis (H37R) 2083 pg/mil N

K. pneumoniae (RSKK 574) B pg/mi [89]
f-Caryophyllene Antibacterial

M. tubercufosis (H37Rv) 100 pg'mil N
a-Cedrens Antifungal

. atbicans (clinical isolate) < .05 mg/ml 78]
1,8-Cineole Antibacterial

5 aureus (ATCC 25923) 005 mg/mi N

P, geruginosa (ATCC 27353) 0,07 mg/mi

5 preumonioe (clinical isolate) 2.50 mg/mi 73]
1,8-Cineole Antifungal

C. aibicans (ATCC 102317) 1.0 mg/mi [178]

. atbicans (climical isolate) 400 % (wiv) g
Cinnamyl alcohal Antibacterial

5 aureus (clinical isolate) 025 mg/mi [180]

F. geruginosa (clinical isolats) 100 mgy/mi [180]
Citronellal Antibacterial

K. pneumoniae (RSKK 574) B pg/mi [89]
Diialhyl trisulfide Antibacterial

5 pyogenes (dinical isolate) 002 mg/mi [81]
Eugenol Antibacterial
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Table 8. (cont)
Major constituent/s Antimicrobial activity (MIC) Referenca
M. tubercufosis (H37Rv) 25 pg'mil 73]
K. pneumoniae (RSKK 574) B pg/mi [89]
Furanoeudesma-1.3-diens Mot known
Geranial Antibacterial
M. tubercufosis (H37Rv) 125 pg'ml N7
opinocamphone Mot known
Limonens Antibacterial
M. tubercufosis (H37Rv) 25 pg'mil N7
K. pneumoniae (RSKK 574) B pg/mi [89]
5 aureus (ATCC 25923) 0U0E mg/mi
F. gerugimosa (ATCC 27853) 0,10 mg/mi
5 preumonioe (clinical isolate) = 16.00 mg/ml [LEE]
Limonens Antifungal
. atbicans (clinical isolate) = 8.00% (wiv) ]
Linalool Antibacterial
M. tubercufosis (H37Rv) 33.33 pg'mil N7
K. pneumoniae (RSKK 574) 8 pg'mil [&9]
K. pneumoniae (ATCC 10037} 1.50 mg/mi
5 preumonioe (clinical isolate) 600 mg/mi 73]
5 aureus (NTCC 6571) 025% (v 78]
5 aureus (ATCC 25923) 1.50 mg/mi
5 pyogenes (ATCC 12204 0.75 mg/mi
Linalool Antifungal
C. aibicans (ATCC 102317) 025% (v 78]
C. aibicans (ATCC 102317) 050 mg/mi nre
C. aibicans (ATCC 90028) 0.025% [wiv) [182]
. atbicans (climical isolate) 0,10 mg/mi [1&3]
. meoformans (dinical isolate) 025 mg/mi
Linalyl acetate Antibacterial
K. pneumoniae (ATCC 10037} 2500 mg/ml
P, geruginosa (ATCC 27853) 0.10 mg/mi
5 aureus (ATCC 25923) 125 mg/mi
5 aureus (ATCC 25923) 2.50 mg/mi
5 aureus (ATCC 6538F) 0108 mg/mi [e4]
5 pyogenes (ATCC 12204 2.50 mg/mi
Linalyl acetate Antifungal
C atbicens (ATCC 10231) 1 5.0 meg'ml
. meoformans (dinical isolate) 2.50 mg/mi
Menthol Antibacterial
M. tubercufosis (H37Rv) 41,66 pg/mi N7
5 preumonioe (clinical isolate) 1.50 mg/mi 73]
5 aureus (ATCC 6538) 0625 mg/ml 1]
5 aureus (ATCC 25923) 0U07 mg/mi
5 aureus (ATCC 6538F) 062 mg/mi [184]
P. geruginosa (ATCC 27853) 0003 - 2.50 mg/ml [71]
K. pneumoniae (RSKK 574) 8 pg'mil [B9]
K. pneumoniae (clinical isolate) 2.5 mg/mil 1]
Menthaol Antifungal
C. aibicans (clinical sample] 0625 mg/ml 1]
Terpinen-4-ol Antibacterial
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Table 8. (cont)
Major constituent/'s Antimicrobial activity (MIC) Raference
5 aureus (NTCC 6571) 0.25% (wh) 78]
Terpinen-4-ol Antifungal
C. atbicans (clinical isolate) 025% (v 9]
a-Pinene Antibacterial [185]
K. pneumoniae (RSKK 574) B pg/mi [89]
5 aureus (ATCC 25923) 0u& mg/mi
F. geruginosa (ATCC 27853) 0,10 mg/mi [183]
a-Pinene Antifungal
. atbicans (clinical isolate) 030 mg/mi 73, 183]
B-Finena Antibacterial
M. tubercufosis (H37Rv) 1041 pg/mi N7
K. pneumoniae (RSKK 574) 8 pg'mil [B9]
K. pneumoniae (clinical isolate) 0.10 mgémi
S-Finana Antifungal
C. atbicans (clinical isolate) 007 % (whv) [179]
Thymal Antibacterial
M. tubercufosis (H37Rv) 0.78 pg'ml N
5 aureus (CCMI 335) 0,10 mg/mi [74]
5 aureus (ATCC 6538F) 125 mg/mi [184]
5 gureus (ATCC 25923) 045 mg/mi
5 aureus (ATCC 28213) 0,51 mg/mi
5 aureus (ATCC 33591) 1.02 mg/mi
5 aureus (ATCC 335932) 0,68 mg/mi
5 aureus (ATCC 43300 048 mg/mi
5 aureus (clinical isolate) 057 -1.02 mae'mil
P. geruginosa (COMI 331) 020 mg/mi [74]
P. geruginosa (ATCC 27853) 0,01 mg/mi
K. pneumoniae (RSKK 574) B pg/mi [89]
Thymiol Antifungal
C. aibicans (CCMI 209} 0,10 mg/mi [74]
Zingiberena Mot known

the essential oil. Such findings have been determined by
previously published investigations.™""™! Previous stud-
ies have reported that the inhibitory action of Rosmarinus
officinglis (rosemary) essential ol against larvae insect is
due to combined effects of various chemical constituents
as further investigation indicated that no single chemical
constituent showed any biclogical activity 1428
Additional research, making use of studies such as
chemometrics, will allow for researchers to determine
the link between chemistry and antimicrobial activity.
Chemometrics is the application of mathematical and
statistical techniques used to retrieve significant informa-
tion from complex datasets"™ Chemometrics is an
invaluable tool for identifying patterns and detarmining
structure—activity relationships within complex biological
systemns and offers an unbiased approach to review of

these interactions. Studies using chemometrics to deter-
mine structure-activity relationships of essential oils for
antimicrobial purposes have demonstrated important
findings of essential oil chemistry and its comelation to
antimicrobial activity"™"" In a study conducted by
Orchard etal "™ it was determined that the chemical
compound eugenol was identified as the biomarker that
contributes to the noteworthy antibactenial activity of
essential oils such as C zeylamicum, L nobilis and 5
aromaticim against dermatological pathogens. This link
should be explored to determine the effect of essential
oil chemistry on antimicrobial activity and the ability to
use this data to predict synergy in essential oil
combinations.
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Essential Qils Used in Combination for Respira-
tory Applications

Aromatherapy predominantly makes use of essential
oils in combination. Essential oil blending, or the
combining of essential oils, is the heart of aroma-
therapeutic practice, with the aim of creating syner-
gistic interactions between oils"™ Synergy is a
concept that has been conceived since antiquity and
actively sought within a vast amray of scentific fields.
Synergy can be defined as an effect seen by a
combination of substances being greater than would
have been expected from the individual
contributions.™ Synergy within the field of aroma-
therapy can be achigved if the essential oils are able to
elicit antimicrobial effects at varying target sites, or by
enhancing the bioavailability of one or more oils
within the combination.*

Synergy is measured using a mathematical defini-
tion dependent on the technique wsed for
quantification."* Multiple techniques are currently
employed to measure synergy, dependent on the
components analyzed. For the antimicrobial analysis,
the calculation of interaction indices and creation of
isobolograms are the accepted methods used to
interpret multiple interactions. In the calculation of an
interactive index known as the Fractional Inhibitory
Index (IFIC), the results obtained from the MIC and
MBC assays are used. The interpretation of results
obtained by the calculation are; synergy (< 0.J5),
additive effects (> 0.5-1.0), non-interactive or indiffer-
ent effects (= 1.0-<4.0), or antagonistic effects (>
400! The IFIC is a mathematical evaluation of the
interaction of testad combinations in order to deter-
mine possible synergy®" The limitation to this
method is the assumption that half the concentration
will only offer half the effect®'* In order to over-
come this, interactions at varying concentrations can
be determined and represented in isobolograms,
which are graphical illustrations of combined interac-
tions. Proposed combinations are evaluated independ-
ently and at varying concentrations to develop a dose
response plot.® Points identified below the 0:50:0.50
line of the isobologram are considered synergistic.*"!

Essential Oils in Combination with Essential
Qils

Examining the aroma-therapeutic literature, at least
445 possible combinations (made up of two oils),
could be identified for the treatment of respiratory

{ CHEMISTRY &
BICOWERATY

tract infections."2%%"-%! When investigating the scien-
tific hterature on the antimicrobial effect of these
identified blends against respiratory specific patho-
gens, wery few combinations were studied
[Tr]t-‘iE g-,_[mss-:mj

Although there has been a surge in interest and
encouraged direction in the field of combinaticnal
essential oil research, data (Figure &) demonstrates that
research involving combinaticns has remained consis-
tently lower (approximately half) that of studies on
single oils for the last 30years. This is wvastly
unbalanced considering that essential oil blending is
the primary based application.

The data summarized in Table 9 demonstrates that
essential oils, when used in combination, can initiate a
synergistic antimicrobial effect. Synergy was deter-
mined for 34.0% of the combinations reviewed. The
combination of essential oils proving the most syner-
gistic antimicrobial effect is the combination of
Lavandula angustifolia and Litsea cubeba (May Chang)
in which an IFIC value of 0.19 was obtained against
the pathogen Candida albicans.”™ Combinations identi-
fying as synergistic against a spedfic pathogen may
not demonstrate the same effect against a different
pathogen of the same or different class. This is
highlighted in the combination of Lavandula angusti-
folia and Litsea cubeba essential oils in where the
combination demonstrates synergy against the patho-
gen C. albicans but is additive against Pseudomonas
aeruginosa and non-interactive against Staphylococcus
aureus.® These antimicrobial effects are predominant
(83.1% of the combinations studied), with combina-
tions demonstrating synergy against one pathogen
and differing antimicrobial effects against micro-
organisms of differing classes. This demonstrates that
broad-spactrum synergy cannot be assumed, and that
combinations should be tested for specific infectious
conditions against specific condition-related patho-
gens. This is particularly important in the case of
aromatherapy when using essential oils to treat and
manage respiratory infections. Multiple causative
agents are responsible for these conditicns, as high-
lighted in Tables T and 2, and as such, aromatherapists
should not assume efficacy of essential oils broadly in
the treatment of respiratory related infections due to
the complexity of these conditions.
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Essential Qils in Combination for a Holistic
Effect

Essential oils when used in combination are not only
blendad for potential antimicrobial synergy, but also
for a presumed holistic synergistic effect. Essential oils
have been shown to elicit anti-oxidative (Table 10),
anti-inflammatory (Tobie 17), as well as antihistaminic
effects (Table 12), and thus a combination of essential
oils may act on varying pathways to treat the
respiratory infection on varous levels.

Induced oxidant stress is a process that develops
when a system undergoes imbalance, such as in
infection, resulting in the development of reactive
oxygen intermediates (ROP's) and free radicals. The
development of ROI's and free radicals leads to cell
damage and inflammation and are essential in a hosts
defense against infection; however, uncontrolled oxi-
dative reactions are harmful to normal tissues. ™" The
respiratory system is particularly susceptible to oxida-
tive stress-mediated injury due to the large surface
area associated to gas exchange ™7 Oxidative
stress-mediated injury includes damage to lung tissue,
mucus hypersecretion, edema of the bronchial wall,
bronchoconstriction and inflammation 257353 Antiox-
idants are molecules that interact with free radicals
causing stabilization within the host and reducing this
oxidative stress-mediated damage to healthy tissue.
Several studies have shown in vitro antioxidant poten-
tial of essential oils. /6113303295 207-218354] A pyinedant
activity inwitro is measured by means of several
varying test methods. Literature states that conclusive
antioxidant activity should not be measured by one
method, and as such most literature evaluates the
antioxidant activity of test samples using a wide range
of methods.**! Among antioxidant test methodology,
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical
scavenging method is considered the most regularly
applied and reliable method as the process is rapid,
simple and inexpensive in comparison to other
assays, ™ and hence reported here.

All essential oils prescribed by aroma-therapeutic
text for the treatment of respiratory infections show
some degree of antioxidant activity by means of DPPH
free radical scavenging. The most effective antioxidant
activity was identified for C zeylanicum essential oil
with 91.4% DPPH inhibition In recent studies,
zeylanicum has demonstrated the most effective
antioxidant activity when compared with other aro-
matic herbs and spices™! Other essential oils that
demonstrate antioxidant effects include; Helichrysum
italicum {immortelle), Melaleuca cajuputi (cajuput), O.
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basilicum and O. vulgare with DPPH inhibition values
ranging from 55.7-89.0%.2%528-221 From an antimi-
crobial perspective, the combination of C zeylanicum
with L. angustifolia essential oil against the pathogen
P. geruginosa demonstrated an additive effact (IFIC
value of 0.53). When combined, the essential oils may
provide an additive antimicrobial effect, while C
zeylanicum provides an antionidant effect, treating the
infection from a helistic perspective.

As with the antimicrobial studies performed on
essential oils in combination, the available data on
combined antioxidant activity of essential oils is not
well-documented. It cannot be assumed that the
proven antioxidant potential of a single essential oil is
maintained when placed in combination and thus the
potential for improved antioxidant activity with anti-
microbial effects of essential oils in combination needs
to be investigated further.

Inflammation is a complex biological response by a
host to exposure of infection, damage or chemical
changes within a system.”*" In an infection, the body
maobilizes the availability of inflammatory markers to
increase the presence of immunity modulating cells,
such as leukocytes, at the point of infection. This is

done to initiate the removal of micro-crganisms
responsible for infection (Figure 7).

Essential oils with anti-inflammatory activity act to
reduce swelling and edema associated with respiratory
infections, thus reducing symptoms such as wheezing,
congestion and difficulty breathing. As with antiox-
idant activity methods, varying assays are available for
the evaluation of anti-inflammatory activity of essential
oils. The most commonly employed method is that of
the inhibition of edema produced in the hind paw of
the rat after injection of a phlogistic agent such as
carrageenan or formalin!®*# The camageenan-induced
paw edema study is based on the principle of release
of wvarious inflammatory mediators by carrageenan
upon injection to tissue, resulting in edema. The
inflammatory cells produced by carrageenan include
those inflammatory cells associated to respiratory
infections. In this method, the animals are dosad with
test sample an hour after injection with carrageenan.
The degree of edema is compared at various intervals
following the introduction of carrageenan, and then
compared to a control group. Percentage inhibition of
edema is then calculated and used as a measure of
anti-inflammatory  activity/*® The effectiveness of
essential oils as an anti-inflammatory  is  directly

www.chwiley.com (31 of 56) e2000062

© 2020 Wiley-VHCA AG, Zurich, Switzerdand

45



{ } R et

Chem. Biodiversity 2020, 17, a2000062

[907] P BRI AED L =0 qiyu ) Hddi |oueLg BuyBuaseas Hddio dossfy  syewayo smdo ssdy
wna
a1zl U AEE =D QU Hddd QS0 BujBusaeas Hddi B|FUOWIL] YRy sl ey
i eE ] Lo P00
[£12] AOAU-E | PUE AU LI ES 10 UD[RIUREIUOD B IR 9500 =Y saal-F -ne paonpul-gbdep puaay-p peas [auuE g ApBinag wny ueog
mn
[goz] (9 159¢] (ouafing TS =Y [DURLIER auajp paie fnfuos ann  ydodiog muating
mo
[a1z] (n oma) ouafing (Bl g =M jouegE BupBuzseas Hddo aan|n  ydodos puafing
[207] PO WRINOTESTL=Uo U Hddd  euEgg BuBuseess Had  snaddeony syngoyl smadeang
LTI
[207] USRS L0 ST ET =M Qg H 40 Lt =t By Bussess Hddo WOWERI BT -G Rpn 2 BUm) 2
[aa7] U BRE 00T LOE =0 qiu ) Hddd |oueLg BuyBuaseas Hddio PR J0MIED LIRS SN
[
[517] (BEFTS) [oue RS SELTEE s =10 jourgiay Bujbuasess Hado  sseibuowa - wobodogod
(5 wa L) 5342 s
[rLZ] 6 L5k FILERD weld pog 1 w00l =y puegep  -eds sapoeal proe opnyoegoyl s buowa - uobod g
SURN
[ELT] 0 L5 ) Auau -1 Bl g =y (=T ] BuyBuasess Hdd0 ssaucds  wadwas snssadng
i
[zLE] pru BTl | FaaL =% fueyig QOTFSL 2 w0 gy JApEPDT -0 Wpuny oy
B | uo oyl
[zl U -RIUEDUCD IR G TE0TOLTL =Y PURLIRN BuyBuasess Hdd0 YUAR - o puos
BUSOUH BN PUE
[oLz] E U p oojeul | ‘Buauow) ‘ausiy- § BZ0 T SOEL =0 g Hddd  [PueyIap BuyBussess Hdd0 afiueig SEUALE S
[&0T] (o0 1 LR SUSUoI B o) =ose="0  ouepsw B Busaess Hdi LIS L ST
[507] (S VETETT-TINR | WELYL TORRF =" pueyiap BuyBuasess Hdd0 L& LY ST
[B0E] (% S BE | SUSUGILYT WEL=|Y [l iy SUS P EREEnfucs 1oe kg oupfiag s
[80Z] (3 LB'T6) auauow Wh =y QS0 aualp prEbnfuon  afuek gsayg W umne sy
[oaz] UM LD EES L =uoiqigul Hdda |oueLg BuyBuaseas Hddio E1U0 s I T T F T T o T
wnyuny
[£o7] (306° 9] 2 pAYR plE 3 WELLD BEGE =UO UL HddO  [PUELaRN BuyBuaseas Hddio [EL TNV 1 e EF T T T TV
FEG iy
[aa7] (LTESL) AR PIRWELLT %7000 T 1 L6 =Us [ qiyu) Hdda |ouELg BujBusaeas Hddi UOWRULD (a7 Wi mug
[saL] (3 Sl 9E] AUAL |- 0EDT0RsLE="57 gy BuyBusseas Hdd0 PoCRIEpE T CAUDIR SR
[t0z] pru ZH6a=""09  |oueyiay fuyBusseas Hdi AemEIED JAID LMD
wna
[oaz] PUOME LD T ER L L =uogqiyul Hdda |oueLg BuyBuaseas Hddio (WA UDETY WnLUE
[gaE] (% 5 E) [DuS-F-y s p-a npogy =" ouREw By BUSWEDS Hd]  SEusouyue WL 2 DY [Psog
[0z ] pru L =" [oueyian Bup Buzeeas Hddo ey LUMAD S LU
[E0E] (5 757 L) 2PN | A1 BT G lo="08  |[suapsy B BUshEss Hado APED WHTAEES WY
ALEL
LILLILLED ) ALLE L 3|0
ERINETETEH] AN ISU0D [EX B JofE ynsay WEA0G (ARSSE] POy IR ETE=]

sufpau) 1980 Aoieldsal [0 USR] SU] 01 PA1RI0TE (10 [BIUSsS Jo AW DE JUEPROUE 31| 0L WqeL

© 2020 Wiley-VHCA AG, Zurich, Switzerdand

(22 of 56) 02000062

www.chwiley.com

46



{ } R et

Chem. Biodiversity 2020, 17, a2000062

‘PRUDAUSL JOR ml

PRUMLRIER 10N 1y

_ _.NN_ _“."_.m_.__._w._w _.”_ SUaWNANT 3% LS T O L9t =uafiqiyul Hddl  |[ouUeLi=gy m_:_m_:m_-.a_m Hddi h.wm_:_...l._ AU Lo h.u_u__mr___m‘

[207] (% LT [2ofEu] SBBLOOT 09 LE=USquIH4d0  [2uegig B BUshEss Hado BWay speBna smudg

gl g |eu Un|1epIXoo] ELITL

[£17] s EE0E Jusing U1 RIIUSIOD 1R B 5f =y SaH-r -ne psonpu | AyBdep (euss -7 S0 -powoen bl

577l (% E0BE) 2 [0au3-g° | WTE =UDIqQIUL Hdd  [oueyiay BuyBuasess Hdda afieg 0L 0 AP

o

577l (370 L) Auau |- U LEE =UDIQIUT Hdd  [oueyiEy BuyBuasess Hdda AIBUBSOY G0 SIULDIISOY

[rET] [0 BErD | ) SUESOo | -u i rr L psE =" jouBnpEw B Busaess Hdi S0y DUABDLDD KoY

[gzz] (asaaer] aua)dydodies A =UD QYU Hdd [ouRLEy BujBuaneas Had  Jaddad yoe g i @y

[zzE] o Tl LE =UqIYu Hdda [l IE By BUSAEDS Hddi alg S s S

[£51] (3 009 (ouafing Bl ggeg =" |oueLg BuyBuaseas Hddio o1LELL | DA P PR ]

[aa7] [0 8 ER) DAY ] o B0 G ER = U qiu | H ddi [NTE] B Busaess Hdi wnueBio el wnoeiug

ou

[aa7] FUBRELOOT O L =i qiu ) Hdda [=NTE] By Busaess Hdi weicfle o wmieiuo

[zl (980 65) paupia] - GhEEE /055 U IgIUI Hdd  [PuBLiap BuyBuaness Hddd IS8 N2 YSG W0

[Fst] (Sl GE) SUSL |- Bl gse =%y |ouBEw B Busaess Hdi SUAW  soomimos sy

[azz] (% 2°0F) P ydaw juy B pog =% pueyiapy Bujbuasess Had  auunaddag paad i P iy

AR

[a07] P 00068 =U NI H 440 ey BuyBuaseas Hdd0 ey -anbunb pana oy

[&1E] (o LEE) foP R D suouey1 B LE=UOM AU HddD S0 es B BUSAEDS Hddi) nds{en  podnfee coneye e

oy

[5LE] o 00T AT =T [ouBEy By BUSAEDS Hddi] Al 2] -QuiAR DANAD Y

[207] PU %000 S0 =U NGy Hddd fueylg Buy Buaseas Hddo Buein dew Daaqne pAsy]
ayyds

[a07] USRS LODT AEDL =UgIgul Hddd (=T ] BuyBuaness Hddd BPUSAET  PYQNR PINPUDADT

o

[a07] PUOBRBLOD T SEEL =U0mgIyul Hddd (=T ] BuyBuaness Hddd UIPUBAET -2LLE] W PINPUDADT

oy

[907] PUOBRENDD T ELS L U gy Hdda ey BuyBuasess Hd40 BpUase] usnbup pnpupan

[t0z] Pru TOTEE="0T  [pueyiay Uy BUsn s Hddi pane| Aeg FYqou neg
aweu

LOLLILLID ALLE U U5

ERIETETEN] SN SU0T |3 e LR Joley ynsay wasog (ARrSSE] oLy LN IE =]

() oL HqeL

© 2020 Wiley-VHCA AG, Zurich, Switzerdand

(23 of 56) 02000062

www.chwiley.com

47



{ } R et

Chem. Biodiversity 2020, 17, a2000062

[zrz] P ey 1l ik 18 260% =uojpnpRd pwEpg S1E1 U| B[R pasnpu-ue us bele s asny DUAISDIUDP DSON
(% BE'ED)
[gzz] aua|fydolie By gos 18 947 =un|Dnpad Blwapg 0 U BwEps paonpuj-ueus Beoes gaddad pepg i @y
i
(1] P SR og e g 7 =uopgqiyu) abeieosag Aypeaued Aepdes paon pug-poe 2pEoy aulg sLsAaNA s sy
[orz] pu ALRIGUAL JEHH 1o uoyparad o 7o PO YPL UDNET|||ICE B SURKUWIEL E HH =TT DA PJUAG
[azz] P BB gl 18 949 | =uojpnpal pwapy S1E0 UJ BLUSER pasnpu-ue us bele sy winuefi gy apfina wnupfitg
[6ET] (006 09) # obens) Eog/Bw 0% 18 o e =uo)1on 2 Buspg S0/ U RIS pEonpu -uRuSste e |F=F LR WSO W0
o7zl P By ga | 18 %0 =uojDnpEl pwEpy S180 U| BLUS S pas npu-ue usa fese s TR SUNLLLOD LAY
=T U BB 0 18 o005 =Uo)on Rl espd S WU BSER pEonpu|Susiy uweddsy i pl g LA
J ayyds
[RET] (e o) ooeury A oEo B soree =u g S5 ez uci gl (¥ -5) sseusiiood )| -5 ISpUSNET] DI A0 PN D]
i
[RET] (% ) 2R AT OED 18 %@ 78 =u o qyu) 26Eue 5y uS Iy (X0 -5) Fsueblaod || -g UJPUBAE Bipawlia] uf D inpu e
oy
[£E7]  [npd 59) 2|o=0) -8 Boy/Bw ooF 18 syl =uo)on el euspg S1EI W) RIS psonpu|-ueruEsbene s Ispuaae]  -gpsniue pnpuoog
[oz7] P BB pol 18 9461 =uo|Dnped ewapg S1R U| BLUS R padnpu-ue use fele s Aeg S Gou snine
|=Turd U BB QoL 18 06 =U0)on R BEEd S1RI L) RIS @R pSonpU | -ueuEste e dossiy  spouoe snaossiy
20U U BLUEpa
[aLzl pru BopBw ol 18 5 59 =uo)on el euspg PRonpul-UuolIEs pUE -7y ) 7Y ssed)ogdsogy SPUOWW]  wregm s gy
[9e7] 6 BYL) 2Eyiauy-(30 B/ W 0770 18 0 8205 = U0 DN paJ BEpg S1R U| BLUS R padnpu-ue use fel e [AuuRy AP wWnny ey
(oL ) o
[5E7] s pydodes-d By W00 IR %5106 = U0 |DN PRI BWapT S1E) U] BLUAPE pao npu j-ue L el e ano o odios puating
|=Turd U BB 0L 18 sl =uo)on el espd SR L) RIS pSonpU | -ueuEste e sdfjeang  sypngoyli smadpeang
iy
[rET] pru Eoyrd oRe 18 o o =uo)on el Buspg S1EI W) RIS psonpu|-ueruEsbene s WOWRED -G » ouo ag
[eET] % TER) B (AU BayBu e 18 96001 =uo DN ped ewapy s1R) U B paonpu-eumbeies  seibuowa smpegn uobiodogus
[l=Tatd| pru BoyBw QoL 18 5 | E =uoon pel euspg S1EI U] ISR pEonp |-UeuEsten e JSPUBNOTD WA 5 IARIONoD
[zeT] P BB ol 1e 9 870 =uo|pnped ewapy A3 U BLUSPE Pash pul- U)|eLLg 4 YUAY g Do Koy
BB pgz
[LEZ] pu B UO| DN PR B|CEIou = U0 DN R Blapy A0 U BLUS R pED NpU -Ue U Bel e afueig SEUALE S0
[607] (%1 18] Auauowp) widd grop="7) uop gyl (-] @seue Blxod)-g uoLE] LIOLL ) STLYD
[oez] pu By a0 Ie 0 6EES =U0 | DN e BWEpg S1R U| BLUS R pasnpu-ue use fel e puiefieg mphiag sy
[607] (%075 auauowr] widd ggap="7| uop gyl (0-5) #seus Blxod)-5 aur OO0 LUDND STLYD
BT pny maoid
[6zZ] U 18 950570 088 r= unjssaid dns 0-4p ) Arsse uopssanddns 0-4py TV NV T e T, e T TV W g
wnau
[azz] P ByBun gof 18 9§ =uojpnpal papy A0 ) BLUE PR pED NpU R uaply UOLIBUUEY  -BAa 7 Wniiownu )
[£EE] U JwyE oL e o 5= uoisssad dns T-4p | 23w ) Aesse uoysssed dns T-4p L AEMEIED MDD WD
a7zl P Byfu gl 18 %E7 =uojDnpal Bwapy S181 Uj BLUS = pas npu-ue usas Beses APED LUNAID § Lny
alueu
LOLLLLI 0T ERTITETT TR =
FIEETH T an]
ERIETETEH] e UL Jofey 1nsay poLiEy LN UER =]

‘suo oAUl D e Alojeljdsal jo JUBLIIESIY L) 0] PA1RROSSE 5|10 [B1IUSSa Jo AJARe A OIRWLEYU|-IUE 3L L] Wqel

© 2020 Wiley-VHCA AG, Zurich, Switzerdand

(34 of 56) 2000062

www.chwiley.com

48



Chem. Biodiversity 2020, 17, a2000062

Reference

[243]
[244]
[245]
[215]
[221]

Major cherical
Myrcene (24.6%)
a-Thujone [90%)
Estragole (49 %)
Thymed (21,46 %)
Curcumens [16.7%)

constituent

340% at BO0 mogkg

TO-75 % a 250 mg/
50.9% at

00055000 pliml

Ederma reduction a 500 mgdg

Ederna reduction
Ederma reduction

kg
1Cey
Percentage inhibition

0.40 rng Sl

Result

Carrageenan-induced edema in rats
Carragesnan-induced pleurisy in rats
Carrageen an-induced edema in rats
Sl ooy e ase (5-LOX) inhikithon
G-l poyg enase (5-LOX) inhibition

Method

Carmman
narne

ge
Clary sage
Thyme
Ginger

Rosmannus oficinalls Rosemary

Salvia efficinals

Tabke 11. (cont.)
Sclentific narme
Salvia sclarea

Thy mus vulgans
Zingiber officinale
18 pat determined

Essential ol
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Table 12. The antihistaminic activity of essential oils associated
to the treatmeant of respiratory tract infections 2%

Essential oil Result
[8-hexosaminidase
reduced]

Scientific namea Common name

Carum carvi Caraway 0%

Citrus aurantifolia Lime 0%

Citrus limon Lemaon 35 -40%

Citrus sinensis Orange 10-15%

Cymbopogon citratus  Lemongrass 55 %

Douvcus carota Carrot sead 25-30%

Eucalyptus giobuius Eucalyptus 0%

Ocimurm baszilicum Basil 0%

Salvia officinalis Sage 5-10%

Santalum alburm Sandalwood 50%

Syzygium aromaticum  Clove 15%

Thymus vuigars Thyme 5-10%

correlated to percentage edema reduction.  Fifty
percent of the essential oils investigated by means of
carrageenan-induced paw edema reducticn method-
ology demonstrated anti-inflammatory effect (percent-
age reductions in edema =500%). In the study,
Eugenia caryophyliata (clove) demonstrated the high-
est degree of antHnflammatory activity with a per-
centage edema reduction of 90.15%.72% This outcome
is further supported in  other essential il
studies™*-2T and augments the prescribed use of
essential oils as an anti-inflammatory agent. Other
essential oils of significance include Corigndrum
sativum (coriandear, % reduction= 7 1.7 %), Piper nigrum
(black pepper, % reduction= 72.0%) and Salvia sclarea
(clary sage, % reduction= 70.0-75.0 %) 122424

As with studies relating to the antioxidant activity
of essential oils, it is hypothesized that antimicrobial
and anti-inflammatory responses of these agents may
be improved in combination, however, this hypothesis
requiras further investigation as the effects of essential
oils in combination for anti-inflammatory purposes is
not well documented. Interactions between essential
oils therefore may reduce the proven anti-inflamma-
tory activity of a single essential oil when used in
combination. Furthermore, emphasis with respect to
the anti-inflammatory properties of essential oils in
combination for the management of respiratory
inflammation should consider assays that target
associated  inflammatory  markers.  Inflammatory
markers of importance include interleukins (IL-6, B, 10,
12,15, 18}, TNF-e and y-interfercn.

Histamine is an inflammatory compound that is
released from within leukocytes, such as neutrophils
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Figure 7. Inflammatory cascade in respiratory infections.

and mast cells, upon exposure to an allergen or
antigen. The release of histamine in respiratory tract
infections results in bronchoconstriction, vasoconstric-
tion and dilatation, microvascular leak, activation of
sensory  nerves  and  increases in mucus
sacretion™*-** These responses by the host cells
cause the host to experience symptoms commonly
associated with respiratory infections such as watery
eyes, nasal congestion and coughs. Essential oils are
employed in aroma-therapeutic practice to reduce the
edema associated with these symptoms and thus help
to clear nasal congestion and aid in symptom relief.
The study of essential oils for antihistamine activity
has not been well documented with only one scientific
publication identified with relevance to respiratory
infections.***! The methodology employed by Mitoshi
etal®™ was that of the S-hexcsaminidase release
assay. The chemical employed in this assay, §-
hexosaminidase, has been indicated in the literature to
comelate to histamine release by mast cell and thus
used as a measure for antihistamine activity. This assay
measures the amount of S-hexosaminidase released
from cells following exposure to an antigen and then
essential oil. The percentage by which S-hexosamini-
dase releasa is reduced is a measure of the effective-
ness of essential oil for antihistaminic effects. OF the
essential oils investigated, §3.3% of the essential oils

00
12 15 18

Cell nucleus

showed antihistaminic activity with C. citratus demon-
strating the highest effect with 55% S-hexosaminidase
reduction.**! Other essential oils with antihistaminic
potential include Santalum album (sandalwood, -
hexosaminidase reduction=50%j), C. limon (8-hexosa-
minidase reduction= 40%) and D. carota (S-hexosami-
nidase reduction= 30%)."*" Daucus carota has proven
to elicit noteworthy antimicrobial potential individually
as well as in essential oil combinations. It can therefore
be hypothesized that 0. carota in combination with
other essential oils for the treatment of respiratory
tract infections may produce antimicrobial effects that
are supported by antihistaminic and anti-inflammatory
effects and therefore, this essential oil in combinaticn
should be investigated further.

Essential Qils in Combination with Convention-
al Antimicrobial Agents

Due to the emergence of growing levels of antimicro-
bial resistance, the need for greater and more effective
antimicrobial drug formulations is fast becoming a
matter of urgency. The WHO has stated that ‘antibiotic
resistance is no longer a prediction for the future; but
is happening right mow, across the world, and is
putting at risk the ability to treat common infections
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in the community and hospitals'/*! Antimicrobial
resistance studies O'Meill **! identified that as of 2014,
50 000 deaths within Europe and the United States
were attributed to antimicrobial resistance with pro-
jections of 10 million deaths globally by 2050. To
reduce the burden attributed to antimicrobial resist-
ance, the WHO has created a five-point strategic plan.
One of the five points is to optimize the use of current
antimicrobial agents™®! This can be undertaken by
combining varying classes of antibiotics with natural
products such as essential oils.®72%2 The interest in
natural products as a means of combating antimicro-
bial resistance is steadily on the increase. Studies have
shown that essential oils provide an advantage in
combating antimicrobial resistance due to their ability
to exhibit simultanecus activities toward different
bacterial structures!™€ This is as a result of the
interaction of their multiple compounds as previously
mentioned.”™ Combining antimicrobial agents with
essential oils provides an opportunity to overcome
resistance due to the complexity of the antimicrobial
action of these combinations. =%

Clinical aromatherapy, or the use of essential oils
for a targeted clinical symptom, is fast becoming an
accepted practice within settings such as hospitals and
laboratories. The practice of aromatherapy by nursing
staff has been legislated in Minnesota by The
Minnesota Board of Mursing, where it is stated that
nurses may make use of complementary and integra-
tive care strategies, including aromatherapy, in clinical
practice. Furthermore, the practice of dinical aroma-
therapy has been widely documented and supported
by research. In Cape Town (South Africal, the Brooklyn
Chest Hospital, makes use of an essential oil mixture
comprising of Melaleuca quinguenervia (niaouli), Euca-
lyptus smithii (eucalyptus), Myrtus communis (myrtle),
Abies balsamea (fir balsam), M. alternifolia (tea tree),
Pelargonium  asperum  (geranium) and M. piperita
essential oils through diffusion among pediatric tuber-
culosis patients to reduce microbial content in the
air 12l

Albeit that essential oils are employed in clinical
settings, studies based on the combination of anti-
biotics and essential oils are limited, and in some
instances irrelevant for practical application, particu-
larly in relation to essential oils and antibiotics used
for respiratory infections. Table 13 summarizes the
studies on these interactive combinations performed
using microdilution assays. Most of the studies have
shown essential oils to enhance antimicrobial activity
of antibiotics and antifungals with 82.9% of antimicro-
bial and essential oil combinations demonstrating

{ CHEMISTRY &
BICOWERATY

favorable interactions. These findings may be as a
result of authors merely publishing interactions of
favorable outcome and omitting those in relation to
antagonistic or indifferant rasults.

COriganum vulgare essential oil displayed the great-
est degree of synergy across both bacterial (IFIC=
0.31) and fungal (IFIC=0.03) pathogens when com-
bined with gentamicin and amphotaricin B against 5
aureus and C. albicans, respectively.”™#" The inves-
tigation of such antimicrobial agents in combinaticn
with essential oils is not entirely necessary as the
future application of such a combination is not
feasible. The antimicrobial agent amphotericin B is an
expensive, thermolabile and an intravenous prepara-
tion. The application of an essential oil to an intra-
venous antimicrobial is not achievable. Previous other
studies have identified O. vuigare essential oil to
improve the activity of more practical antimicrobial
agents such as S-lactam antibiotics against both
Gram-positive and Gram-negative bacteria[®22732%4
Pelargonium asperum essential oil displayed the great-
est degree of broad-spectrum activity as synergy was
determined for this essential oil in combination with
four antimicrobial agents against two pathogens, 5
aureus (ciprofloxacin, IFIC=050; norfloxacin, IFIC=
037 - 038) and C. albicans (amphotericin B, IFIC=
0.04; ketoconazole, IFIC=025). Fungal pathogens
[when compared to bacterial pathogens) demon-
strated the greatest degree of sensitivity to the effects
of essential oil-conventional antimicrobial combina-
tions. This is in alignment with literature in which
studies have proven that due to cell structure, fungi
are more sensitive to the antimicrobial effects of lipids
found within natural products such as essential
Oils_jﬁ.wz-zaz.zm]

The use of essential oils as conjugates to antimicro-
bial therapy is an important consideration within
antimicrobial studies as a large population of the
world make use of CAM therapies in combination with
allopathic treatments.”® The WHO has emphasized
the urgent need to cosely integrate the use of CAM
treatments among allopathic practices in order to
improve on patient care and treatment outcomes. 2
These practices can only be integrated on the proven
potential of these products in combined use and
therefore the antimicrobial activity of essential oils in
combination with conventional antimicrobial agents
used for the treatment of respiratory related infections
should be encouraged to meet those standards sat by
the WHO.
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Table 13. Antibictic/essential oil combination studies against pathogens associated with respiratory tract infections.

Antimicrobial / Essential oil combination FIC Result!™ Referance
Staphylococcus gureus

Amoxicillin Elettario cardamamum (cardamom) 1.06 | 2]
Amoxicillin Origanum vulgare (origanum) 0.75 A [272]
Chloramphenicol Lavanduly angustifolia (lavender) 0.75 A [273]
Ciprofloxacin Elettario cardamamum (cardamom) 0.62 A 2]
Ciprofloxacin Melaleuca aiternifolia (tea tres) 7.70 An 7o)
Ciprofloxacin Mentha pipenta (peppermint) 0.75 A 7o)
Ciprofloxacin Pelargonium graveslens (geranium) 0375 5 [274]
Ciprofloxacin Rosmarinus officinglis (rosemary) 1.03 A 7o)
Ciprofloxacin Thymus vuigaris (thyme) 0.80 A 7o)
Ciprofloxacin Lovandule angustifolia (lavender) 0.49 5 [273]
Fusidic acid Lavanduly angustifolia (lavender) 0.65 A [273]
Gentamicin Melaleuca aiternifolia (tea tres) 0.49 5 [275]
Gentamicin COrigamum vulgare (origanum) 03 5 [276]
Morfloxacin Pelargonium graveslens (geranium) 0.37 5 277
Morfloxacin Pelargonium graveslens (geranium) 033 5 277
Vancomycin Melaleuca afternifodio (tea trea) =0.50 A [275]
Streplococcus preumonioe

Amaxidllin Iificivm verum (star anise) 200 | [278]
Amoxicillin Iicium verum (star anise) 1.03 | [27E]
Amoxicillin Iicium verum (star anise) 0.50 5 [27E]
Ciprofloxacin Iicium verum (star anise) 2.00 | [27E]
Ciprofloxacin Iicium verum (star anise) 1.06 | [27E]
Ciprofloxacin Iicium verum (star anise) 0.62 A [27E]
Klabsiaila pneumoniae

Cefixime Thymus vulgaris (thyme) 1.00 A [279]
Ciprofloxacin Melgleuca afternifolio (tea tree) 073 A 70
Ciprofloxacin Mentha pipenta ([peppermint) 0.58 A 7o
Ciprofloxacin Pelargonium graveslens (geranium) 0375 5 [274]
Ciprofloxacin Rosmarinus officinglis (rosemary) 023 5 7o)
Ciprofloxacin Thymus vuigaris (thyme) 0.7 A 7o)
Ciprofloxacin Thymus vuigaris (thyme) 0.37 5 [279]
Gentamicin Thymus vuigaris (thyme) 0.50 5 279
Pzaudomonas deruginosa

Chloramphenicol Lavanduly angustifolia (lavender) 0.29 5 [273]
Ciprofloxacin Ocimum basilicum (basil) 1.03 | [280]
Ciprofloxacin Lavandule angustifolia (lavender) 074 A [273]
Fusidic acid Lavanduly angustifolia (lavender) 1.13 N [273]
Imipenam Ocimum basilicum (basil) 0.75 A [280]
Candida albicans

Amphotencin B Pelargonium graveslens (geranium) 0.04 5 [281]
Amphotencin B Origanum vulgare (origanum) 0.03 5 [281]
Amphotencin B Melsleuca afternifodio (tea trea) 013 5 [281]
Amphotencin B Thymus vuigaris (thyme) nm™ 5 [282]
Chloramphenicol Lavanduly angustifolia (lavender) 1.00 A [273]
Fluconazole Ocimum sanctum (basil) 024 - D63 5 [283)
Ketoconazole Ocimum sanctum (basil) 0.41 - 052 5 [283]
Ketoconazole Pelargonium asperum (geranium)] 0.25 5 [283]
Mystatin Lavanduly angustifolia (lavender) 1.14 | [273]

5 - Synergistic, A - Additive, | - Indifferent/Mon-interactive, An - Antagonistic. ™ Value not mentioned.
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Allopathic Use of Essential Qils

The antimicrobial and therapeutic effects of essential
oils proven individually have been widely accepted by
the pharmaceutical industry. Several essential oil-
containing products are currently sold on the market
with emphasis on the ability of these products to treat
and aid in symptomatic management. The maost
commonly employed product is that of Vicks VapoR-
ub®, a formulation containing essential oils of cam-
phor, eucalyptus oil and menthol. Vicks VapoRub® has
been marketed since 1804 and has been a global
household staple for over a century in the manage-
ment and treatment of respiratory infections. A clinical
study conducted by Paul etall®™ aimed to identify
the effects of Vicks VapoRub®* when compared to a
placebo on the symptoms associated with respiratory
infections. The trial consisted of 138 children, each
suffering from a respiratory tract infection causing
cough and congestion. By night two of the trial, Vicks
VapoRub® had substantially reduced the symptoms of
cough and congestion while aiding in patient sleep
and recovery.** Pinimenthol®, an cintment compris-
ing of eucalyptus, pine-needle and menthol essential
oils, is another product marketed for the treatment of
respiratory tract infections and related symptoms.
Post-marketing studies on the use of this product
identified that 88.3% of patients found the product to
be tolerable with 41.4% of patients demonstrating
complete resolve of symptoms after 5 to 14 days.-m]

Menthol, howewver, although applied in pharma-
ceutical products, has poor activity in the treatment of
respiratory infections and symptoms. Studies con-
ducted as early as 1943 identified that the inhalation
of menthol preduced an increase in nasal resistance
within one minute after administration. This nasal
congestion was further sustained for a period exceed-
ing 210 minutes. Patients having received this treat-
ment, however, noted that their nasal passages 'felt
clear despite the increase in congestion.”®***! Further
studies have highlighted the respiratory depression,
increased mucous production and decreased mucodcili-
ary beat associated with low doses of menthol [251-257

These adwerse effects demonstrate the importance
of scientific validation to confirm product efficacy and
safety, as it cannot be assumed that good or
significant in vitro activity will translate as such in vivo.
In addition, essential oils and essential oil products are
not regulated. Due to the lack in regulation of these
products, consumers are not adequately informed of
the indications, directions for use and safety data
resulting in misuse of these pmducts_'m'

{ CHEMISTRY &
BICOWERATY

Toxicity of Essential Qils

Essential oils have been associated with the highest
number of toxicities when compared to other natural
products. This is because of the high concentration of
assential oils formulated within preducts which require
small doses to elicit a toxic effect™ The majority of
cases involving toxicity or poisoning, are predom-
inantly associated with accidental ingestion by
children.F

A summary of the known toxicity profiles of
essential oils indicated for use in respiratory infections
is given in Table 14.

The acute oral toxicity values have been cited for
these essential oils as acute inhalation toxicity has not
been well reported. Acute inhalation toxicity is
primarily qualitative in measurement as calculation of
the quantity of inhaled volatile resulting in toxicity is
difficult to measura?* Acute oral toxicity is expressed
as an LDsp; wvalue, or the dose responsible for a
mortality of 50.0% of tested animal subjects. Toxicolo-
gists deem a test substance to be extremely toxic if an
LDy value of 9.00 mo/kg or less is reported. A product
or substance is considered very toxic if an LDy value
of between 10,00 and 99.00 mg/kg is determined,
moderately toxic for an LDz wvalue of 100.00-
999.00 mg/kg and slightly toxic if the LDy, value is
between 1.00 and 5.00 g/kg. A product or substance is
only considered to be safe or non-toxic for an LDy,
value of =5.00 g/kg.”"¥ OF the essential oils reviewed,
43E8% are considered non-toxic while the remaining
essential oils are considered slightly to moderately
toxic (43.7 %) or unknown for toxicity (12.5 %).

Interastingly, some essential oils for example,
Cinnamomum camphora (camphor) and M. piperita,
most commonly employed within  pharmaceutical
preparations for an assumed antimicrobial effect in
respiratory infections, were determined as moderately
toxic with LDy, values of 0.80g'kg and 0.82 ofkg,
respactively. Studies have highlighted that the tosicity
experienced by these oils is predominantly due to
their chemistry®"**'"® Table 15 further demonstrates
the toxicity associated to the chemistry of essential
oils.

The major chemical compounds of C camphora
and M. piperita, being camphor and menthol respec-
tively, produce an average LDz, value of 0.80 g/kg and
010 a/kg, respectively. Toxicity symptoms include
increasa in respiratory rate and osmotic swelling,
indicating damage to biological tissue once
inhaled. 5
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The United 5tates Food and Drug Authority (U5,
FDA) aims to protect the public through the registra-
tion and classification of essential oils for human use.
Many essential oils have been registered and classified
with the US FDA as “Generally recognized as safe’
[GRAS) products (Table 14). Menthel is registered as a
GRAS product by the U5 FDA, with over the counter
products containing 16.0% menthol concentrations
approved for human use**32 This status, however,
is for external application of this product only as
usually applicable in the pharmaceutical market. Due
to the lack of data regarding the safety of these
products for respiratory purposes, misuse of these
ingredients by consumers occurs, resulting in adverse
and toxic effects. Studies have shown that the direct
application of Vicks VapoRub® to the inner nostril of
patients has resulted in the development of lipoid
prieumonia.* ™ Lipoid pneumecnia is the accumu-
lation of lipid products within the bronchial tree
resulting in an inflammatory response by host tissue.
Cases of this condition range from asymptomatic to
life-threatening 22~

Researchers have further determined that essential
oils rich in 18-cineole content such as, Elettaria
cardamomum (cardamom), R. officinalis, E. gqlobulus,
Lavandula latifolia (lavender spike) and M. cajuputi
(cajuput), should not be used in children under the
age of ten due to their apneic affects ™ Further
studies have identified the benefit of 1.8-cinecle for
the treatment of respiratory conditions such as
asthma. In a double-blind, placebo-controlled study
where patients with asthma were administered with
200 mafday capsules of 18-cineole, the findings
demonstrated anti-inflammatory effects on airways
due to the inhibition of cytokines along the arach-
idonic acid pathway, thus resulting in a reduction in
corticosteroid therapy 1331-334

Essential oils and their associated compounds are
registered on the GRAS list as individual agents and
not as combinations, which are the more frequently
applied practice in aromatherapy. The activity be-
tween blended molecules has the potential to increase
side effects and promote toxicity or quench (purpose
of suppressing the harmful effects) the toxicity of
major compounds. An exampla of this phenomenon is
highlighted in the combination of C. citrafus and Citrus
paradisi (grapefruit) essential oils. Citral, the main
chemical compound within C. citratus and other citrus-
based essential cils has been identified as causing
dermal irritation when applied topically. When the twa
essential oils are combined, the major chemical
constituent (limonene) of grapefruit essential oil,

Reference
[207]
[307]
[299]
[304]
[299]
[307]

IFR A, EU and SCCMFP regul ated
GHAS staus, IFRA regul ated

Regulatory autharity™
Mot regul ated

GHAS status
GHAS staus

moderately Mot regulated

nat toxic
todc

Fesul £
not towic
alight by
todc

n.d

nok ol

0.37 g/kg
265 g/kg

not known

LD = = 5.00 g/kg

L, = = 5.00g/kg
LDk g= = 5.00q/kg

Acute tod cty

LGy,
LDy
LBy

IFRA — International Fragrance Assoclation; GRAS - generally recognl zed as safe; B - Eurcpean Unlon, SCCMFP

s 1000-9900 ma/ka medemtely tokk - LD g B 1000099900 mafka, diahth taxe - WD & 1.0-5 00/,

i
- Schentific committes on cosmetke products and ronfosd products BIRE - The Garman fedeml ingitute for rek asesment.

Skin sensitivity, muoous membrane sensi-

tivity, embryo toxic antico agulation
Anticoagulation, skin sen dtivity, mucous

Adverse reacions
Skin sensitivity

kin sensitivity

Skin sensitivity

e b @ e sersitivity
Mone known

name
Clary sage
Sandalwood
Clowe
Thyime

Bl Extramely tonle - LD g <900 mafka very toke - LD

non-tosd c - L0gy = 500 gfkg and n.d. - not determined

Syrax benzoln Benzoin
Zinaiberoffic  Ginger

Sclentific name Common

Thyms vulga-

Tabke 14. (cont.)
s

Essential ol
Salvia s clarea
Santalum ail-
bum

Syry gium aro-
mati cum

E
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reduces or ‘quenches’ this toxic effect, rendering the
combination safe for use!®” There is limited data on
the effect of toxicity of multiple essential oil combina-
tions, specifically essential oils for the treatment of
respiratory infections. Studies on the cytotoxic effects
of essential oils in combination with carrier cils has
been demonstrated with specific interest for dermal
application. The study by Orchard et al™ demon-
strated that sewveral essential oils initially found to
display high levels of cytotoxicity, experienced
quenching cytotoxic effects with only half or less of
the carrier cils combined. These findings demonstrate
the potential for essential oils to be used in combina-
tion for improved cytotoxic effects. It is therefore
suggested that greater attention be given to the
toxicity of combined essential oils. Due to the large
vascularity and surface area for absorption provided
by the lungs, it is of importance to know the risks
associated with direct inhalation of essential oils or
their constituents. Further to this, the impact of
essential oils or their major chemical constituents in
combination on inhalation toxicity should also be
considerad.

Summary of Future Recommendations and
Final Conclusions

Of the respiratory infection causing pathogens studied,
yeasts and fungi such as C. albicans and C. neoformans,
were found to be the most sensitive to essential oil
inhibition, followed by Gram-positive bacteria. Gram-
negative bacteria are inherently more resistant to the
antimicrobial effects of essential oils due to the
complexity of the cell wall. The most frequently
studied organisms are 5 gureus, K. preumonige and C
albicans. The pathogens most commonly isolated in
respiratory tract infections are, however, often ne-
glected. These pathogens include 5. preumoniae, 5.
agalactige, 5. pyogenes, 5. mitis, H. influenzae, M.
tuberculosis, C. diphtherice, M. catarrhalis and L
pneumophilia. Furthermore, antiviral studies on the
use of essential oils for respiratory infections is
severely lacking within the literature with almost no
studies available on the effect of these products on
viral strains. As respiratory infections are primarily viral
in ongin, antiviral stedies should be considered for
future study. In addition, the published data on
essential oil antimicrobial efficacy is limited, as
researchers continue to make use of the disk diffusion
assay for antimicrobial analysis. Due to the inacoura-
cies associated with disk diffusion assays, it is further
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suggested that studies previously undertaken on the
antimicrobial activity of commercial essential oils
against respiratory pathogens by means of disk
diffusion be reproduced using more reliable testing
methodology such as broth microdilution assays.

Essential oil use within aromatherapy is predom-
inantly encouraged in combination; however, the
validity of these combinations is often restricted to
anecdotal evidence and recommendations made in
published books about aromatherapy, and not proven
in peer-reviewed journals. The use of assential oils in
combination for antimicrobial, antioxidant, anti-inflam-
matory or antihistaminic effect have not been well-
established within the scentific literature. Further-
more, the use of essential oils in combination against
respiratory tract pathogens have not been clinically
proven within structured clinical trial studies. It is
suggested that emphasis be placed on investigating
the use of essential oils in combination rather than
identifying the potential of essential oils individually.
When reviewing the literature, it was determined that
less than half of all essential oil studies published are
conducted on essential oils in combination. This lack
of literature may be due to under-reporting of
interactions studied due to the combination of
essential oils not revealing what is perceived as a
positive effect. Any interaction is a valuable result, be
it synergistic, additive, indifferent or antagonistic.
Under-reporting of antagonistic interactions runs the
risk of ongoing use and potential for harm and
resistance. Furthermore, proof of positive interactions
may help in the incorporation of such complementary
medicines within allopathic practice. Due to the
practice of essential oil blending in aroma-therapautic
practice, it is essential that antimicrobial combination
studies be conducted to validate use. Essential oil use
for antimicrobial purposes and symptomatic manage-
ment are predominantly cited wsing layman publica-
tions and the internet as resources. It is encouraged
that more research is to be undertaken to prove or
disprove these dlaims.

Toxicity studies on the use of essential oils are
inadequate with current emphasis on oral toxicity and
the use of essential oils on their own. It is recom-
mended that toxicity studies be incorporated to
include human cell lines using MTT assays to deter-
mine the cytotoxicity of essential oils on human lung
tissue. The toxicological effects of essential oils are
important facets that need to be addressed ™ With-
out the safety profile determination of essential oils,
these products cannot be recommended for human
use.

{ CHEMISTRY &
BICOWERATY

In addition, the role of essential oil chemistry in
perceived essential oil and essential cil combinaticn
activity should be considered for future emphasis. The
impact of essential oil chemistry using an unbiased
approach such as chemometrics or computational
modelling will aid in the predictive potential for
essential oil blending. Finally, additional assays such as
mechanism of action studies and antioxidant and anti-
inflammatory assays should be considered to deter-
mine the feasibility of essential oil combinations that
prove additive or indifferent antimicrobial effects.

List of abbreviations

CAM  Complementary and Alternative Medicines
DPPH 1,1-Diphenyl-2-picrylhydrazyl

FDA  The United 5tates Food and Drug Authority
FIRS  The Forum of International Respiratory Societies
GRAS Generally recognized as safe

HRV  Human rhinovirus

ICsg  The half maximal inhibitory concentration
IFIC  Fractional Inhibitory Index

150 Intermational Standard Organization

LETI  Lower respiratory tract infections

MIC  Minimum inhibitory concentration

ROIs Reactive oicygen intermediates

RSV Respiratory Syncytial Virus

5l Salective index

TB  Tuberculosis

URTI  Upper respiratory tract infections

WHO World Health Organization
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2. Introduction

Chapter 1 provided a review of the layman aroma-therapeutic literature and available scientific
studies regarding the holistic activity of commercial essential oils indicated for use in the
respiratory tract. This chapter focuses on the selection and procurement of the essential oils
chosen for analysis, as well as the motivation for pathogens selected for the study. Furthermore,
this chapter then considers the chemical and antimicrobial analysis of the selected commercial

essential oils.

2.1. Essential oil selection, procurement and storage

A selection of 49 of the 55 previously identified essential oils were obtained from international
fragrance companies Robertet® (Grasse, France), Burgess and Finch (Cape Town, South
Africa), Prana Monde (Hainaut, Belgium), Scatters Oils (Gauteng, South Africa) and Escentia
Oils (Gauteng, South Africa). The essential oils were selected based on the frequency of
citation in the aroma-therapeutic literature available to the layman, with specified
recommendation in treating respiratory tract infections (Lawless, 1995, Shealy, 1998, Hili,
2001, Sellar, 2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016). Table 2.1 summarizes the
essential oils used in this study. Six of the 55 essential oils previously identified in Chapter 1
were not considered for study due to lack of availability.

Table 2.1: Summary of suppliers from which the essential oils selected for analysis were

procured

Scientific name Common name  Supplier of essential oil
Abies balsamea Fir
Amyris balsamifera Amyris
Boswellia carteri Frankincense
Canarium quonlcum Elemi Prana Monde (Hainaut, Belgium)
Carum carvi Caraway
Cinnamomum camphora Camphor

. . Ceylon
Cinnamomum zeylanicum .

cinnamon

Citrus aurantifolia Lime Escentia Oils (Gauteng, South Africa)
Citrus bergamia Bergamot
Citrus limon Lemon
Citrus sinensis Orange Prana Monde (Hainaut, Belgium)
Commiphora molmol Myrrh
Coriandrum sativum Coriander
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Scientific name

Common name

Supplier of essential oil

Cupressus sempervirens Cypress
Cymbopogon citratus Lemongrass
Daucus carota Carrot seed . .
Elettaria cardamonum Cardamom Prana Monde (Hainaut, Belgium)
Eucalyptus globulus Eucalyptus
Ferula galbaniflua Galbanum Escentia Oils (Gauteng, South Africa)
Foeniculum vulgare Fennel
Helichrysum italicum Imortelle
Hyssopus officinalis Hyssop
Illicium verum Star-anise
Juniperus virginiana Cedarwood
Laurus nobilis Bay
Lavandula angustifolia Lavender
Lavandula burnati Lavandin Prana Monde (Hainaut, Belgium)
Lavandula spica Lavender spike
Melaleuca alternifolia Tea tree
Melaleuca cajeput Cajeput
Melaleuca viridiflora Niaouli
Mentha piperita Peppermint
Myrtus communis Myrtle
Ocimum basilicum Basil
Origanum marjorana Marjoram Burgess and Finch .
(Cape Town, South Africa)
Origanum vulgare Origanum
Pimenta racemosa Pimento
Pinus sylvestris Pine

Piper nigrum

Black pepper

Rosa damascena

Rose

Prana Monde (Hainaut, Belgium)

Rosmarinus officinalis Rosemary

Salvia officinalis Sage

Salvia sclarea Clary sage

Santalum austrocaledonicum Sandalwood Escentia Oils (Gauteng, South Africa)
Styrax benzoin Benzoin Scatters Oils (Gauteng, South Africa)
Syzygium caryophyllata Clove Prana Monde (Hainaut, Belgium)
Tagetes minuta Tagetes Escentia Oils (Gauteng, South Africa)
;ihri/giqge?rvg:ﬁgirr:;e -Cl;?r)]/g;re]? Prana Monde (Hainaut, Belgium)

Appropriate packaging and storage of essential oils is critical to maintaining the overall
efficacy of the essential oils. Essential oils are sensitive to environmental conditions with
temperature, light, and oxygen commonly recognized as having a crucial impact on essential
oil integrity (Turek and Stintzing, 2013). In order to maintain essential oil stability, essential
oils are stored in amber glass bottles with securely closing caps, to protect the essential oil from

sunlight and other sources of UV radiation, and air. Therefore, the essential oils were stored at
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4°C in sealed, airtight, amber vials until they were used for further analysis (Turek and

Stintzing, 2013).

2.2. Micro-organism selection

The review of the literature provided in Article 1 (Leigh-de Rapper and van Vuuren, 2020)

described the respiratory conditions cited by aromatherapists that could be managed and treated

with essential oils. Based on the findings of this review, nine different respiratory pathogens

were selected to determine the antimicrobial efficacy of the essential oils. A summary of the

micro-organisms selected is provided in Table 2.2.

Table 2.2: Summary of micro-organisms selected for study

Micro-organism
selected

Respiratory
condition caused

Motivation for selection

Cryptococcus
neoformans

Pulmonary
cryptococcosis

Pulmonary cryptococcosis is a rare and severe
pneumonia often isolated in immunocompromised
patients, especially in patients with human
immunodeficiency  virus  (HIV) infection
(Kanjanapradit et al., 2017). South Africa has the
largest HIV seropositive population in the world,
with 7.8 million individuals living with HIV in
2022 (Be In The Know, 2022).

Haemophilus
influenzae

Acute sinusitis,
otitis media,
bronchitis,
pneumonia

A colonizer of the upper respiratory tract in up to
20% of infants, 50% of 5-6 year olds and 75% of
most healthy adults (King, 2012). Haemophilus
influenzae is a major cause of a variety of
respiratory conditions including pneumonia (King,
2012).

Klebsiella
pneumoniae

Pneumonia

Carried in the stool of 5 to 38% of individuals,
while 1 to 6% is carried in the nasopharynx
(Ashurst and Dawson, 2018). Klebsiella
pneumoniae accounts for 11.8% of all hospital-
acquired pneumonias and 3 to 15% of all
community-acquired pneumonias in the world
(Ashurst and Dawson, 2018).

Moraxella
catarrhalis

Otitis media,
bronchitis,
pneumonia

An exclusively human pathogen and is responsible
for 15-20% of all acute otitis media episodes in
children (Murphy and Parameswaran, 2009).

Mycobacterium
tuberculosis*

Tuberculosis

Tuberculosis remains a leading respiratory
infection responsible for killing approximately 1.7
million people in 2016 (WHO, 2017). The
incidence rates of this infection remain high for
South Africa with rates above 500/100 000 (WHO,
2017).
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Micro-organism
selected

Respiratory
condition caused

Motivation for selection

Staphylococcus

Pleural effusions,

A commensal of the upper respiratory flora of up

aureus empyema, to 30% of normal individuals but is responsible for
abscesses, invasive opportunistic infection of the respiratory
pneumatoceles, tract (Shukla et al., 2010). Lower respiratory tract
necrotizing infection due to S. aureus is less common than
pneumonia upper respiratory infections but are associated with
high instances of mortality (Klevens et al., 2007).
Streptococcus Pneumonia Recognized as a leading cause of postpartum
agalactiae infection and neonatal sepsis following pneumonia
(Hanna and Noor, 2020).
Streptococcus Acute sinusitis, The most common bacterial cause of pneumonia
pneumoniae otitis media, in both adults and children (van Deursen et al.,
bronchitis, 2016).
pneumonia
Streptococcus Acute mastoiditis, The most common bacterial cause of acute
pyogenes epiglottitis, pharyngitis in both adults and children (Ashurst
laryngitis, and Edgerley-Gibb, 2018).

nasopharyngitis,
rhinitis, tonsilitis,
pneumonia

*The avirulent, saprophytic surrogate Mycobacterium smegmatis was used for all susceptibility testing in place of
M. tuberculosis due to the stringent and specific laboratory controls required to assess the highly virulent
pathogen.

The antimicrobial activity of these essential oils is reported in Article 2 (Leigh-de Rapper et
al., 2021). The ethics waiver for investigating the antimicrobial activity is given in Appendix
C.

2.3.Essential oil chemistry

Essential oils are complex mixtures of varying chemical compounds. The average essential oil
could contain a few to hundreds of different individual chemical constituents (Ragno et al.,
2021). These chemical compounds within essential oils often interact to create the synergistic
or antagonistic relationships found between blends; however, some scientists believe that in
certain instances, a single chemical entity may be responsible for the entire pharmacological
action of a natural product (Tisserand and Young, 2013). Therefore, it is imperative when
studying essential oils to determine the chemical composition of the essential oil studied as a
means to ‘fingerprint’ the essential oil to its pharmacological effect. The chemical profiles of

the essential oils selected for analysis is reported in Article 2 (Leigh- de Rapper et al., 2021).
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2.4. Essential oil structure-activity relationship

Chemometrics is the application of mathematical and statistical techniques used to retrieve
significant information from complex datasets (Maree et al., 2014). Chemometrics is an
invaluable tool for identifying patterns and determining structure-activity relationships within
complex biological systems. Chemometrics employs the use of chemical data obtained from
GC-MS analysis and compares that with laboratory data to determine compounds or
combinations of compounds responsible for a perceived effect. The use of this software within
essential oil research is used to identify single compounds or mixtures of compounds
responsible for noteworthy antimicrobial activity. The structure-activity relationship of the
essential oils cited for use in the respiratory tract is explored and reported in Article 2 (Leigh-
de Rapper et al., 2021).
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Article 2 - Original article on essential oil antimicrobial and chemometric analysis
At the time of this thesis, this article had been published. This article is shown as it appears

in publication.

Fitoterapia 154 (2021) 105024

Contents lists available at ScienceDirect

Fitoterapia

journal homepage: www.elsevier.com/locate/fitote

FLSEVIER

The use of chemometric modelling to determine chemical

composition-antimicrobial activity relationships of essential oils used in

respiratory tract infections

Stephanie Leigh-de Rapper“, Sidonie Yankam Tankeu ®, Guy Kamatou °, Alvaro Viljoen ¢,

Sandy van Vuuren ™"

® Department of Pharmacy and Pharmacology, Faculty of Health Sciences, University of the Witwatersrand, 7 York Road, Parktown 2193, South Africa
® Department of Pharmaceutical Sciences, Faculty of Sciences, Tshwane University of Technology, Private Bag X680, Pretoria 0001, South Africa
“ Department of Pharmaceutical Sciences, SAMRC Herbal Drugs Research Unit, Tshwane University of Technology, Private Bag X680, Pretoria 0001, South Africa

ARTICLE INFO BSTRACT

Keywords:

Antimicrobial activity
Chemometrics

Chemistry

Essential oil

Putative biomarker
Respiratory tract infection

The antimicrobial effects of essential oils are commonly cited within aromatherapeutic texts for use in respiratory
tract infections. These essential oils are inhaled or applied to the skin to treat infections and manage symptoms
d with these conditi A limited number of these essential oils have been scientifically studied to

support these claims, specifically, against respiratory pathogens. This study reports on the minimum inhibitory
concentration (MIC) of 49 commercial essential oils recommended for respiratory tract infections, and identifies
putative biomarkers responsible for the determined antimicrobial effect following a biochemometric workflow.
ial oils were investigated against nine pathogens. Three essential oils, Amyris balsamifera (amyris), Cor-
iandrum sativum (coriander) and Santalum austrocaledonicum (sandalwood) were identified as having greater
activity (MIC value = 0.03-0.13 mg/ml) compared to the other essential oils investigated. The essential oil
composition of all 49 oils were determined using Gas Chromatography coupled to Mass Spectroscopy (GC-MS)
analysis and the GC-MS data analysed together with the antimicrobial data using chemometric tools. Eugenol
was identified as the main biomarker responsible for antimicrobial activity in the majority of the essential oils.

The ability of a ch

ric model to

ly predict the active and inactive biomarkers of the investigated

essential oils against pathogens of the respiratory tract was 80.33%.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
developed as a novel emerging respiratory illness in December 2019,
having originated in Wuhan, China, from the Hunan seafood market,
rapidly infecting more than 50 people [1,2]. A retrospective study from
China found that 27 out of 28 patients with secondary bacterial respi-
ratory infections died [3]. Previous to SARS-CoV-2, respiratory diseases
were the leading cause of death and disability in the world with con-
ditions such as pneumonia which were responsible for millions of deaths
annually [4]. This continues in the era of SARS-CoV-2 with com-
pounded, complicated secondary bacterial infections causing pneu-
monia and death.

Antibiotics have no efficacy in the treatment of viral respiratory in-
fections, but are often prescribed as a result of patient expectations, with

* Corresponding author.
E-mail address: sandy vanvuuren@ wits.ac.za (S. van Vuuren).

https://doi.org/10.1016/j.fitote.2021.105024

these agents leading to antimicrobial resistance [5]. Therefore, non-
antibiotic alternative treatment options are needed to manage symp-
toms often associated with respiratory infections while treating patients
with secondary infections caused by bacteria [6]. In order to address the
effects of growing antimicrobial resistance, researchers have focused on
investigations in alignment with natural products such as essential oils
[7]. Commercially available aroma-therapeutic texts note extensively
the use of essential oils for the treatment of respiratory infections
[8-12]. Commonly prescribed essential oils for respiratory use include
Cinnamonum zeylanicum (cinnamon), Coriandrum sativum (coriander),
Litsea cubeba (may chang), Melaleuca cajeput (cajeput), Origanum mar-
Jjorana (marjoram), Szygium aromaticum (clove) and Zingiber officinale
(ginger) [8-12]. The antimicrobial susceptibility of essential oils has
also been studied within the scientific literature extensively. The anti-
microbial effects of the essential oils is primarily related to the specific
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essential oil chemistry. A study [13], indicated that the antimicrobial
potential demonstrated by Eucalyptus camaldulensis was as a result of the
high concentration of 1,8-cineole (>30%) identified in this essential oil.
Additional research supports these findings with essential oils rich in
chemical compounds such as carvacrol, cinnamaldhyde, eugenol and
camphor identified as the bioactive antimicrobial molecules [14-17].

Essential oils are complex mixtures composed of different chemical
compounds. The average essential oil could have anything between 18
chemical constituents such as in the case of Citrus sinesis [18] to 200 or
more chemical constituents, as is found within the essential oil Lav-
andula angustifolia [19]. These chemical compounds within the crude
essential oils often interact to create the synergistic or antagonistic re-
lationships found between blends; however, some scientists believe that
in certain instances, a single chemical entity may be responsible for the
entire pharmacological action of a natural product [20]. Chemometrics
is an invaluable tool for identifying patterns and determining structure-
activity relationships within complex biological systems. Bio-
chemometrics employs the use of chemical data obtained from sample
chemistry and compares that with laboratory data of antimicrobial ef-
ficacy to determine compounds or combinations of compounds
responsible for the perceived effect. The use of this approach within the
field of antimicrobial research has potential to offer new opportunities
in the study of essential oils [21-24]. The use of chemometric software
has the potential to identify compounds responsible for antimicrobial
activities and therefore guide the evidence-based use of essential oils for
respiratory tract infections.

With this in mind, this study aimed to determine the in vitro anti-
microbial activity of 49 commercial essential oils indicated in non-peer
reviewed aroma-therapeutic texts for the management of respiratory
infections and conditions [8-12], against nine pathogens of the respi-
ratory tract to provide credibility to these recommendations. The se-
lection of these oils was determined based on their in-text reference to
use in respiratory tract infection management or the treatment of res-
piratory tract conditions and infections. Thereafter, the objective was to
obtain chemical profiles of the essential oils using GC-MS analysis and to
evaluate the antimicrobial findings hyphenated with the essential oil
chemistry, using chemometric models.

2. Materials and methods
2.1. Essential oil selection

Forty-nine essential oils were included in this study whereby the
selection was based on use for respiratory infections and the information
was sourced from commercially available aroma-therapeutic texts
[8-12]. These essential oils were obtained from international flavour
and fragrance companies Robertet®© (Grasse, France), Burgess and Finch
(Cape Town, South Africa), PranaMonde (Belgium) and Escentia Oils
(Gauteng, South Africa).

2.2, Gas chromatography coupled to mass spectrometry (GC-MS)/flame
ionisation detector

The 49 selected essential oils were analysed using a GC-MS system
(Agilent 6890N GC system coupled directly to a 5973 MS, Hanova, USA)
equipped with a HP-Innowax polyethylene glycol column (60 m x 250
pm id. x 0.25 pm film thickness). A volume of 1 pl was injected (using a
split ratio of 200:1) with an auto-sampler at 24.79 psi and an inlet
temperature of 250 °C. The GC oven temperature was maintained at
60 °C for 10 min, then 220 °C at a rate of 4 °C/min for 10 min followed
by a temperature of 240 °C at a rate of °C/min. The carrier gas, helium,
was introduced at a constant flow of 1.2 ml/min. Spectra were obtained
on electron impact at 70 eV, scanning from m/z 35 to 550. The per-
centage composition of the individual components were quantified by
integration measurements using flame ionization detection (FID,
250 °C) and n-alkanes were used as reference points in the calculation of
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relative retention indices (RRI). Component identifications were made
by comparing mass spectra from the total ion chromatogram, and
retention indices using NIST and Mass Finder libraries [18].

2.3. Antimicrobial analysis

Microbial cultures were selected based on the relevance to respira-
tory infections and included the Gram-positive strains; Staphylococcus
aureus (ATCC 25924), Streptococcus agalactiae (ATCC 55618), Strepto-
coccus pneumoniae (ATCC 49619) and Streptococcus pyogenes (ATCC
12344). Selection was based on their pathogenesis to cause laryngitis,
pneumonia and bronchitis [25]. The Gram-negative bacteria selected for
this study included; Haemophilus influenzae (ATCC 19418), Klebsiella
pneumoniae (ATCC 13883) and Moraxella catarrhalis (ATCC 23246).
These strains were selected due to their pathogenesis to cause laryngitis
and pneumonia, as well as their potential to cause nosocomial pneu-
monia in immunocompromised individuals, especially those with sec-
ondary infections resulting from new coronavirus, SARS-CoV-2 [26].
The condition tuberculosis (TB), caused by Mycobacterium tuberculosis, is
the most common lethal bacterial respiratory disease with over 10
million infections globally and 1.4 million deaths each year [4]. The
pathogen M. tuberculosis requires stringent and specific laboratory con-
ols due to the highly virulent nature of this pathogen. Studies by
MecGaw et al. [27] and Agrawal et al. [28] indicate the comparable drug
sensitivity profiles of Mycobacterium. tuberculosis and M. smegmatis
allowing for researchers to make use of more rapid growing, avirulent,
saprophytic surrogate Mycobacteritan species for antimicrobial suscep-
tibility testing. The non-pathogenic Mycobacterium strain, M. smegmatis
(ATCC 19420) was selected for this study as an indicator to determine
the response that might occur among more pathogenic species of
tuberculosis. The fungal strain, Cryptococcus neoformans (ATCC 14116),
was selected due to its pathogenesis in immunocompromised hosts to
cause fungal pneumonia and cryptococcosis [29,30].

All bacterial cultures, with the exception of the Streptococcus species,
H. influenzae and M. smegmatis, were grown in Tryptone Soya broth
(TSB; Oxoid), for 18 to 24 h at 37 °C. Streptococcus agalactiae,
S. pneumoniae, S. pyogenes and H. influenzae were inoculated into Hae-
mophilus test medium base with Haemophilus test medium supplement
(HTM, ThermoFisher). Streptococcus pneumnoniae, S. pyogenes and
H. influenzae were incubated under anaerobic conditions at 5% CO, for
24 h at 37 °C, while S. agalactiae and the other test organisms were
incubated under aerobic conditions for 24 h at 37 °C. Mycobacterium
smegmatis was inoculated into Middlebrook broth with glycerol and ADC
enrichment supplement (MB, ThermoFisher) and incubated under aer-
obic conditions for 48 h at 37 °C. Cryptococcus neoformans was grown in
TSB and incubated at 37 °C for 48 h. All bacterial and fungal cultures,
were streaked onto respective agar optimal for growth to confirm purity.
A waiver for the use of these micro-organisms was granted by the Uni-
versity of the Witwatersrand Human Research Ethics Committee
(Reference W-CJ-160720-2).

The broth microdilution method described by de Rapper et al. [18]
was used to quantify the inhibitory activity of all the essential oils. The
micro-titre plates were prepared by aseptically adding 100 pl of sterile
broth (TSB for aerobic organisms, HTB for H. influenzae and the Strep-
tococcus species or MB for M. smegmatis) into each of the wells of the
plate. A stock concentration of each essential oil (32 mg/ml in acetone)
was added to the first row at a volume of 100 pl. The essential oils were
then serially diluted to concentrations from 8.00 to 0.06 mg/ml
descending down each column of the micro-titre plate. The oils were
tested in wiplicate. A 100 pl volume of positive, negative and culture
control was included for each micro-organism. The positive controls
(Sigma-Aldrich) comprising of 0.01 mg/ml ciprofloxacin (for bacteria)
or 0.1 mg/ml amphotericin B (for the yeast) were included to ensure
microbial susceptibility. The negative control was 32 mg/ml water in
acetone to exclude the attribution of antimicrobial effects due to the
solvent. The culture controls ensured that the appropriate broths
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supported growth. The micro-organisms for testing were prepared to an
approximate inoculum concentration of 1 x 10° colony forming units per
ml (CFU/ml). These were added to each well at a volume of 100 pl. Each
micro-titre plate was sealed with sterile adhesive sealing film to ensure
no loss of essential oil during testing due to the volatility of these sam-
ples. The micro-titre plates were incubated under optimal growth con-
ditions relative to the test pathogen. After incubation, 40 pl of p-
iodonitrotetrazolium violet solution (INT; 0.04% w/v; Sigma-Aldrich)
was added to each well of the micro-titre plate and left at room tem-
perature for 6-24 h, depending on the strain being tested. Viable micro-
organisms interact with the INT solution to create a colour change from
clear to pink. The lowest concentration with no colour change was
considered the MIC value for that essential oil. For the essential oils, the
minimum inhibitory concentrations (MICs) of <1.00 mg/ml are
considered to have noteworthy antimicrobial activity [31].

2.4. Chemometric data analysis

The structure activity relationship (SAR) for each essential oil was
determined using chemometric analysis [23]. Parallel to peak assign-
ment and identification, the full scan GC-MS chromatograms were im-
ported into MetAlignTM 4.1 software for pre-processing prior to
chemometric analysis. Pre-processing involved baseline correction,
denoising, noise elimination level of 2, mass window of 0.05, retention
time window of 0.2, marker intensity threshold of 10, mass range was
m/z 35-550 and the corresponding retention times were aligned across
all samples [32]. The resulting aligned data of peak intensities was
correlated to the antimicrobial activity for each essential oil and sub-
jected to multivariate analysis using SIMCA-P+ 13.0 software (Umetrics,
Umed, Sweden). The unsupervised principal component analysis (PCA)
was performed using a score plot and loading plot to provide an over-
view of all the samples with their constituents (observations) compared
to their penetration depths (variables). This analysis allowed for the
identification of groupings, clustering patterns, trends and outliers
(observations that are different to the majority which is responsible for
activity). Based on the initial intention to establish the structure activity
relationship (SAR) of each essential oil, samples were pre-assigned to
two different classes based on the MIC values for each pathogen. Distinct
dummy Y-variables were assigned to samples which indicate the class of
the sample. Samples with noteworthy antimicrobial activity (MIC
values < 1.00 mg/ml) were assigned to class 1 and samples with a less or
poorer antimicrobial activity were assigned to class 2 (MIC values >
1.00 mg/ml). Following this, the data was analyzed separately for each
pathogen using the supervised orthogonal projection to latent structures
discriminant analysis (OPLS-DA). The OPLS model separates the sys-
tematic variation in the X-matrix (constituents of the samples that were
determined via GC-MS) into one part which is linearly related to the Y-
matrix and another that is unrelated to the Y-matrix. This analysis
provides identification of the essential oil compounds responsible for
perceived antimicrobial effect per investigated micro-organism. There-
fore, nine discriminant analysis models (OPLS-DA) were constructed for
each pathogen and the following parameters were used to evaluate each
fitted model; the number of significant components, predictive variation
in the X-matrix (R2Xp), orthogonal variation in the X-matrix (R2Xo) and
cross-validated predictive ability of the model (Q2Ycum) [33]. Scatter
score plots (tpl vs. tol) displaying the distribution of active and poorly
active essential oils was constructed for each pathogen. The corre-
sponding S-plot for each model was explored to filter out putative
retention time mass (RTM) pairs that could be correlated to the observed
antimicrobial activity. The selected RTM pairs were used to identify the
corresponding biomarkers (essential oil compounds) by comparing the
MS spectra and RRI using various libraries [21].

2.5. Antimicrobial analysis of predicted chemometric biomarkers

Selected essential oil chemical constituents were purchased from
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Sigma-Aldrich based on their identification as putative biomarkers for
good or poor antimicrobial activity, as per chemometric determination.
The purity and percentage composition of the select chemical constitu-
ents were verified to the supplier’s specifications by gas chromatog-
raphy (minimum purity >95%). The antimicrobial effect of the select
chemical constituents was determined as per MIC methodology previ-
ously outlined with the following modifications applied; chemical
compounds were diluted to 32 mg/ml in acetone with the exception of
viridiflorol diluted to 10 mg/ml in acetone and furanoeudesma-1,3-
diene to 5.8 mg/ml in acetone. For the essential oil chemical constitu-
ents, the MICs of 0.06-0.10 ug/ml are clinically relevant while activities
of 0.01 mg/ml or less are considered noteworthy in antimicrobial effect
[34-36]. All MIC assays were undertaken at least in duplicate.

3. Results
3.1. Antimicrobial analysis

The antimicrobial efficacy of 49 commercial essential oils was
investigated against nine pathogens associated to respiratory tract in-
fections (Table 1). Noteworthy inhibition was observed for 31.9% of
essential oils against all the pathogens tested. Amyris balsamifera
(amyris), C. sativum and C. zeylanicum showed the broadest spectrum of
activity (average MIC value of 0.68 mg/ml, 0.79 mg/ml and 0.97 mg/
ml, respectively).

The yeast, Cryptococcus neoformans, was the most susceptible to the
effects of the essential oils with 73.5% of essential oils investigated
demonstrating noteworthy antimicrobial effects. Ten essential oils pro-
vided MIC results of less than 0.20 mg/ml with the most effective oils
determined as C. sativum (MIC of 0.03 mg/ml), Syzygium caryophyllata
(clove; with an MIC of 0.06 mg/ml), Helichrysumn italicum (imortelle),
Hyssopus officinalis var. officinalis (hyssop), Melaleuca cajuputii (cajeput),
Pinus sylvestris (pine), Salvia officinalis (sage) and Salvia sclarea (clary
sage) (all with MIC values of 0. 13 mg/ml), Santalum austrocaledonicum
(sandalwood) and Thymus vulgaris (thyme) (with MIC values of 0. 19
mg/ml).

Streptococcus pyogenes was the bacterial pathogen most susceptible to
the effects of the essential oils with 22 of the 49 essential oils investi-
gated demonstrating noteworthy antimicrobial activity. The essential oil
most effective against this pathogen was S. austrocaledonicum with an
MIC value as low as 0.06 mg/ml.

3.2. Essential oil chemistry

The major compounds identified in each of the essential oils are
given in Table 2. Although the full chemical profile was established for
each essential oil and incorporated into the chemometric analysis, a
summarized chemical profile with major compounds (>10%) was pro-
vided in Table 2 for the sake of brevity. The essential oil chemotypes
identified are consistent with that reported elsewhere in the literature.

3.3. Chemometric analysis

Principal component analysis was applied to the essential oil GC-MS
data. The principal component analyses (PCA) scores scatter plot reveals
the possible presence of outliers, groups, similarities and other patterns
in the data and is essentially a map of the observations [76]. Outliers are
observations that are situated outside the ellipses and appear to break
the pattern or grouping shown by the majority of the data. These data
points are due to random variation in measurements or may be of more
scientific importance [77]. Moderate outliers are considered to be those
that stay near the margin of the ellipses, while those further away are
considered more severe [77]. Moderate outliers with distinct chemical
profiles for Lavandula angustifolia (lavender), Lavandula burnati reydovan
(lavandin), Citrus bergamia (bergamot) and Daucus carota (carrot seed)
essential oils were determined (Fig. 1).
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Table 1

The antimicrobial activity of 49 essential oils against pathogens of the respiratory tract
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Essential oil s

Minimum inhibitory concentration (Std. deviation) in mg/ml (n=3)

Gram-positive bacteria Gram-negative bacteria Yeast
Scientific name Common 8. au* S.ag S.pn S.py M. sm H.in K.pn M. ca C.ne
fame ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC
25024 55618 49619 12344 19420 19418 13883 23246 14116
) . ) 2.00 (& 2.00 (& 1.00 (+ 3.00 (= 2.00 (£ 150 (& 1.00 (x 2.00 (+ 400 (+
Abies balsamea Fic 0.00) 0.00) 0.00) 1.00) 0.00) 0.50) 0.00) 0.00) 0.00)
) ) ) 0.50 (& 0.50 (& 0.13 (+ 0.38 (& 1.00 (+ 0.13 (+ 2.00 (£ 1.00 (x 0.50 (+
. + + * * * + +
Asa Amytis 0.00) 0.00) 0.00) 0.25) 0.00) 0.00) 0.00) 0.00) 0.00)
) . ) 8.00 (& 2.00 (& 1.00 (= 2.00 (£ 3.00 (= 0.50 (x 2.00 (+ 2.00 (+ 1.00 (+
.
Bogwellic 6ariert FiRnincens 0.00) 0.00) 0.00) 0.00) 1.00) 0.00) 0.00) 0.00) 0.00)
Canarium hizonicum © Hemi 2.00 (& 2.00 (& 2.00 (& 1.50 (£ 4.00 (£ 3.00 (+ 2.00 (£ 2.00 (+ 0.50 (x
0.00) 0.00) 0.00) 0.50) 0.00) 1.00) 0.00) 0.00) 0.00)
“ 5 carawa 2.00 (& 2.00 (& 2.00 (& 2.00 (£ 4.00 (+ 1.50 (+ 2.00 (£ 2.00 (+ 0.50 (x
arum cant 4 0.00) 0.00) 0.00) 0.00) 0.00) 0.50) 0.00) 0.00) 0.00)
! 2 1.00 (= 2.00 (& 3.00 (& 2.00 (£ 8.00 (£ 1.00 (= 1.00 (= 2.00 (+ 400 (+
OO Capioa Gamphee 0.00) 0.00) 1.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
; . . 1.00 (= 0.50 (& 2.00 (+ 0.25 (+ 2.00 (£ 0.75 (+ 1.00 (x 0.50 (x 0.75 (x
8 + + * + * +
i seylarcm Ginnaron 0.00) 0.00) 0.00) 0.00) 0.00) 0.25) 0.00) 0.00) 0.25)
" . ; 400 (& 2.00 (& 2.00 (& 2.00 (£ 4.00 (£ .00 (£ 2.00 (£ 2.00 (+ 0.75 (=
Gl aiareifolic Lime 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.25)
Girash z = 5 . 8.00 (& 2.00 (& 2.00 (+ 3.00 (£ 4.00 (+ 3.00 (£ 3.00 (£ 8.00 (& 1.00 (+
Lol S BRI 0.00) 0.00) 0.00) 1.00) 0.00) 1.00) 1.00) 0.00) 0.00)
. 8.00 (& 2.00 (& 2.00 (& 2.00 (£ 4.00 (£ 8.00 (+ 3.00 (= 1.00 (= 1.50 (+
2
Gurusztimon Lemon 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 1.00) 0.00) 0.50)
Ry S 8.00 (& 2.00 (& 2.00 (& 1.00 (= 4.00 (£ 8.00 (£ 2.00 (£ 3.00 (+ 1.00 (x
= 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 1.00) 0.00)
) 400 (& 2.00 (= 1.00 (+ 0.19 (+ 1.00 (x 0.25 (+ 8.00 (& 2.00 (+ 0.50 (x
o 3 + * * * +
& whoramaimel Myrrh 0.00) 0.00) 0.00) 0.06) 0.00) 0.00) 0.00) 0.00) 0.00)

) _ ) 0.50 (+ 1.00 (= 1.00 (= 0.25 (x 2.00 (£ 0.38 (x 0.50 (= 1.50 (+ 0.03 (x
Coriandnmmsaronm Coriandes 0.00) 0.00) 0.00) 0.00) 0.00) 0.13) 0.00) 0.50) 0.00)
Cupressus sempervirens var. 3.00 (£ 2.00 (£ 8.00 (£ 3.00 (+ 4.00 (£ 3.00 (£ 2.00 (£ 8.00 (£ 0.50 (=
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’
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) 1.00 (= 2.00 (& 1.00 (+ 3.00 (= 3.00 (= 3.00 (= 1.00 (+ 2.00 (+ 2.00 (+

. + * +

Boericulimt Villgre: Eeincl 0.00) 0.00) 0.00) 1.00) 1.00) 1.00) 0.00) 0.00) 0.00)

) B 400 (& 2.00 (& 2.00 (& 150 (£ 2.00 (£ 4.00 (£ 6.00 (& 1.50 (+ 0.13 (=
HeHCHy R LT . 0.00) 0.00) 0.00) 0.50) 0.00) 0.00) 2.00) 0.50) 0.00)
Hyssopus officinalis var. Hysso 2.00 (= 2.00 (£ 2.00 (£ 1.00 (+ 4.00 (£ 8.00 (£ 2.00 (£ 2.00 (£ 0.13 (=

officinatis ° Z50B 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
icim verum ¢ star-anise 1.00 (= 2.00 (& 2.00 (& 1.00 (= 0.75 (£ 150 (& 1.00 (= 2.00 (+ 400 (+
erum 0.00) 0.00) 0.00) 0.00) 0.25) 0.50) 0.00) 0.00) 0.00)

) o 0.50 (+ 1.00 (= 2.00 (£ 0.19 (x 2.00 (+ 0.50 (= 2.00 (£ 1.00 (= 0.50 (x

Juniperus virgiriana iepdatiRl 0.00) 0.00) 0.00) 0.06) 0.00) 0.00) 0.00) 0.00) 0.00)
) 1.00 (= 2.00 (& 4.00 (= 3.00 (= 4.00 (£ 4.00 (£ 1.50 (+ 8.00 (+ 4.00 (+
c +
TGS RObiis Bay 0.00) 0.00) 0.00) 1.00) 0.00) 0.00) 0.50) 0.00) 0.00)
e & 1.00 (= 2.00 (& 1.00 (= 4.00 (£ 2.00 (£ 3.00 (= 1.50 (£ 2.00 (+ 1.00 (=
Zavadila agistyol Leweadet 0.00) 0.00) 0.00) 0.00) 0.00) 1.00) 0.50) 0.00) 0.00)
) ) 150 (& 2.00 (& 1.00 (= 1.00 (+ 2.00 (£ 200 (£ 1.00 (x 2.00 (+ 1.50 (+
b - - = 4
Tevandiabies LaEndi, 0.50) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.50)
r Lavender 1.00 (= 2.00 (& 1.50 (& 3.00 (= 4.00 (£ 4.00 (£ 1.50 (+ 1.00 (= 1.50 (+
Lavanduldispica spike 0.00) 0.00) 0.50) 1.00) 0.00) 0.00) 0.50) 0.00) 0.50)
s i 4.00 (& 1.50 (& 2.00 (+ 1.50 (+ 4.00 (+ 1.50 (+ 4,00 (+ 2.00 (+ 0.75 (=
Melalaigrioltertfolia Teajee 0.00) 0.50) 0.00) 0.50) 0.00) 0.50) 0.00) 0.00) 0.25)
o . 4.00(= 2.00 (& 3.00 (= 4.00 (£ 4.00 (£ 1.00 (= 2.00 (£ 2.00 (+ 0.13 (x
5
Melalacticajuputit Cajeput 0.00) 0.00) 1.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
A - 400 (& 2.00 (& 1.00 (= 1.00 (= 4.00 (£ 8.00 (£ 2.00 (£ 2.00 (+ 0.25 (x
Melalaucayiridiflon Higosll 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
o ) 1.00 (= 2.00 (& 4.00 (= 150 (£ 4.00 (£ 2.00 (£ 1.00 (x 2.00 (+ 1.50 (+
: + *
Mentheperiss Peppermint 0.00) 0.00) 0.00) 0.50) 0.00) 0.00) 0.00) 0.00) 0.50)
) 4.00 (= 2.00 (£ 2.00 (£ 8.00 (£ 6.00 (£ 6.00 (£ 2.00 (= 2.00 (+ 2.00 (+
:
Mynuscommmuts Myrte 0.00) 0.00) 0.00) 0.00) 2.00) 2.00) 0.00) 0.00) 0.00)
) ) . 0.50 (& 1.00 (& 2.00 (+ 1.50 (& 4.00 (£ 6.00 (£ 1.00 (x 1.00 (+ 0.25 (+
i + + + +
Qeimum basilicym, Basll 0.00) 0.00) 0.00) 0.50) 0.00) 2.00) 0.00) 0.00) 0.00)
Gt maronma® fiarforam 8.00 (& 2.00 (& 2.00 (& 1.00 (+ 3.00 (= 3.00 (= 2.00 (£ 2.00 (+ 2.00 (+
s L 0.00) 0.00) 0.00) 0.00) 1.00) 1.00) 0.00) 0.00) 0.00)
Origanum vulgare © Origanum

(continued on next page)
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Table 1 (continued)

Fitoterapia 154 (2021) 105024

Essential oils Minimum inhibitory concentration (Std. deviation) in mg/ml (n=3)
Gram-positive bacteria Gram-negative bacteria Yeast
Scientific name Common S. au* S.ag S.pn Spy M. sm H.in K.pn M. ca C. ne
me
na ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC
25024 55618 49619 12344 19420 19418 13883 23246 14116
1.00 (& 2.00 (& 4.00 (= 1.00 (= 4.00 (£ 3.00 (+ 2.00 (£ 2.00 (+ 1.00 (2
0.00) 0.00) 0.00) 0.00) 0.00) 1.00) 0.00) 0.00) 0.00)
: . 0.50 (= 2.00 (& 1.00 (= 0.50 (= 2.00 (£ 150 (£ 0.50 (= 1.00 (= 0.25 (x
Pimg emose © 1t
AU TICEnone Fimeoto 0.00) 0.00) 0.00) 0.00) 0.00) 0.50) 0.00) 0.00) 0.00)
) ) ) 2.00 (& 2.00 (= 1.00 (+ 1.50 (£ 8.00 (£ 8.00 (£ 2.00 (£ 2.00 (+ 0.13 (=
Pirus syvestris © o 5
Ry Fine 0.00) 0.00) 0.00) 0.50) 0.00) 0.00) 0.00) 0.00) 0.00)
s a 8.00 (& 2.00 (& 3.00 (= 3.00 (= 4.00 (£ 2.00 (£ 2.00 (£ 2.00 (+ 0.25 (x
Hpernignm Hackipepper 0.00) 0.00) 1.00) 1.00) 0.00) 0.00) 0.00) 0.00) 0.00)
2.00 (& 2.00 (& 2.00 (& 0.13 (= 2.00 (£ 1.00 (+ 2.00 (£ 2.00 (+ 0.50 (+
Rosa damascena © R
o cEne, 58 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
) . 400 (= 2.00 (= 2.00 (£ 1.00 (= 4.00 (£ 8.00 (£ 2.00 (£ 2.00 (+ 0.25 (x
8
Rosmaris oficnats Rosemar, 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
o 150 (& 2.00 (+ 2.00 (£ 1.00 (= 4.00 (£ 3.00 (+ 1.00 (= 2.00 (+ 0.13 (=
Sabvia fis ¢ s
officng HEE 0.50) 0.00) 0.00) 0.00) 0.00) 1.00) 0.00) 0.00) 0.00)
) 8.00 (& 2.00 (& 8.00 (+ 3.00 (= 4.00 (£ 3.00 (= .00 (£ 8.00 (+ 0.13 (x
.

Sabyia:sclarea Qary sage 0.00) 0.00) 0.00) 1.00) 0.00) 1.00) 0.00) 0.00) 0.00)
Santalum austrocaledonicurn sandalwood 0.75 (= 0.25 (& 2.00 (£ 0.06 (= 0.75 (= 0.13 (= 8.00 (+ 0.25 (& 0.19 (=
E 0.25) 0.00) 0.00) 0.00) 0.25) 0.00) 0.00) 0.00) 0.06)
e — —— 400 (& 2.00 (& 4.00 (+ 1.50 (£ 4.00 (£ 2.00 (£ 2.00 (£ 2.00 (+ 0.38 (+
2 0.00) 0.00) 0.00) 0.50) 0.00) 0.00) 0.00) 0.00) 0.13)

) . 2.00 (& 1.00 (= 1.00 (= 2.00 (£ 2.00 (£ 0.5 (x 2.00 (£ 1.00 (= 0.06 (+
Syzygium caryephyllata Qove 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00)
. 1.00 (= 2.00 (& 4.00 (& 0.50 (x 2.00 (£ 3.00 (= 1.00 (x 2.00 (+ 1.00 (=
T d Taget

agetes mimuta agetes 0.00) 0.00) 0.00) 0.00) 0.00) 1.00) 0.00) 0.00) 0.00)

) 400 (& 1.00 (= 1.00 (= 0.50 (+ 4.00 (£ 0.50 (x 2.00 (% 1.00 (= 0.19 (x
.
Thymiis viigaris Thyme 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.00) 0.06)

R ) 1.00 (= 1.00 (= 2.00 (x 1.00 (= 2.00 (= 3.00 (= 4.00 (= 1.00 (= 0.50 (x
Zingib e © G

or officinale e 0.00) 0.00) 0.00) 0.00) 0.00) 1.00) 0.00) 0.00) 0.00)

) ) 050x10° 050x10° 050x10 0.50x10 050x10 050x10° 0.25x10 1.00x10
Giprofloxacin pg/ml 3 3 3 3 3 3 2 2 n.a.
Amphotericin B pg/ml na. na. na. na. na. na. na. n.a. 0‘50;‘ 10

* 8. au- Staphylococcus aureus, S. ag — Strep agal S. pn — Strep P iae, S. py — Strep pyogenes, H. in - | hil

influenzae, K. pn — Klebsiella pneumoniae, M. ca — Moraxella catarrhalis, M. sm — Mycobacterium smegmatis, C. ne — Cryptococcus neoformans.. Bold - noteworthy
antimicrobial activity [22]. These essential oils were obtained from international flavour and fragrance companies Robertet® (Grasse, France)?, Burgess and Finch
(Cape Town, South Africa)®, PranaMonde (Belgium)® and Escentia Oils (Gauteng, South Africa)®.

The distribution of the essential oils on the scores scatter plot is a
visual representation of essential oil chemistry identified from chro-
matographic data. Essential oils grouped together are chemically more
similar than those grouped further away. When comparing the outlier
essential oils with those of the grouped essential oils, it was observed
that the outlier oils had chemical profiles different from many of the
essential oils studied. The essential oils distributed away from the el-
lipses as outliers had linalyl acetate (L. angustifolia (35,6%) and
L. burnati (17,8%)) and linalyl formate (C. bergamia (33,0%)), while
D. carota comprises of carotol (42,1%) in majority. As these oils are
obtained from diverse botanical species from different plant families and
genera the diversity in oil composition as visually reflected in Fig. 1 is to
be expected.

The chemical composition-antimicrobial activity relationships of the
essential oils were determined through application of orthogonal pro-
jections to latent structures discriminant analysis (OPLS-DA). Correla-
tion of essential oil chemistry and antimicrobial activity is only possible
where two or more distinct classes can be defined in a dataset [23]. The
OPLS-DA models for all pathogens were developed and presented in
Table 3.

For illustrative purposes, two OPLS-DA models (M. catarrhalis and
C. neoformans) are graphically presented and explained in detail in the
results. These models were selected for graphical representation as
M. catarrhalis which showed the strongest model fit with the most
resistant antimicrobial activity while C. neoformans showed the weakest
model fit with the most susceptible antimicrobial activity. For the
pathogens, M. catarrhalis and C. neoformans, a scores scatter plot of the

OPLS-DA data (Fig. 2) was generated with each model fitted with one
predictive and one orthogonal component (A: 1 + 1). The total variance
modelled for the scores scatter plot generated for M. catarrhalis was
6.7% (R2Xcum = 0.067), while the scores scatter plot for C. neoformans
showed a cumulative change of 5.8% (R2Xcum = 0.058).

From the scores scatter plot generated, clear separation between the
active (green/left) and inactive oils (blue/right) were observed along
the predictive component (x-axis) with a 3.5% chemical variation
(R2Xp = 0.0356) being attributed to this classification for the pathogen
M. catarrhalis. In the majority of the essential oils tested, most were
inactive against M. catarrhalis with 22% of the essential oils classified as
active against this pathogen. The same clear separation between the
active (green/left) and inactive oils (blue/right) was observed for the
scores scatter plot generated for the pathogen C. neoformans, however,
only a 2.2% chemical variation (R2Xp = 0.0219) was attributed to the
classification of active from inactive oils. The essential oils showed
greater antimicrobial efficacy against this pathogen with 73% of the
essential oils classified as active. For all nine fitted OPLS-DA models, two
principal components were used. The variation models for each path-
ogen is very low with all models showing predictive variation of less or
equal to 3% (R?Xp) and a cumulative variation of less than 6%
(RZXcum).

To identify essential oil compounds that have a significant contri-
bution to the antimicrobial activity, an S-plot of the variables was
plotted (Fig. 3). In the S-plot, the extreme ends of the plot identify
variables that are statistically significant and highly reliable discrimi-
nators of the two classes [78]. The highlighted variables on the left-hand
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Table 2
Identified major essential oil chemical constituents

Essential oil Chemical constituents Reference

Scientific name Common name Identified in this study Identified in literature
29.8% p-Pinene 29.9% p-Pinene
17.5% 8-3-Carene 19.6% 5-3-Carene

Abies balsamea © Fit 11.6% Bornyl acetate 14.6% o-Pinene [371
10.4% p-Eudesmol 23.6% 7-epi-D-Eudesmol
11.8% o-Panasinsen 12.3% A-Eudesmol

Amyris balsamifera © Amyris 14.0% Agarospirol [38]
47.9% o-Pinene 37.3% o-Pinene

Boswellia carterii © Frankincense 12.8% Limonene [391
47.5% Limonene 56.0% Limonene

Canarium tuzomicum ° Elemi 18.4% Hemol [40]
64.1% Carvone 78.9% Carvone

Carum carvi © Caraway 34.0% Limonene [411
41.1% 1,8-Cineole 41.1% 1,8-Cineole

Cirnamonum camphora © Camphor 27.5% Limonene 27.5% Limonene [23]

Cinnamoruim zeylanicum °© Cinnamon 78.4% Eugenol 80.0% Eugenol [18]

o 2 5 . 16.4% a-Terpineol 12.7% a-Terpineol 2

Glousiayandione, Limge 11.2% Terpinolene 40.4% Limonene [2]
39.1% Limonene 33.7% Limonene

Citrus bergamia © Bergamot 33.0% Linalyl formate [43]1
74.9% Limonene 61.7% Limonene

Citrus limon ° Lemon 10.2% p-Pinene [441

Citrus sinensis © Orange 93.5% Limonene 90.7% Limonene [45]

n i 52.9% Furanoeusdema-1,3-diene 57.7% Furanoeusdema-1,3-diene

Sommahqamomel Myuh, 15.8% Lindestrene 16.3% Lindestrene bl

Coriandrum sativum © Coriander 72.4% Linal ool 72.3% Linalool [41]
50.9% o-Pinene 22.9% o-Pinene

Cupressts sempervirens var. stricta © Cypress 22.5% 8-3-Carene [471
42.7% Geranial 40.7% Geranial
28.9% Neral 30.6% Neral

Cymbopogon citratus © Lemongrass 11.7% Limonene [48]

Daucus carota © Carrot seed 42.1% Carotol 48.0% Carotol [491
56.1% Terpinyl acetate 46.1% Terpinyl acetate

Elettaria cardamonum © Cardamom 24.1% 1,8-Cineole [501
63.6% 1,8-Cineole 63.8% 1,8-Cineole

Eucalyptus globulus © Eucalyptus 10.5% a-Terpineol [51,52]

Ferula galbanifiua © Galbanum 54.3% p-Pinene 58.8% p-Pinene [531

Foeniculumn vulgare © Fennel 82.0% (E)-Anethole 80.7% (E)-Anethole 541
12.4% p-Caryophyllene 18.6% p-Caryophyllene
19.4% 1,8-Cineole

Helichrysum italicum © Immortelle 15.0% o-Humul ene [551
47.9% Isopinocamphone 48.7% Isopinocamphone
15.1% Pinocamphone 15.5% Pinocamphone

Hyssopus officinalis var. officinalis © Hyssop 10.1% p-Pinene [181

Hicium verum © Star-anise 79.8% (E)-Anethole 75.7% (E)-Anethole [56]1
22.4% o-Pinene 20.5% o-Pinene
15.4% Benzyl benzoate 13.7% Benzyl benzoate

Jurtiperus virginiana © Cederwood 11.5% Mytcene [18]
54.4% Eugenol 57.2% Eugenol
18.5% Myrcene 14.3% Myrcene

Laurus nobilis © Bay 11.5% Chavicol 12.7% Chavicol [18]
32.8% Linalool 40.3% Linalool
35.6% Linalyl acetate

Lavandula angustifolia * Lavender 10.2% p-Caryophyllene [57,58]
60.3% Linalool 54.0% Linalool

Lavandula burnati ® Lavandin 17.8% Linalyl acetate [581
43.1% Linal ool 43.8% Linal ool
26.0% 1,8-Cineole 31.8% 1,8-Cineole

Lavandula spica © Lavender spike 10.9% Camphor 12.0% Camphor [591
44.6% Terpinen-4-ol 23.1% Terpinen-4-ol

Melaleuca alternifolia ® Tea tree 16.6% y-Terpinene [60]
56.7% 1,8-Cineole 67.6% 1,8-Cineole
14.2% Limonene

Melaleuca cajuputii © Cajeput 10.6% Benzyl al cohd [511
49.8% Linalyl acetate 49.8% Linalyl acetate

Melaleuca viridifiora © Niaouli 30.1% Linalool 30.1% Linalool [23]
47.0% Menthol 47.5% Menthol

Mentha piperita © Peppermint 18.8% Menthone 27.9% Menthone [61,62]
27.4% 1,8-Cineole 52.5% 1,8-Cineole
22.1% Myrtenyl acetate 26.3% Myrtenyl acetate
16.7% o-Pinene 9.5% o-Pinene

Myrtus communis © Myrte 10.0% Limonene [631
74.2% Estragole 61.0% Estragole

Qcimum basilicum °© Basil 18.4% Linal ool [641

(contimued on next page)
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Table 2 (continued)

Fitoterapia 154 (2021) 105024

Essential oil Chemical constituents Reference

Scientific name Common name Identified in this study Identified in literature
51.9% 1,8-Cineole 46.0% 1,8-Cineole

Origarum marjorana ® Matjoram 22.4% Linalyl formate 26.1% Linalool [18]

Origarum vilgare © Origanum 67.9% Carvacrol 65.9% Carvacrol [651

& % " 56.1% Eugenol 74.7% Eugenol

Pimenta racemosa Pimento 10.3% Myreene [66]1
34.8% Bornyl acetate 25.0% Bornyl acetate
22.3% Camphene 11.8% Camphene

Pinus sylvestris © Pine 11.1% a-Pinene 11.0% a-Pinene [18,671
28.0% p-Caryophyllene 29.5% p-Caryophyllene
18.1% Limonene 18.7% Limonene

Piper nigrum © Black pepper 10.7% p-Pinene 19.2% 5-3-Carene [68]
29.9% Citronellol 42.0% Citronell ol
20.8% Geraniol 28.5% (E)-Geraniol
22.4% Phenelyl alcohol 19.9% Nonadecane

Rosa damascena ° Rose 10.2% Nerol [691
19.1% Camphor 19.6% Camphor
14.7% a-Pinene 11.7% 1,8-Cineole
12.3% Verbenone 11.5% Verbenone

Rosmarinus officinalis © Rosemary 12.2% Bornyl acetate 10.6% Borneol [701
24.9% a-Thujone 28.2% a-Thujone

Sabvia officinalis Sage 19.8% Camphor [711
58.5% Linalyl acetate 40.6% Linalyl acetate

Sabvia sclarea © Qary sage 23.5% Linalool 26.0% Linalool [72]
52.7% a-Santal ol 32.1% a-Santal ol

Santatum austrocaledonicum © Sandalwood 15.7% p-Santalol [18]

Styrax benzoin ¢ Benzoin 72.2% Dimethyl phthalate 72.0% Dimethyl phthal ate [231
81.9% Eugenol 66.9% Eugenol

Syzygium caryophyllata © dove 13.1% Isoeugenol [731
47.8% (E)-p-Ocimene 52.0% (E)-p-Ocimene

Tagetes minuta ¢ Tagetes 10.9% (E)-Tagetone [741
41.0% p-Cymene 35.7% p-Cymene

Thymus vulgaris © Thyme 18.9% Thymol 33.2% Thymol [751
37.6% a-Curcumerne 37.6% a-Curcumeme

Zingiber officinale © Ginger 14.4% Himachalene 14.4% Himachal ene [23]

These essential oils were obtained from international flavour and fragrance companies Robertet® (Grasse, France)?, Burgess and Finch (Cape Town, South Africa)®,

PranaMonde (Belgium)© and Escentia Oils (Gauteng, South Africa)?,

| Table 3
OPLS-DA model statistics against all nine pathogens
Pathogens A* Rxp” R R*Y Q%*(cum)
(cum)° (cum)?
[
Staphylococcus aureus 201 0.035 0.062 0.931 0.061
: (ATCC 25924) +1)
i Streptacoccus agalactiae 201 0.030 0.066 0.922 -0.054
i (ATCC 55618) +1)
Streptococcus pneumoniae 2Q1 0.028 0.063 0.933 0.139
" (ATCC 49619) +1)
@ Streptacoccus pyogeries 2(1 0.030 0.067 0.941 0.100
‘. e (ATCC 12344) +1)
Mycobacterium smegnatis 201 0.028 0.061 0.965 -0.012
> (ATCC 23246) +1)
Haemophilus influenzae 201 0.029 0.063 0.920 0.017
Fig. 1. Principal component scores scatter plot_for 49 comn'_lercia_l essential oils Kli‘:;;;;:ﬁlmhe er(ll) 0.026 0.057 0.013 - 0.158
used for the treatment and management of respiratory tract infections (common (ATCC 10418) +1)
names used for ease of visualization). Moraxella catarrhalis 201 0.031 0.067 0.929 0.279
(ATCC 13883) +1)
bottom wing of the S-shape (green square) are indicative of essential oil Cryptococas medformans 20 0022 D008 0904 =01097
(ATCC 14116) +1)

biomarkers correlated to active essential oils while variables on the top
right-hand wing of the S-shape (blue square) are associated to putative
biomarkers of the inactive class.

A list of the active (MIC values < 1.00 mg/ml) and inactive (MIC
values > 1.00 mg/ml) variables were determined using the biomarker
retention time/mass pairs (from GC-MS data) to identify the essential oil
chemical compound via NIST library (Tables 4 and 5).

Eugenol was the identified putative biomarker responsible for the
noteworthy antimicrobial activity against a wide variety of test organ-
isms including S. pneumoniae, S. pyogenes, K. pneumoniae and
M. catarrhalis.  Other repetitive biomarkers included thymol

@ Number of principal components (Predictive + Orthogonal).
Predictive variation in X that is explained by the model.

¢ The sum of variation in X that is explained by the model.

4 The sum of variation in Y that is explained by the model.

® Ability to predict future outcomes.

(S. agalactiae, H. influenzae), cis-p-ocimene (S. aureus, K. pneumoniae),
furanoeudesma-1,3-diene (H. influenzae, M. smegmatis) and p-cymene
(H. influenzae, C. neoformans).

The repetitive biomarkers for the essential oils in class two
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Fig. 2. An OPLS-DA scores scatter plot demonstrating the two classes defined, active or essential oils with noteworthy antimicrobial activity (MIC values < 1.00 mg/
ml) (green samples-on the left) and inactive or essential oils with a less or poorer antimicrobial activity (MIC values > 1.00 mg/ml) (blue samples-on the right)

essential oils against the pathogen M. catahalis (a) and C. neoformans (b).

demonstrating poor antimicrobial activity include linalyl acetate
(S. aureus, S. pyogenes, H. influenzae), u-pinene (S. aureus, H. influenzae,
M. catarrhalis, K. pneumnoniae) and p-pinene (S. aureus, S. agalactiae,

S.p iae, S. pyogenes, H. infl ).

3.4. Chemometric validation

The accuracy of the chemometric predictions for putative biomarkers
of antimicrobial activity was investigated for the compounds identified
per respiratory pathogens studied (Table 6).

The incidence of prediction accuracy relating to the chemometric
outcomes of this study was 92.3% for active biomarker predictions and
61.9% for inactive biomarker predictions. Against the pathogen,
M. catarrhalis which showed the strongest chemometric model fit, ac-
curacies in prediction were determined as 100.0% in both classes (active
and inactive). Eugenol was predicted as the biomarker responsible for
perceived good antimicrobial activity of essential oils against this
pathogen. When investigated, eugenol demonstrated an MIC value of
1.00 mg/ml, three dilutions more effective than the compounds
o-pinene and p-cymene (8.00 mg/ml), determined as responsible for the
poor antimicrobial activity of essential oils against this pathogen.
Against the pathogen, C. neoformans which showed the poorest che-
mometric model fit, accuracies in prediction were determined as 100%
for the active class and 0% for the inactive class with menthone
demonstrating similar antimicrobial activity to a-pinene of 1.00 mg/ml.

4. Discussion
4.1. Antimicrobial activity
The essential oils of aromatic plants and spices contain biologically

active components with antibacterial and antifungal potential [79].
Amyris balsamifera is indicated within aromatherapeutic text for use in

respiratory tract infections associated with coughs and colds [8]. Pre-
vious studies on the antimicrobial effect of A. balsamifera essential oil
have been reported using disk diffusion or agar diffusion methodologies
against pathogens such as Candida albicans, S. aureus, E. coli, Pseudo-
monas aeruginosa and K. pneumoniae [80,81]. The use of disk diffusion
assays for antimicrobial testing of essential oils is still widely applied
and published; however, this methodology has been fraught with fault
and has been deemed by researchers to be an unreliable method for
antimicrobial susceptibility testing of essential oils [82,83]. Only two
other studies could be identified using A. balsamifera essential oil for
antimicrobial purposes by means of MIC analysis against the pathogens
S. aureus, Salmonella enteritidis, Pseudomonas aeruginosa, Alternaria
alternata, Aspergillus niger and Penicillium digitatum [84,85]. The study by
Kloucek et al. [84] made use of a unique methodology in which the
antimicrobial activities of essential oil vapours were measured. The re-
sults of the study showed A. balsamifera essential oil to have antimi-
crobial activity against S. aureus with an MIC of 500 ul/L, while no
activity was observed against the other test pathogens. The study con-
ducted by Xiao et al. [85] made use of MIC analysis against S. aureus and
validated the outcomes via time-kill assay. Results demonstrated
A. balsamifera essential oil to have a cidal antimicrobial effect against
S. aureus at 0.125% (v/v) following three days of exposure. Other
essential oils with broad-spectrum activity include C. sativim and
C. zeylanicum. Both oils have been studied extensively in the literature
with results congruent to this study confirming C. sativum and
C. zeylanicum oils to be effective against a wide range of clinically
relevant Gram-positive bacteria, Gram-negative bacteria and yeasts
[86-96].

It is known that essential oils demonstrate antifungal activity due to
their ability to cause damage to fungal cell membranes by binding to the
cell wall building blocks called ergosterols [97]. The more lipophilic the
substance, the greater the antifungal effect. Coriandrum sativum was the
most potent essential oil against the pathogen C. neoformans.
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Pl

Fig. 3. An OPLS-DA S-plot showing the putative biomarkers responsible for contributing to good activity (bottom left quadrant, green square) and poor activity (top
right quadrant, blue square) against the pathogen M. catwrhalis (a) and C. neoformans (b).

Cryptococcus neoforinans causes pathogenesis in immunocompromised
hosts resulting in fungal pneumonia and cryptococcosis [29,30]. Inter-
estingly, C. sativum essential oil is indicated for the reatment of influ-
enza and broad cases of chest infection [8,10,98]. The result of
C. sativum against C. neoformans is supported by a previous study con-
ducted by Powers et al. [99], in which the MIC values for a common set
of 82 essential oils against the pathogens Aspergillus niger, Candida
albicans, and C. neoformans were reported. The essential oil of C. sativum
showed anti-yeast activity against C. neoformans with an MIC value of
80 ppm (where anti-yeast activity is determined for an MIC value < 100
ppm).

Santalum austrocaledonicum essential oil also demonstrated note-
worthy antimicrobial effects against the pathogen, S. pyogenes. Pneu-
mococcal infections have been identified by the World Health
Organization (WHO) as causing the greatest number of respiratory

infections among Gram-positive bacteria [100]. Streptococcus pyogenes
has been identified as the pathogen most responsible for infections of the
upper and lower respiratory tract [100]. Sandalwood essential oils, have
been commonly cited in the literature as having noteworthy antimi-
crobial effects against a number of microbial pathogens studies
[18,101-103]. Orchard et al. [104], states that the species of sandal-
wood oil used in this study, S. austrocaledonicum shows significantly
improved antimicrobial effects to that of S. album, when comparing
antimicrobial activities. Differences could be observed between the two
Santalum spp., of which S. austrocaledonicum mostly displayed stronger
antimicrobial and broad-spectrum activity than that observed by
S. album. It is proposed that this result is due to differences in chemistry
in which the higher content of santalol in S. austrocaledonicum lends
itself to an improvement in antimicrobial activity for Santalum spp. In
the study by Orchard et al. [104], S. austrocaledonicum shows broad-
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Table 4
Identified biomarkers contributing to good antimicrobial activity of essential
oils (class 1) tested against selected respiratory tract pathogens.

Pathogen Ret. time Mass Identified putative
(min) pair biomarker*
Staphylococcus aureus (ATCC ~ 32.720 121 Linalool
25924) 21.171 93 cis-B-Ocimene
Streptococcus agalactine 49.834 135 Thymol
(ATCC 55618)
Streptococcus pneumoniae 49.772 164 Eugenol
(ATCC 49619)
Streptococcus pyogenies (ATCC ~ 49.772 164 Eugenol
12344)
Mycobacterium smegmatis 49.073 108 Furanoeudesma 1,3-
(ATCC 19420) diene
36.149 94 Santalene
Haemophilus influenzae 49.834 135 Thymol
(ATCC 19418) 22.847 119 p-Cymene
47.942 164 Viridiflorol
49.073 108 Furanoeudesma 1,3-
diene
Klebsiella pneumoniae (ATCC 49.772 164 Eugenol
13883) 21.171 93 cis-p-Ocimene
Moraxella catarrhalis (ATCC 49.772 164 Eugenol
23246)
Cryptococcus neoformarns 12.015 93 o-Pinene

(ATCC 14116)

*Bold — Putative biomarker identified more than twice across pathogens tested.

Table 5
Identified biomarkers contributing to poor antimicrobial activity of essential oils
(class 2) tested against selected respiratory tract pathogens.

Pathogen Ret. time Mass Identified putative
(min) pait biomarker*
Staphylococcus aureus (ATCC 15.618 136 B- Pinene
25924) 12.015 93 «-Pinene
47.942 164 Viridiflorol
33.218 93 Linalyl acetate
Streptococcus agalactiae (ATCC 15.618 136 B- Pinene
55618)
Streptococcus pneumoniae 15.590 93 B- Pinene
(ATCC 49619)
Streptococcus pyogeres (ATCC 15.67 136 $- Pinene
12344) 33.177 93 Linalyl acetate
18.003 93 Myrcene
20.138 111 1,8-Cineole
Mycobacterium smegmatis 49.772 164 Eugenol
(ATCC 19420)
Haemophilus influenzae (ATCC 20.137 136 1,8-Cineole
19418) 11.921 93 «-Pinene
15.617 136 B- Pinene
19.793 121 Limonene
33.176 93 Linalyl acetate
Klebsiella pneunoniae (ATCC 11.921 93 «-Pinene
13883) 22.815 119 p-Cymene
Moraxella catarrhalis (ATCC 11.921 93 o-Pinene
23246) 22.815 119 p-Cymene
Cryptococcus neoformans 30.436 112 Menthone

(ATCC 14116)

*Bold - Putative biomarker identified more than twice across pathogens tested.

specttum antimicrobial activity with noteworthy effects against the
pathogen, S. aureus (MIC value of 0.25 mg/ml).

4.2, Chemometric analysis

Research has reported that essential oils predominant in aldehydes
or phenols, such as carvacrol, eugenol, or thymol and are characterized
by noteworthy antibacterial activity [105-107]. This is because alde-
hyde and phenol chemical compounds are responsible for the disruption
of the cytoplasmic membrane which is the protective armor of the mi-
crobial cell [107]. The chemistry of essential oils provides a significant
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contribution to the antimicrobial effects of essential oils. In a study
conducted by Orchard et al. [23], chemometrics was applied to deter-
mine the biomarkers responsible for the antimicrobial activity which
identified 59 essential oils against 13 pathogens of the skin. Thirty-eight
of the essential oils used in the Orchard et al. [23] study were used in this
study with similarities in one pathogen investigated, S. aureus. The
variation modelled that could be related to differentiation of the two
classes was very low in Orchard et al. [23], with all models showing
predictive variation of less or equal to 5% (R2Xp), while the cumulative
variation was less than 10% (R2Xcum). Only two of the models created
by Orchard et al. [23], for methicillin-resistant S. aureus and E. coli,
showed a high predictive ability in essential oil activity. These findings
are congruent with those of this report and have been attributed to the
biological and analytical variation in the dataset [23].

From the data obtained in this study, «-pinene, p-pinene and linalyl
acetate were identified as the biomarkers most frequently responsible
for a poor antimicrobial effect while eugenol was identified as the
biomarker most frequently responsible for a broad-spectrum antimi-
crobial activity. These findings are congruent with previous studies
[21,23]. Interestingly, the putative biomarkers responsible for perceived
poor antibacterial activity were responsible for good antifungal activity
according to OPLS-DA S-plot data. The compound «-pinene was identi-
fied as a putative biomarker responsible for poorer antibacterial effects
against four of the eight bacterial pathogens investigated while
responsible for good antifungal activity against the pathogen
C. neoformans. In a study conducted by Ebrahimabadi et al. [108], the
chemical components of the essential oil samples of M. communis
(myrtle) were identified qualitatively and quantitatively using GC/FID/
Mass spectrometry system, and evaluated in conjunction with the anti-
microbial activity of these samples using chemometrics methods. The
results showed that o-pinene, 1,8-cineole, p-pinene and limonene were
the highest contributors to the antimicrobial activity of M. communis
essential oil against C. albicans. The antifungal potential of «-pinene is
further demonstrated in a study by Rivas da Silva et al. [109], where
(+)-a-pinene showed the best MIC inhibition results against
C. neoformans with a value of 117 ug/ml. Further research has shown
o-pinene to have anti-Cryptococcal activity as low as 70-78 pg/ml
[99,110,111]. The poorer antibacterial effects of «-pinene has been
previously proven in literature where it is noted that essential oils
containing terpene hydrocarbons are usually associated with poorer
antibacterial activity [112,113]. Furthermore, in vitro studies indicate
that terpenes show ineffective antimicrobial activity when used as sin-
gular compounds [112].

The validation of the chemometric analysis demonstrated that the
majority of models accurately predicted the compounds associated with
good antimicrobial activity against the nine tested pathogens. The
compounds with the greatest antimicrobial effect were determined as
furanoeudesma-1,3-diene against H. influenzae (MIC value of 0.10 mg/
ml) and M. smegmatis (MIC value of 0.18 mg/ml); and viridiflorol against
the pathogen H. influenzae with an MIC value of 0.08 mg/ml.
Furanoeudesma-1,3-diene is a colourless, unstable liquid with an
intensive aroma which rapidly auto-oxidizes in air at room temperature
to leave a resinous residue [114]. Furanoeudesma-1,3-diene is a major
constituent of Commiphora essential oils including C. molmol. No pre-
vious studies could be identified to prove the antimicrobial activity of
furanoeudesma-1,3-diene against either H. influenzae or M. smegmatis.
Viridiflorol is a sesquiterpenoid commonly isolated from essential oils of
Melaleuca quinquenervia (broad-leaved paperbark), M. alternifolia, Salvia
species and Mentha species [115]. No previous studies could be identi-
fied for the antimicrobial activity of viridiflorol against H. influenzae,
however, studies investigating the antimicrobial effects of this com-
pound against pathogens such as S. aureus and M. tuberculosis show
promising antimicrobial effects [115,116].

Greater inaccuracies in prediction were determined for the inactive
class . The compounds viridiflorol and 1,8-cineole demonstrated note-
worthy antimicrobial activity against the pathogens associated with
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Table 6

Fitoterapia 154 (2021) 105024

The Minimum Inhibitory Concentration (MIC in mg/ml(n 3)) antimicrobial activity of the putative biomarkers identified for the pathogens investigated correlated to

chemometric prediction accuracies.

Pathogen Antimicrobial validation Chemometrics
Active biomarker MIC Accuracy Inactive biomarker MIC Accuracy Q%cum)®
Cryptococcus neoformans (ATCC 14116) «-Pinene 1.00 100% Menthone 1.00 0% -0.097
Haemophilus influenzae (ATCC 19418) Thymol 0.50 100% 1,8-Cineole 0.50 20% 0.017
p-Cymene 0.25 a-Pinene 8.00
Viridifloro 0.08 p- Pinene 1.00
. Limonene 1.00
Furanoeudesma 1,3-diene 0.10 Linalyl acetate 1.00
" ’ Eugenol 1.00 a-Pinene 8.00
Klebsiella pneumoniae (ATCC 13883) cis-p-Ocimene 100 100% p-Cymene 8.00 100% -0.158
-Pi 8.00
Moraxella catarrhalis (ATCC 23246) Eugenol 1.00 100% ocPinene 100% 0.279
p-Cymene 8.00
. . Furanoeudes-ma 1,3-diene 0.18
Mycobacterium smegmatis (ATCC 19420) Santalene nd. 100% Eugenol 1.00 0% -0.012
Linal ool 1.00 p- Pinene 2.00
o-Pinene 8.00
7: g
Sphylococcs diir el (AT0ai25924) cis-p-Ocimene 2.00 b0be Viridiflorol 0.32 % 0:06),
Linalyl acetate 2.00
Streptococcus agalactiae (ATCC 55618) Thymol 0.25 100% p- Pinene 2.00 100% -0.054
Streptococcus preumoniae (ATCC 49619) Eugenol 1.00 100% p- Pinene 1.00 0% 0.139
p- Pinene 4.00
Linalyl acetate 2.00
St ATCC 12344 Er L 1.00 100% 100% 0.100
treptococcus pyogeres (. ) ugenol Myreene 2.00
1,8-Cineole 2.00

Bold - clinically relevant antimicrobial activity
# n.d. - not determined due to lack of availability.
® Ability to predict future outcomes.

poor antimicrobial effect predictions. Viridiflorol was predicted as the
biomarker of essential oils responsible for causing poor antimicrobial
effects against the pathogen S. aureus. The results of this study deter-
mined an MIC value of 0.32 mg/ml for viridiflorol against S. aureus, the
lowest MIC determined against this pathogen. A study conducted by
Gilabert et al. [116] aimed to determine the ability of ten Lepidozia
chordulifera terpenoids, including viridiflorol, to control bacterial
growth and biofilm formation of S. aureus. Among the compounds
tested, only viridiflorol was able to inhibit bacterial growth and biofilm
formation by 40% against S. aureus at 50 yug/ml. These findings support
the outcome of this study in that viridiflorol is an effective antibacterial
compound against the pathogen S. aureus. The compound 1,8-cineole
(eucalyptol), is a monoterpene cyclic ether found as the major compo-
nent of essential oils isolated from Eucalyptus globulus leaves as well as in
Rosmarinus officinalis, Salvia officinalis and Mentha species [117]. The
pharmacological effects of 1,8-cineole have been well documented with
mucolytic, broncholytic, and anti-inflammatory properties identified
[117]. The results of this study determined an MIC value of 0.50 mg/ml
for 1,8-cineole against H. influenzae. A study conducted by Yang et al.
[118] aimed to determine the antibacterial activity and mode of action
of the essential oil of Artemisia capillaris and its constituents, including
1,8-cineole against respiratory tract infection-causing pathogens such as
H. influenzae. The compound 1,8-cineole demonstrated noteworthy
antimicrobial activity against H. influenzae with an MIC value of 0.098
mg/ml.

Despite these findings, the chemometric models show a significantly
high level of predictability of interactions. The model fit (Q%(cum)?) for
half of the models created showed negative ability to predict future
outcomes. Despite this, the chemometric models were in the majority
accurate in prediction. This outcome may be as a result of the complexity
in the ability to predict compounds associated to good or poor behavior
in multifarious products such as essential oils. It is known that the major
chemical constituents of an essential oil are often considered responsible
for the perceived antimicrobial activity, however, this study demon-
strates the potential for minor components to provide significance in the
perceived antimicrobial activity of essential oils.

11

5. Conclusions

This study is the first to report on the antimicrobial potential of
commercial essential oils such as A. balsamifera, S. austrocaledonicum
and C. sativum among others for use in respiratory tract infections
against a large variety of pathogenic micro-organisms. The effect of
essential oils against pathogens most commonly isolated in bacterial
respiratory tract infections such as S. pyogenes and S. pneunoniae have
been reported here for the first time. The essential oils that displayed
broad-spectrum antimicrobial effect are; A. balsamifera, C. sativum and
S. austrocaledonicum. Eugenol was identified as the most frequently
reoccurring biomarker that contributes to broad-spectrum noteworthy
antimicrobial activity, while linalyl acetate, a-pinene and p-pinene were
frequently responsible for poor antimicrobial activity. The ability of
chemometrics to accurately predict the active and inactive biomarkers
of essential oils against the pathogens assessed were mostly confirmed
by this study with an accurate prediction of 92.3% for active biomarkers
and 61.90% for inactive biomarkers. The effect of essential oil com-
pounds viridiflorol and furanoeudesma-1,3-diene against the pathogen
H. influenzae have beenreported here for the first time. Outcomes of this
study suggest that perceived biological activity of an essential oil may be
more closely related to the activity of a single chemical constituent,
however, the potential for interactions between essential oil chemical
compounds predicted for perceived good antimicrobial effect should be
investigated further.
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3. Introduction

Following the investigation into the antimicrobial activity of individual essential oils that are
commonly cited for use in the respiratory tract against microbial reference strains, an
investigation into the combined pharmacological effect of essential oils was to be considered.
Aromatic medicine predominantly applies essential oils in multiple combinations, as
aromatherapy is based on the practice of blending oils to achieve an enhanced therapeutic effect
(van Vuuren and Viljoen, 2011). The rationale for combining essential oils includes creating
blends that will enhance antimicrobial activity, or provide antimicrobial effect with anti-
inflammatory activity, or an antimicrobial and psychological effect, or enhanced
pharmacological effect with reduced toxicity (Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar,
2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016, Orchard, 2019). The review of the
aromatherapeutic literature identified 369 combinations used in the respiratory tract for varying
enhanced antimicrobial, anti-inflammatory and non-toxic effects (Leigh-de Rapper et al.,
2021). The concern regarding these combinations is that available data on the antimicrobial
interaction of the intended therapeutic combinations is lacking. This study addressed this
deficiency of information by evaluating the identified essential oil combinations against the
micro-organisms selected in Chapter 2. The outcome of the combination study is reported in
Article 3.

3.1. Synergy optimization

Studies documenting the combined use of essential oils for antimicrobial purposes
predominantly makes use of these essential oils in equal concentrations (Kemegne et al., 2021).
However, where essential oils have been studied in varied ratios it has been determined that
the antimicrobial benefit of the combination is not limited to the property of a single oil, or
when placed in equal concentration, but depends on the specific ratios in which they are
combined (Cassella et al., 2002, Orchard et al., 2018a, Kemegne et al., 2021). The assessment
of essential oil combinations for synergy optimization is complex due to the large number of
variations that exist; however, computer-aided software provides the means to review these
combinations at fixed doses to predict synergy at infinite ratios. The use of computer-aided
software has reduced the cost burden associated with drug design and research and has been
formally recognized by the US FDA for clinical trial research (Sabe et al., 2021). Computer-
aided drug design is an indispensable tool in the pharmaceutical industry (Liao et al., 2011).
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3.1.1. Current essential oil antimicrobial research using computer-aided software

Design of Experiments (DoE) software is computer-aided software currently employed within
industries such as pharmacy, chemistry and engineering (Thakkar et al., 2021, Hathout and
Saharan, 2022, Nainwal et al., 2022). It is used in the industry as a means of optimizing
experimental outcomes using a limited amount of experiments and resources (Carlson, 2001).
A study conducted by De Rapper (2013) aimed to identify the antimicrobial effects of a number
of varying essential oils in combination with Lavandula angustifolia (lavender) essential oil in
triplicate combinations against Candida albicans. The study used MODDE 9.1® software for
antimicrobial predictions. Three varying combinations of essential oils were investigated by
comparing the MIC data obtained from the various combinations against the data gained from
the individual MIC values of the essential oils under investigation (Carlson, 2001). For the
combinations investigated it was determined that no single essential oil in the combination was
responsible for an enhanced antimicrobial effect as the MODDE 9.1® software did not vary
considerably even when essential oil volumes did. Limitations to the effectiveness of this
software for antimicrobial purposes is the inability for the software to predict the optimal use
of essential oil combinations where MIC values are similar and the restriction on the number

of samples available for combination predictions.

3.1.2. SynergyFinder predictive software for potential use within essential oil research

SynergyFinder is a computer-based program for the automation and quantitation of synergism
and antagonism, that applies commonly-utilized reference models such as, the Highest Single
Agent (HSA) model (Berenbaum, 1989), the Loewe additivity model (Loewe, 1953), the Bliss
independence model (Bliss, 1939), and the Zero Interaction Potency (ZIP) model (Yadav et al.,
2015) for prediction. Using these reference models, SynergyFinder then implements algorithms
to calculate synergy scores based on dose-response data, which are then used to identify the
ratio of essential oil in each combination that provides the greatest synergistic antimicrobial
response. The use of this software has been published in over 100 scientific papers ranging
from oncology to drug design and drug combination studies. The use of this type of software
within the field of antimicrobial research is novel, with limited data available to validate its
potential for use in this field of research (Nguyen et al., 2020, Maugeri et al., 2021). This study
is the first to optimize essential oil combinations using SynergyFinder predictive software
(Article 4).
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Article 3 - Original Article on the combined effects of essential oils in the management of
respiratory infections

At the time of this thesis, this article had been published. This article is shown as it appears
in publication.
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Abstract: This study investigated the potential efficacy of 369 commercial essential oil combinations
for antimicrobial, anti-toxic and anti-inflammatory activity with the aim of identifying synergy among
essential oils commonly used in combination by aromatherapists for respiratory purposes. Essential
oil combinations were assessed for their antimicrobial activities using a panel of Gram-positive,
Gram-negative, and yeast strains associated with respiratory tract infections. The antimicrobial
activity was measured by determining the minimal inhibitory concentration (MIC) of microbial
growth. The fractional inhibitory concentration index (ZFIC) was calculated to determine the
antimicrobial interactions between the essential oils in the combination. The toxicity of the essential
oil combinations was tested in vitro using the brine shrimp lethality assay, the 3—(4,5-dimethylthiazo]-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on RAW 264.7 mouse macrophage cells and
A549 lung cancer cell lines. In addition, an inflammatory response was evaluated measuring nitric
oxide production. The essential oils, when in combination, demonstrated an increased antimicrobial
effect, a reduction in toxicity and provided improved anti-inflammatory outcomes. Five distinct
combinations [Cupressus sempervirens (cypress) in combination with Melaleuca alternifolia (tea tree),
Hyssopus officinalis (hyssop) in combination with Rosmarinus officinalis (rosemary), Origanum marjorana
(marjoram) in combination with M. alternifolia, Myrtus communis (myrtle) in combination with M.
alternifolia and Origanum vulgare (origanum) in combination with M. alternifolia] were found to
be the most promising, demonstrating antimicrobial activity, reduced cytotoxicity and improved
anti-inflammatory effects. With the increased prevalence of respiratory tract infections and the
growing antimicrobial resistance development associated with antimicrobial treatments, this study
provides a promising complementary alternative for the appropriate use of a selection of essential oil
combinations for use in the respiratory tract.

Keywords: antimicrobial; anti-inflammatory; inhalation; essential oils; combinations; synergy; toxic-
ity; respiratory tract

1. Introduction

Antimicrobial resistance, partly a consequence of inappropriate antibiotic use, has
been continuously recorded globally and is considered one of the greatest challenges to
global public health [1]. Streptococcus pneumoniae, a commonly isolated pathogen of the
respiratory tract, has developed and spread resistance to antibiotics such as penicillins, with
penicillin resistance often correlating to resistance to other additional antibiotics such as
macrolides and tetracyclines [2,3]. A possible solution to growing antimicrobial resistance
is the use of alternative and complimentary therapies which have been shown to elicit
antimicrobial effects as well as holistically treat symptoms often caused by infections. The
emergence of new antibacterial agents based on natural products is a priority in the field
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of scientific research with studies demonstrating the potential of these products against
pathogens of multidrug resistant causes [4,5].

Essential oils are comprised of volatile, aromatic and complex chemical compounds
such as alcohols, aldehydes, esters, ethers, ketones, phenols and terpenes. These essential
oils are distilled from plant parts and commonly employed in aromatherapy. Within the sci-
entific literature, essential oils have been extensively studied with relevance to respiratory
conditions. A plethora of studies are available where essential oils have been studies for
antimicrobial purposes as well as for inhalation in traditional practices and in maintaining
basic health conditions [6-11]. Although there has been a surge in interest and encouraged
direction in the field of essential oil research, much of the research published focuses on
identifying the potential of a single essential oil [12]. Within aroma therapeutic use, how-
ever, essential oils are predominantly used in multiple combinations, as aromatherapy is
based on the practice of combining multiple essential oils to achieve an enhanced therapeu-
tic effect [13]. Insights into the use of complementary and alternative therapies, including
aromatherapy, within developed countries has identified that $25 billion is spent annually
by people actively seeking CAM treatments to prevent or treat ongoing infections [14].
This growth in the use of CAM treatments requires an equal growth in research for the
evaluation of these products and practices for quality, safety and efficacy.

The aroma-therapeutic literature notes extensively the use of essential oils in combina-
tion for improved antimicrobial, anti-oxidative, anti-inflammatory, as well as antihistaminic
effects [15]. Previous studies have demonstrated the therapeutic potential of some com-
mercial and indigenous essential oils when tested in combination [16-20]. However, a lack
of data still exists for the antimicrobial efficacy of a large number of commonly applied
commercial essential oils used in combination. Inflammation is a physiological response by
a host to regulate the body’s reaction to infections, injury or toxins [21]. Acute inflamma-
tion is initiated by tissue-resident innate immune cells that recognize pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) caused by
infection or cell injury [22]. In the case of an infection caused by microbial invasion, initial
recognition of infection is mediated by tissue-resident macrophages and mast cells. These
cells induce inflammation through the production of a variety of inflammatory mediators,
including chemokines, pro-inflammatory cytokines, vasoactive amines, eicosanoids and
products of proteolytic cascades to enhance inflammatory signals and recruit more immune
cells [23]. The release of cytokines, such as interferon-y (INF-y), TNF-«, and interleukin-1
(IL-1), as well as exposure to microbial products such as LPS further stimulate macrophages
to produce nitric oxide (NO) [24]. The immediate effect of these mediators is to cause local
vasodilation as a means of providing plasma proteins and leukocytes (mostly neutrophils),
normally held in circulation, to the extravascular tissues at the site of infection. Once at the
site of infection, neutrophils become activated either by direct contact with pathogens or
through the actions of cytokines secreted by tissue-resident cells [23]. The neutrophils then
attempt to kill the invading pathogen by releasing the toxic contents of their granules [25].
The production of NO by macrophages further contributes to the elimination of invading
pathogens by inducing the cytotoxic action of these macrophages. When the inflammatory
response has resulted in the elimination of the infectious agents, a resolution and repair
phase commences to reduce inflammation [26]. If the inflammatory response does not
result in the elimination of the causative pathogen, the inflammatory process persists, lead-
ing to a chronic state of inflammation. The characteristics of this inflammatory state differ
depending on the effector class of the T cells that are present [23]. The further influx of
immune cells and increased inflammatory response can cause a reduction in gas exchange
due to fluid accumulation, and further result in damage to the lungs, resulting in severe
respiratory infection [27].

Essential oils have been well studied, and demonstrate anti-inflammatory effects [28-31].
Essential oils with anti-inflammatory activity have been shown to reduce swelling and
edema associated with respiratory infections, thus reducing symptoms such as wheezing,
congestion and difficulty in breathing. Despite this, essential oils are commonly used in
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combination in aromatherapy, and very little literature exists to support this application
of essential oils for anti-inflammatory effects. Given the importance of the inflammatory
process in infections of the respiratory tract, it is important to determine the potential for
essential oils used in combination to influence this infection process.

Essential oils have also been associated with high levels of toxicity, especially when
compared to other natural products [15]. Essential oils are registered on the United States
Food and Drug Authority (US, FDA) list of ‘generally recognized as safe’ (GRAS) products
as individual agents but not as combinations [15]. The activity between blended essential
oils has the potential to increase toxicity or suppress these effects. Small doses of essential
oils are capable of eliciting toxic effects, especially when inhaled [32]. Despite these findings,
essential oils remain the most popular form of complementary medicine and continue to be
used in combination via dermal or inhalation application. It is a result of this lack of data to
substantiate the use of essential oils in combination for antimicrobial and anti-inflammatory
effects, as well as the increased risk of toxicity associated with essential use when combined,
that further research is needed to confirm the therapeutic potential for use of essential
oils via the respiratory tract. This study, therefore, aims to determine the antimicrobial,
anti-inflammatory and toxicity levels of commercial essential oil combinations commonly
applied in aromatherapy for respiratory tract infections.

2. Results and Discussion
2.1. Antimicrobial Analysis of Essential Oils

The MIC values of the 49 individual commercial essential oils were investigated in our
previous study [33]. Of the 369 combinations investigated (Supplementary Table S1), 41.6%
displayed noteworthy activity against the nine respiratory pathogens investigated. Of the
combinations determined to be noteworthy in antimicrobial effect, 27.3% elicited strongly
noteworthy antimicrobial effects of less than 0.50 mg/mL, while 72.3% of combinations
displayed moderately noteworthy effects between 0.50 and 1.00 mg/mL. Figure 1 summa-
rizes the percentage of essential oils that were found to have a noteworthy antimicrobial
activity alone (a) and in combination (b).

a.

676

= Noteworthy antimicrobial effect (MIC <1 mg/mL)
Not noteworthy in antimicrobial effect (MIC > 1 mg/mL)
Figure 1. Summary of noteworthy essential oil antimicrobial activity alone (a) and when in
combination (b).

From these results, it is clear that the essential oils show the potential to demonstrate
improved antimicrobial efficacy when in combination. As the focus was on finding the
combinations with the highest antimicrobial efficacy, the best results observed for the
369 investigated combinations (1:1) against respiratory tract pathogens are summarized
in Table 1.
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Table 1. The mean MIC (1 = 3) with standard deviation in brackets and ZFIC values of the essential cil combinations investigated against pathogens of the respiratory tract.
Mean MIC Value img/mL} & =5 and ZFIC
Essential Oil Combinations P < i < ae oo ; . " el Klebsiell I " P or @
{Common Name in Brackets) ¥ L z i Ll y ¥ Ll
(ATCC 25024 {ATCC 556180 ATOC 49610} ATCC 123043 {ATCC 104200 {ATCC 10018} {ATCC 13883} {ATCC 23246} (ATCC 14116}
Essential O 1 E&“‘:“ MIC EACH MIC* EFC* MIC* EACH MIC* EFIC +* MIC EFIC * MIC* EFIC * MIC* IFIC * MIC* EFIC* MIC* EFIC**
Amryris Styrax
balsamifera bBestzorin 025 { 0u0h 028 025 {40000} 031 075 {035 309 018 (40,00} 431 200 (£0.00) 125 013 {0,000 053 1.50 (£0.71) 075 0,50 { =000} 038 050 {20.00) 117
(asnyrs) (penzeimn)
Eleitaria
o o 050 {0000 050 L0y {0u00) L5 200 (£0.00) 00 075 {0,350 1569 100 (000} 031 200 (£0.00) 167 0050 {0000} 050 2.00 (£0.00) 8 0013 {0,000 o
AT {cardamom)
[z inmamon) Zingiler
officinale 050 {0.00h 050 050 [0u00) o L0 000} 050 019 {00004 047 400 (20,000 o0 050 {H0.000 042 0050 {0000} 031 2.00 (£0.00) 300 0015 {0,000 L0
(ginger)
Crgoresms
sempermirens 400 (£000) [LEH] 200 (£0.00) L0 100 {000} a1 600 (+£283) 200 100 {0.00) 025 150 (0.71) 050 2,00 (+0.00) 083 200 (£0.00) [ 100 {000 150
Citrus ber gamia feyprss)
Posmarins
officinalis 200 (£0.00) 0.38 100 {10100) 050 2000 (£0.00) 100 800 (£000) 532 200 (£0.00) 050 075 (£035 0.97 075 {4035} 031 100 {000} 031 150 (£0.71) 375
(rosemary)
Samtalon
C‘["‘“] i“”‘;" “fz;'gﬂ‘i: 0.35 {2015} 027 0.13 {000} 038 025 000} 013 019 {40,004 155 200 (£0.00) 158 0.50 {0,001 203 4,00 (£0.00) 092 100 {000} 250 0,06 {20,000 .19
(sandalwood)
Cordsdrion Crmarmonsim
satiiment zeylmricim 0,50 {2000} 075 OLF (000) 0.19 L0 i 000} 75 035 (40,15} 150 0,50 {£0.00) 025 050 {0,000 1.00 L0 { L0} 150 2,00 (£0.00) 27 015 { 30,00} .08
(corander) {cinnamen)
Hyssopes
officialic 200 (£0.00) 0.8 200 (£000) .00 100 EE000H 021 150 (£0.71) 100 180 (£0.71) [EL 200 (£0.00) 046 100 4000} 050 200 (£0.00) a&d 050 {20000 250
(hyssop)
Lavaradula
angnstifoli 200 (£0.00) 132 200 (£0.00) oo 150 (£0.71) 08 200 (£000) 23 200 (£0.00) 075 &00 (£0.00) 133 L0 {0000k o0se 2,00 (£0.00) (] 013 {=0u00% o.19
Caqpressus (lavender)
(eypress) Melterc
altermifolia 400 [£000) 117 Lol { 4000000} ose 200 (£0.00) 063 150 (£0.71) ars Ly { L0} 028 200 (£1.41) 150 4.00 (0,000 150 2,00 {£0.00) [ 5] R {000} 016
(tea tree)
Saltsia
ackarea 200 (£0.00) 046 200 (£0.00) Lo 200 (£0.00) 015 400 (£0.00) 133 200 (£0.00) 050 200 (£0.00) 0E7 00 {20,000 031 2.00 (£0.00) oz 025 {20,000 125
(clary sage)
Elettaria Coriandrion
candamaman sationan 050 {£0.00) [k 025 (0000 o 050 000 038 075 (£0.35 159 100 {20000} 031 050 (0,00 ors L0 {20,000 150 2.00 (£0.00) 117 015 {0,000 am
(e ardamam) (cortander)
Excalypins
glotriches citratas L00 {000} .63 L0 {040) .50 200 (£0.00) 167 013 {4:0.00) oz L0 {000} 038 200 (£1.41) 150 8,00 (20.00) 250 200 (£0.00) 100 0.06 {£0.00) 008
{gucalyptus) (lemengrass)
Fernla Zingiler
galbaniflaa officinale 200 (£0000) 132 200 (£0.00) 153 2000 (£0.00) 00 025 {0000h 021 2.00 (40.00) 067 8.00 (£0.00) 152 L { L0} 028 2,00 (£0.00) 180 025 { 20U} 058
(galbasum) (ginger)
Latendula
angustifolis 200 (£0.00) 15 L0 {0000} 050 200 (£0.00) 150 075 (0,35 034 200 (£0.00) 100 100 {0,000 0x0 Loy {0000k 042 200 (£1.41) 175 038 (20180 L&
Halich (lavender)
Thalioume Lavursiuls
(enmmortelle) sprica
(lavender L0 { 0u00k 063 Loy {40000} 050 200 (£0.00) 117 050 {4=0,00) 025 200 (£0.00) 07s 600 (+£2.83) 150 075 {2035} 021 200 (£0.00) Le7 0,50 {=H0u00% 217
spike)
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Table 1. Cont.
Mean MIC Value (mg/mL) (2 =3} and ZFIC
Essential Ol Combinations P P P P e Mucofactert 84 H, T Mo A, P P
iCommon Name in Brackets) Eidbalsite @
ATCC 25024) {ATCC 55184 (ATCC 496193 (ATCC 12344) (ATCC 19420} {ATCC 19418} (ATCC 15883} {ATCC 23246} (ATCC 1116}
Essential Ol 1 0‘.|2- MIC* IHC* MIC* LHAC* MIC* IZFC*™ MIC* LFIC ** Mic* LFIC * MIc* LFIC = MIC* LFIC *+ Mic* LFIC = MIC* IFIC**
Hysaqpnes Resmarimes
afficinalis officEualis 200 (+0.00) 075 200 (£040) 1.00 200 (£141) 150 100 {0,000 100 150 (£0.71) 038 400 (£0.00) 050 400 (0.00) 200 200 (£0.00) 100 00 {000} 056
(hyssop) (resenary)
s obils  ECapius
bay) Mm L000 { 0,00} 063 400 (£0400) 200 800 (£000) 247 063 (0.0 026 200 {20,007 050 100 {4000 029 L0a {40,000 058 200 (£0.00) 03 019 {2000} o1
(eucal )
Lavvendsclan Cilrne
angrestifolic ascrantif 200 (£141) .88 200 (£040) .00 200 (£000) 150 200 (£0.00) [k Laa § 0.0 038 200 {£0.00) s L0 {20000 058 2200 {£0.00) L9 025 {0000 029
{lavender) (lime)
Myrins
comrns 200 (000) 0.50 100 {000} 0.5 L0 {000} 050 200 (£0.00) o9 200 (£0.00) 042 400 (£0.00) 167 Loy {0,000 038 L0 {000} 50 025 {20000 L]
(myrtle)
Clcdmean
Basdicsim L0 {000} 112 200 (£040) L7 200 (£0.00) .00 063 {0,004 042 L0a0 {0000} 025 075 {+0.35 831 150 (20.71) 09¢ 200 (£0.00) L=D 013 {30004 033
(=it} altermiflis
Origamsam: (teatee)
marfonana 200 (2000) 0.38 100 {£000) 058 150 (£071) ars 200 (£000) 167 300(£141) 058 400 (£0.00) 00 L0 {000} 038 L0 (0000 w50 0.25 {0000 03
(marjeram)
Ovrigucicnt
ol gare 200 (+0.00) 128 100 (0.0} 058 L0 {000k 0nis 200 (+0.00) L&7 2,00 (£0.00) 050 400 (+0.00) 200 100 {2000} 038 300 (+£1.41) 150 0,50 { 0,00} 058
(origanum)
Cilrus
wonan 400 (2000) 075 200 (£040) 100 200 (£000) 063 2000 (£0.00) 043 150 (£0.71) 038 150 {£0.71) 034 £.00 (£0.00) 250 2400 {£0.00) 063 019 {000} 088
(fime)
Salvda sclres Ciirs
felary sage) Bergamin 800 (2000) 100 L) {04080} 0.50 400 (£000) 15 800 (£000) 287 150 (£0.71) 038 150 (£0.71) 50 B.00 (20,000 183 200 (£0.00) [ 013 {00000 058
(bergamot)
Lazvrdula
Bormati L { AR .80 200 (£0400) 100 200 (2000) 11z 200 (£000) 133 2000 {20.00) 075 200 (£0.00) 053 2.00 (£0.00) 112 200 (£0.00) 03 019 {0000 081
(lawandin)
Mentha
phverila L0 { 0,000 0.62 200 (0400} L 200 (£000) 050 100 {0,004 0.67 100 {20000} 015 200 (£0.00) 100 100 {20000 075 4,00 (£0.00) 200 LS ERE ST o
Shyracbenzoin (pepperming)
(barzein) P
Aurmasocna 200 (2000) 0.75 L0 { 0u00 050 L0000 {00 038 050 {40,00) 217 150 (£0.71) 056 050 {0,00) #38 2,00 (20,00 100 L0 { 000F 50 050 { 2000} 117
(rose)
Jraviperses
wirginias 050 {000} 0.2 050 (000} = L0 {000} s 019 {0,004 055 100 {0000} 050 035 (£0.18) 113 L0 § 20,00} 050 200 (£0.00) w0 013 {2000} 113
(cederwood)
Syeygivon Melalewca
llete alternifolis 100 {000} 038 100 {0,000 0.83 100 {=£0.00) 075 050 {0.00) [l 100 { 200003 038 050 {0,000 117 1400 {20000 038 200 (+0.00) 150 U086 {00004 054
felove) (eatree)
Tihynmas
whiganis L0 {+0.00} 035 050 {000} 0.5 050 {=0.00H 050 100 {30,004 135 4200 (20.00) 150 050 {0,000 150 050 {2000} 025 200 (£0.00) 200 LSERE ST 133
{thyme)
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Table 1. Cont.
Mean MIC Value (mgfmL) v = 3) and TFIC
Essential Oil Combinations - p— — [R—re— ‘Morazell ak "
{Common Name in Brackets) Kicbsiella G
(ATCC 25024) IATCC 55618) (ATCC49619) (ATCC 12344) (ATCC 19420) IATCC 19418} (ATCC 13%53) IATCC 23246) (ATCC 1 Li6)
Esental 01 Eesendial MiC* TAC MIC* LAC* MiC* LACH Mic* LFIC ** Mic* LFIC * MiC* LFIC* Mic* EFIC ** MiC* TFIC* Mic* LFIC*
Positive ¢ ontrol (clproflosacing 050 x 10—F 0.50 x 10— 050 10— 0.50 % 102 0,50 10— 0.35 x 10— 100 % 10—3 050 x 103 na
Pesitive control (amphotericinb) na na. na. & na na na i 050 x 03
Hegative conteol (acetone 2800 2800 2800 800 2800 600 2800 2500 2800
water)
MIC * denotes noteworthy antimicrobial effect (MIC less than or equal to 1 mg/mL}); ZFIC ** in bold and italics denotes synergistic antimicrobial effect (ZFIC less than or equal to 0.50); while ZFIC in italics only
denotes additive antimicrobial effect (ZFIC greater than 0.50 and less than or equal to 1.00),
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The pathogen most sensitive to the effects of the essential oil combinations was Cryp-
tococcus neoformans (average MIC of 0. 49 mg/mL). The antimicrobial effect of essential oils
against fungal pathogens has been well studied against the test micro-organisms inves-
tigated here-in [34,35]. The genus of Cryptococcus is an important cause of opportunistic
fungal infection in severely immunocompromised patients with the primary sites of in-
fection including the lungs [36]. The lowest MIC value determined for the combination
of essential oils against C. neoformans was 0.06 mg/mlL for 24 combinations including
the combination of Citrus limon (lemon) and Santalum austrocaledonicum (sandalwood),
which were shown to have broad-spectrum activity. The essential oils of C. limon and
S. austrocaledonicum have demonstrated antimicrobial activity with marked antifungal
effects [33,37-39].

The respiratory tract pathogens most commonly neglected in research include Haemophilus
influenzae and the Mycobacterium and Streptococeal species [15]. Of these neglected pathogens,
M. smegmatis demonstrated the greatest sensitivity to essential oils with 249 combinations
proving synergistic and no antagonism noted (supplementary data, Table 51). The use
of essential oils against tuberculosis has been commonly utilized with practices ranging
from the inhalation of essential oils [40], to the application of essential oils within a diffuser
to reduce bacterial loads at patient’s bedsides [41,42]. A commonly used essential oil
combination for the reduction of Mycobacterium air content include a mixture of Melaleuca
quinquenervia (niaouli), Eucalyptus smithii (eucalyptus), Myrtus communis (myrtle), Abies
balsamen (fir balsam), Melaleuca alternifolia (tea tree), Pelargonium asperum (geranium) and
Mentha piperita (peppermint) essential oils [42]. Of these essential oils studied in 1:1 ratios,
the XFIC values ranged from 0.42 to 0.50, further supporting their synergistic potential
for use in combination. Essential oils have demonstrated moderate antimicrobial effects
against H. influenzae and the Streptococcal pathogens commonly associated with respiratory
infections [43-49]. These findings were supported in the current study.

Several additive and synergistic combinations could be observed with 57.1% of combi-
nations demonstrating these effects. Antagonism was noted in only 5.4% of combinations.
The combination of Coriandrum sativum (coriander) and Cinnamonum zeylanicum (cinnamon)
showed the broadest spectrum of antimicrobial effect with noteworthy effect against eight
of the nine pathogens studied with synergistic or additive effects against five of the nine
pathogens. These two essential oils have been used since antiquity for their antimicrobial
effects [50,51]. An additional two combinations, namely C. zeylanicum in combination with
Zingiber officinale (ginger) and Citrus bergamia (bergamot) in combination with Rosmari-
nus officinalis (rosemary) have shown the greatest number of synergistic interactions with
synergy identified against six of the nine pathogens investigated.

2.2. Brine-Shrimp Lethality Assay (BSLA)

All essential oils and their 1:1 combinations were screened at 1 mg/mL, where toxicity
was considered where the essential oils induced mortality at a percentage greater than
50% [52]. Of the combinations investigated (Supplementary Table S2), the toxicity results
of the single oils (a) and combinations (b) demonstrating the least toxicity are summarized
in Figure 2.

Approximately 31.0% of the combinations studied demonstrated non-toxic effects
against the brine shrimp. From these results, it appears that the essential oils show the
potential to quench toxicity of individual essential oils when used in combination. Selected
combinations (Table 2) which were based on the good antimicrobial activity indicated that
although the combinations remain non-toxic, 76.0% of essential oils increase in toxicity
when combined. The essential oil toxicity after 48 h when studied individually increased
from 20.4% to 42.5% once combined. The combination of Syzygium caryophyllata (clove)
with C. zeylanicum, or with Thymus vulgaris (thyme) showed the greatest synergistic (non-
toxic effects) against brine shrimp with an XFIC of 0.03; followed by the combination of S.
caryophyllata with Cymbopogon citratus (lemongrass) with an ZFIC of 0.05.
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79.59

Toxic essential oils (%mortality > 50%

Figure 2. Summary of essential oil toxic effects alone (a) and when in combination (b) against

brine shrimp.

Table 2. The mean percentage brine-shrimp viability after 48 h (# = 3) with standard deviation in brackets and FIC values

of the essential oil combinations investigated.

< . e Individual Brine-Shrimp "
Essential Oil Combinations X Combined
Mortality (%) * Brine-Shrimp EFIC #*
Essential Oil 1 Essential Oil 2 Essential Qil 1 Essential Qil 2 Mortality (%) *
R Sigrsberzoi 1.4(4089) 2.47 (4+1.08) 5.65 (+4.78) 3.16
(amyris) (benzoin)
Citrus bergania Cupressus sempervirens 1.22 (1.55) 1.02 (£2.96) 0.65(£113) 059
(bergamot) (cypress)
Hyssop e efficiinis 6.65 (+4.54) 8.80 (£4.98) 499
(hyssop)
Lavandula angustifolia
Cupressus sempervirens (lavender) 1,02 (+296) 9.59 (£3.23) 3918 (£3.98) 212
(cypress) = Rl
Melaleuca alternifolia
(tea tree) 1.07 (£0.56) 8.87 (+1.71) 848
Salvia sclarea
(lary sage) 0.20 (4-0.35) 11.81 (4-5.88) 34.67
Elettaria cardamonum Coriandrum sativum
(cardamom) (coriander) 0.00 (£0.00) 11.95 (+2.96) 35.07 (+9.30) 1754.74
Ferulugalbanifiug Zimgiber officiale 15.77 (+0.09) 019 (£0.33) 28.08 74.18
(galbanum) (ginger)
i o 9.5 (+:3.23) 13.45 (£11.74) 141
) a7 (lavender)
Helichrysum italicum X
(immortelle) Lavandula spica 2p0Cresy
. 1.01 (+0.47) 26.38 (+5.63) 14.46
(lavender spike)
Hyssopus officialis Reparinais iy 6.65 (+4.54) 0.71 (£0.73) 13.07 (+1.68) 10.23
(hyssop) (rosemary)
Laurus nobilis Eucalyptus globulus
(bay) (eucalyptus) 3.04 (£1.50) 4.21 (£1.09) 17.86 (+1.73) 5.06
Laandularinggis jolia i T 9.59 (:3.23) 036 (+0.62) 33.87 (2.42) 48.51
(lavender) (lime)
Myrtus comniunis 0.00 (£0.00) 107 (+0.56) 28.33 (4.76) 1429.46
(myrtle)
Ocimum basilicum
(basil) Melalewca alternifolia 13.04 (1-6.25) 1.07 (£0.56) 39.69 (+-2.34) 19.99
Origanum marjorana {tedtree)
2 0.34 (1-6.25) 1.07 (£0.56) 6.03 (+1.85) 11.76
(marjoram)
Oniganumoulgare 99.67 (+£0.57) 1.07 (£0.56) 7.75 (£2.49) 3.65

(origanum)
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Table 2. Cont.
. . - Individual Brine-Shrimp <
Essential Oil Combinations z Combined
Mortality (%)™ Brine-Shrimp EFIC **
Essential Oil 1 Essential Qil 2 Essential Qil 1 Essential Qil 2 Mortality (%) *
Cltrusgurartilia 036 (:0.62) 56.47 (45.09) 80.06
(lime)
Sloaisdaneg Glbrus bergamia 0.20 (0.35) 1.22 (£1.55) 15.76 (+£5.97) 128.15
(clary sage) (bergamot) ’ ’ ' ' ’ : )
Lavandla burnali 016 (£0.26) 12.64 (+3.46) 279.78
(lavandin)
I‘(/‘;:}i’}‘f Lpipen ltf)” 698 (11.07) 3.31 (£1.09) 12.28
St%{iﬁz«?oﬁ(;m Rosa damascena 247 (£1.08)
97.32 (+2.34) 3.11(£1.76) 292
(rose)
Comagonumzey i 98.49 (+£0.52) 6.58 (+1.57) 0.03
(cinnamon)
Cymbopogon citratus
Syzygium caryophyllata (lemongrass) 99.57 (£0.74) 100 (+0.00) 2.30(+129) 0.05
(clove) — o i -
uniperus virginiana
(cederwood) 0.57 (+0.23) 3.06 (+1.05) 391
Thymus vulgaris
97.76 (1+-2.56) 2516 (1+-4.52) 0.03
(thyme) ( ) ( )
Positive control (Potassium dichromate) 99.95 (+£0.03)
Negative control (Sea water) 0.00 (£0.00)
Solvent control (DMSO) 0.00 (40.00)

Brine-shrimp viability (%) * in bold denotes non-toxic effect (% mortality less than 50%); ZFIC ** in bold denotes synergistic effect (ZFIC
less than or equal to 0.50) and ZFIC in italics denotes additive effect (ZFIC greater than 0.50 and less than or equal to 1.00).

While the BSLA serves as an excellent tool to identify toxicity, a more sensitive
distinction of activity is the testing against cell lines [53]. Hence, the BSLA was used
to identify combinations of interest, which were then followed by the MTT assay using
RAW 264.7 macrophages and A549 lung cell lines to substantiate the results of the BSLA as
the latter study considers the metabolic activity of the cells.

2.3. Inhibition of LPS-Induced Macrophage Activation

From the results derived in the combined antimicrobial assays, and the BSLA, 24 es-
sential oil combinations were found to be non-toxic and have broad-spectrum antimi-
crobial activity, and were therefore selected for further anti-inflammatory studies. The
anti-inflammatory effect was studied by measuring the production of a single inflamma-
tory marker, nitric oxide (NO). As inflammation is a very complex process, this assay
was applied to determine the preliminary potential of essential oils for anti-inflammatory
effects. Additional toxicity studies against lung tissue were undertaken to further identify
the potentially toxic effects of essential oils commonly inhaled for respiratory conditions.

Statistical analysis was undertaken using StatSoft Inc. (Tulsa, OK, USA) (2004) STA-
TISTICA (Data Analysis Software System), Version 7 software. An area under the curve
(AUC) and Receiver Operator Characteristic (ROC) study was performed to determine the
optimum cut-off point for the production of NO. This was created taking into consideration
cell cytotoxicity. The cut-off for essential oils demonstrating anti-inflammatory activity,
relevant to cell cytotoxicity, was therefore determined as 2.97 uM nitrite production. The
majority of essential oil combinations studied (62.5%), demonstrated an anti-inflammatory
effect when compared to LPS, with anti-inflammatory activity demonstrated as 1.98 to
2.97 uM nitrite production compared to the control, LPS at 4.90 uM. Figure 3 summarizes
the percentage of essential oils with anti-inflammatory effect when tested independently
(a) and when in combination (b).

102



Antibiotics 2021, 10, 1517

10 of 20

a. I b. 'I
625

= Essential oils with anli-inflammalory effect (< 2.97 uM)

Figure 3. Summary of essential oil anti-inflammatory effects alone (a) and when in combination (b).

From these results, essential oils showed an increased potential for anti-inflammatory
effects when used in combination. Table 3 represents the results for the essential oils inves-
tigated individually and the 24 selected combinations (1:1) for anti-inflammatory effect.

= Essential cils with inflammatory effect (> 2.97 uM)

Table 3. The mean percentage NO production of RAW 264.7 macrophages (n = 3) with standard deviation in brackets and
LFIC values after treatment with essential oil combinations.

Individual Essential Oil Nitrite Production

Essential Oil Combination M) Combined Essential SFIC %+
— . — — Oils Nitrite % NO Production
Essential Oil 1 Essential Oil 2 Essential oil 1 Essential oil 2 Production (uM) *
Amyris elsafera Otyctkengo 1.95 (+0.02) 245 (£0.07) 2.22 (+0.03) 1.02
(amyris) (benzoin)
Ocimum basilicum Melaleuca alternifolia
pithres it 291 (+£0.19) 1,06 (£0.23) 3.83 (£0.10) 113
Laurus nobilis Eucalyptus globulus
e fovratomtia) 5.43 (+£0.38) 457 (£0.19) 4.04 (£0.05) 0.81
) Mentia pineris 245 (+0.07) 638 (0.44) 3.75 (£:0.05) 106
Styrax benzoin (peppermint)
enzoin,
b ) Rasa daingscene 245 (+0.07) 471 (+0.40) 2.08 (£0.01) 065
(rose)
" 5 Cupressus
Citrus bergamia sempervirens 217 (40.10) 2,02 (20.10) 2,05 (£0.00) 0.98
(bergamot)
(cypress)
Elestaria cardumornunt.  Coriandrim sativurm 212 (::0.06) 1.93 (:0.02) 2,01 (+£0.03) 0.99
(cardamom) (coriander)
Citrus bergamia
i 202 (+0.02) 217 (£0.10) 207 (£0.03) 0.99
Salvia sclarea Lavandula burnati
ot sig) Hayandi) 2.02 (£0.02) 3.61 (40.05) 430 (40.05) 1.66
i panyoli 2.02 (40.02) 2.00 (0.02) 2.02 (+0.05) 1.00
(lime)
. Juniperus virginiana
wfyzyé,f"‘,f" Cotirweon) 1.95 (0.02) 338 (40.02) 2.01 (£0.03) 0.81
{dove) Melglecnalternifolia 1.95 (-£0.02) 406 (£0.23) 207 (£0.03) 079
(tea tree)
Salvia sclarea
Claiy g 2.02 (+0.10) 202 (+0.02) 2.00 (+0.05) 0.99
Cupressus Hyssopus officinalis 2,02 (+0.10) 3.59 (£0.07) 1.98 (0.02) 077
sempervirens thyssop)
(cypress) Lavandula angustifolia
(avencon) 2.02 (+0.10) 2.99 (+:0.38) 2.00(+0.03) 0.83
Melaleuca alternifolia 2.02 (£0.10) 4,06 (£0.23) 3.49 (£0.02) 1.30
(tea tree)
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Table 3. Cont.
Essential Oil Combination Individual Essenha(lu(;[l: Nitrite Production Combined Teseniisi ——
Oils Nitrite o NG Production
Essential Oil 1 Essential Oil 2 Essential oil 1 Essential oil 2 Production (uM)
Tenilgaliandua Zingiher dficindle 1.99 (40.03) 2.85 (£0.04) 2.34(1£0.03) 1.00
(galbanum) (ginger)
Eyssopusiofficinalie:  Rosmartnusiofficralis 3.59 (£0.07) 4.73 (£0.18) 3.54 (+£0.03) 0.87
(hyssop) (rosemary)
Lavandula angustifolia 206 (£0.02) 299 (40.04) 2.04 (£0.02) 0.84
Helichrysum italicum (lavender)
(immortelle) Lavandula spica
(lavender suike) 2.06 (+£0.02) 4.68 (+0.17) 3.44 (+0.18) 1.20
Lavandula angustifolia Citrus aurantifolia
(lavendon () 2,99 (£0.04) 2.00 (£0.02) 2.97 (1£0.05) 124
Origanumimarjonana 481 (+£0.11) 4.06 (+£0.23) 3.05 (4£0.14) 0.69
(marjoram)
Myrtus communis Melaleuca alternifolia
Pt ] 3.07 (£0.13) 4,06 (£0.23) 2.97 (£0.01) 0.85
Qi 4.88 (+£047) 4.06 (£0.23) 3.87 (£0.18) 0.87
(origanumy)
Medium only 1.77 (£4.52)
Positive control (LPS + Aminoguanidine) 2.58 (+2.39)
Negative control (LPS + medium) 4.90 (+£9.21)

Combined essential oil NO production (%) * bold and in italics denotes anti-inflammatory effect (UM less than 2.97); ZFIC *** in bold
denotes synergistic effect (ZFIC less than or equal to 0.50); ZFIC in italics denotes additive effect (ZFIC greater than 0.50 but less than or

equal to 1.00).

The essential oil combination with the greatest anti-inflammatory effect was Cupressus
sempervirens (cypress) with Hyssopus officinalis (hyssop) having a nitrite production as
low as 1.98 uM. Previous studies have shown the anti-inflammatory potential of these
essential oils [54], however, little is known of the combined anti-inflammatory effects of
these essential oils identified in this study [15]. To confirm the absence of cytotoxicity
caused by exposure of the RAW macrophage cells to these essential oil combinations,
leading to a reduced NO production, an MTT assay was run concurrently. The results of
the MTT assay are provided in Table 4.

Table 4. The mean percentage cell viability of RAW 264.7 macrophages (n = 3) with standard deviation in brackets and

2FIC values after treatment with essential oil combinations.

’ ’ — Cell Viability against Cell Viabili
Essential Oll ComPination Individual Essential Oils (%) el Yiability EFIC #
against Combined o, Cell Viabili
. < . . . + s z . T, e Cell Viability
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2 Essential Oils (%)
Ay dilsanifers Sty berants 8.11 (+452) 4798 (£0.08) 7.90 (+£4.05) 0.57
(amyris) (benzoin)
Ocimum basilicum Melaleuca alternifolia
basil) i ) 50.63 (+2.39) 66.15 (£2.07) 66.80 (+3.90) 116
Laurus nobilis Eucalyptus globulus
bay) (euealyptus) 58.49 (£9.20) 67.01 (£0.23) 74.91 (0.15) 1.2
v A(/[}f::;“ ef;ﬁ;’l’tt)” 6183 (+£3.25) 58.45 (-£0.09) 1.08
S%“e’l‘m e ; 47.98 (10.08)
Rosadansecene 60.04 (+3.54) 36.90 (£1.75) 0.69
(rose)
Citrus bergamia Cupressus
sempervirens 33.40 (+4.98) 7.98 (+0.33) 8.68 (£2.65) 0.67
(bergamot)
(cypress)
Elettaria cardamonum Cormndrlum satioum 8.11(4£377) 9.12(4£5.27) 8.11 (+265) 0.94
(cardamom) (coriander)
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Table 4. Cont.
. : R Cell Viability against o s
Essential.Oil Combifiatio Individual Essential Oils (%) el iy M LFIC »»
against LombIneC o, Cell Viability
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2 Essential Oils (%)
Citrus bergamia
Rseosond 33.40 (+4.98) 8.07 (£0.88) 0.39
Salvia sclarea Lavandula burnati
(arsy sage) Qavandin) 1499 (40.15) 71.04 (+0.15) 55.64 (£0.69) 225
Citrus aurantifolia
(Htne) 12.3 (+4.82) 8.15 (£0.15) 0.60
. Juniperus virginiana
Syzygism (oederwood) 57.68 (£3.99) 7.98 (+0.09) 024
caryophyllata = 23.83 (+3.70)
(clove) Melalpucaaliernifolia 66.15 (£2.07) 51.65 (0.23) 147
(tea tree) : ) : ) :
Salvia sclarea
i) 14.99 (+£0.15) 9.94 (4£0.23) 0.95
Cupressus Hyss"fl“i :éﬁ“i”“”'s 63.14 (£:0.09) 12.18 (40.13) 0.6
sempervirens {hyssop) 7.98 (+0.33)
(cypress) Lavandula angustifolia 7153 (+3.44) 9.08 (+:0.23) 0.63
(lavender) . - - - :
Melaleuca alternifolia
Genrtres) 66.15 (+£2.07) 83.83 (+8.08) 588
Eerula galharijlua Zingther officinale 8.07 (£5.13) 8.11(+1.63) 8.07 (+1.74) .00
(galbanum) (ginger)
Hyscopusoficinalis.  Roswurtusojjicilss 63.14 (0.09) 77.64 (0.84) 79.59 (+3.12) 114
(hyssop) (rosemary)
Lapupilula angustifolia 7153 (+3.44) 8.27 (40.48) 0.58
Helichrysum italicum (lavender) 7.94 (40.09)
(immortelle) Lavandula spica ' ’
{avendenssie) 68.92 (£0.08) 72.06 (£1.93) 5.06
Lavandula angustifolia Citrus gumntifolia 7153 (4£3.44) 123 (+4.82) 68.84 (+-0.09) 398
(lavender) (lime)
Sl il 57.84 (4:0.28) 90.14 (0.16) 146
(marjoram)
Myrtus communis Melaleuca alternifolia
(myrile) oot 59.43 (4:4.00) 66.15 (£2.07) 78.00 (:4.67) 125
e 68.84 (£3.69) 8631 (+£0.58) 128
(origanumy)
LPS 109.31 (4:0.04)
Positive control (Adenosine Guanine) 119.51 (£0.23)
Negative control (LPS + medium) 100.00 (£0.18)

Combined essential oil cell viability (%) ** bold and italics denotes non-toxic effect (%cell viability greater than 50%); ZFIC *** in bold
denotes synergistic effect (ZFIC less than or equal to 0.50); ZFIC in italics denotes additive effect (ZFIC greater than 0.50 but less than or

equal to 1.00).

The results of the MTT assay indicate that cytotoxicity is evident in 50% of the essen-
tial oil combinations towards the RAW 264.7 cells, providing reduced confidence in the
anti-inflammatory results associated to these combinations as these may be meaningfully
confounded by cell death. Of the combinations studied, three combinations demonstrated
cell viability above 80% and NO production less than 4.00 uM, namely Origanum marjo-
rana (marjoram) with M. alternifolia (3.05 uM, 90.14%), Origanum vulgare (origanum) with
M. alternifolin (3.87 uM, 86.31%), and C. sempervirens with M. alternifolia (3.49, 83.83%).

Numerous studies support the anti-inflammatory activity of M. alternifolia essential
oil both in vitro and in vive [55-58]. Studies have shown the potent effects of M. alternifolia
essential oil in inhibiting the production of the inflammatory mediators tumour necrosis
factor alpha (TNF-«), interleukin-1$ (IL-18), IL-10, and that of prostaglandin E2 [58].
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Previous studies support the anti-inflammatory effect of Origanum essential oils [59-61].

Research on the anti-inflammatory effect of the essential oils O. marjoram and O. vulgare
determined marked anti-inflammatory effect of these oils against TNF«, IL-1§3, IL-6, IL-10
and inhibition of cyclooxygenase-2 [59,61]. These findings thus support those provided
in literature of the essential oils M. alternifolia, O. marjoram and O. vulgare to produce
anti-inflammatory effects and further demonstrate increased efficacy in combination.

2.4. Cytotoxic Effects of Essential Oils against A549 Lung Cancer Cells

To evaluate the cytotoxic effects of the essential oils and essential oil combinations
against cells of the lung, the A549 cell line was exposed over a 48 h period and examined
by the MTT assay. The results for 24 essential oil combinations are provided in Table 5.

Table 5. The mean percentage cell viability of A549 lung cancer cell line (r = 3) with standard deviation in brackets and

YFIC values after treatment with essential oil combinations.

Essential Oil Combination

A549 Cell Viability * Following Individual

Essential Oils (%) A549 Cell Viability * LFIC
Following % Cell
Combined Essential Viability **
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2 Oils (%)
Amyris balsamifera Styrax benzoin
(ammyris) (benzoin) 94.78 (4-0.08) 91.25 (4-11.08) 87.95 (£0.09) 0.95
Ocimum basilicum Melaleuca alternifolia
(basil) (tea tree) 87.16 (+4.98) 86.01 (+-3.90) 79.62 (+1.75) 0.92
Laurus nobilis Eucalyptus globulus
(bay) (eucalyptus) 89.55 (4-2.89) 99.63 (+-4.69) 96.14 (1-2.65) 1.02
Menfupperia 94.95 (+3.50) 95.22 (+2.65) 102
Styrax benzoin (pepperiti] 91.25 (+11.08)
benzoin ’ '
( ) Rosa damasceria 87.84 (4:5.17) 88.38 (4-0.88) 0.99
(rose)
Cisrus bergamia Cipressussempaviens  .gq.41:{-L5.23) 100.00 (013) 93.88 (-£0.69) 0.9
(bergamot) (cypress)
Elettaria cardamonum Coriandrum sativum
o (coriandier) 84.15 (£0.08) 97.36 (+0.23) 89.47 (40.15) 0.99
Citrus bergamia
(begsmoy 96.41 (1-8.23) 94.11 (4-0.09) 0.96
) Cupressus sempervirens 100.00 (40.13) 98.28 (£0.23) 0.98
Salvia sclarea (cypress) 99.72 (+033)
(clary sage) Lavandula burnati ' ’
(lavsnding 98.88 (1-0.74) 87.41 (£2.30) 0.88
Cltrus aurantifolia 100.00 (£:4.00) 82,00 (0.13) 0.82
(lime)
Juniperus virgigilmu 95.86 (13.70) 99.55 (+0.23) 1.02
Syzygium caryophyllata (cedarwood) 99.36 (4-10.45)
(clove) Melaleuca alternifolia ’ ’
(tea tree) 86.01 (£+3.90) 81.75 (£8.08) 0.89
Salvia sclarea
(dlary sage) 99.72 (4-0.33) 96.66 (1-1.74) 0.97
Hyssopus officinalis
Cupressus sempervirens (hyssop) —— 93.14 (4-3.44) 98.00 (4-3.12) 1.02
(cypress) Lavandula angustifolia . .
(avender) 99.21 (4-6.20) 98.41 (4-0.48) 0.99
Melaleuca alternifolia
(tea tree) 86.01 (+3.90) 87.23 (+1.93) 0.94
Fepli el Zpierainle 100.00 (£0.00) 95.85 (£0.15) 99.42 (£0.09) 102
(galbanum) (ginger)
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Table 5. Cont.

Essential Oil Combination A549 Cell Viability * Following Individual

Essential Oils (%) A549 Cell Viability * LFIC
Following % Cell
Combined Essential Viability **
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2 Oils (%)
Hyssopusofficinali Rosmarinusoffichuilic 93.14 (+3.44) 89.15 (4.68) 96.23 (+0.16) 1.06
(hyssop) (rosemary)
Lavandula angustifolia
99.21 (+6.20) 9818 (+-4.67) 0.99
Helichrysum italicum (lavender) 99.05 (4:3.44)
(immortelle) Lavandula spica
(lavender spike) 99.31 (+-4.82) 97.58 (+-0.58) 0.98
Lavandula angustifolia Citrus aurantifolia 99.21 (4-6.20) 100,00 (--4.00) 8038 (4£2.90) 0.81
(lavender) (lime) ) - ) : ) ) :
Origanum marjorana
(marjoram) 96.52 (1-3.79) 89.88 (+3.11) 0.99
Muyrtus communis Melaleuca alternifolia 98.24 (+3.69) 86.01 (4-3.90) 8073 (4-9.14) 0.88
(myrtle) (tea tree) ) ) :
g ilgae 95.08 (+3.43) 91.17 (-0.86) 1.01
(origanum)
Positive control (Melphalan) 66.37 (+0.26)
Negative control (Medium control) 92.30 (+0.27)

A549 cell viability (%) * denotes non-toxic effects (% cell viability greater than 50%); ZFIC ** in bold denotes synergistic effect (ZFIC less
than or equal to 0.50); ZFIC in italics denotes additive effect (ZFIC greater than 0.50 but less than or equal to 1.00).

The essential oils retained cell viability between 84.2% and 100.0%, while the combina-
tions showed A549 cell viability between 80.4% and 99.6%. Consequently, all essential oils
and their combinations showed non-toxic effects against the lung A549 cell lines. These
findings further support those determined in the BSLA and provide an initial indication
for the safe therapeutic potential of essential oils when used in the respiratory tract. In the
majority (75.0%) of the combinations studies, additive effects were demonstrated when
essential oils were tested against A549 cell lines. Among the tested essential oil combina-
tions, Lavandula angustifolin (lavender) and Citrus aurantifolia (lime) exhibited the lowest
(i.e., best effect in combination) additive effects (ZFIC = 0.81) to the A549 cells compared to
the other combinations.

3. Materials and Methods

The methods undertaken in this study aim to determine the best essential oil combina-
tion for use in the respiratory tract. All studies were undertaken in triplicate on consecutive
days. Varying methods were applied to identify the most suitable combination of essential
oil from the initial 369 combinations studied. An overview of the study design is provided
in Figure 4.

3.1. Essential Oil Combination Selection, Procurement and Chemical Characterization

A selection of 49 essential oils were obtained from international fragrance companies
Robertet© (Grasse, France), Burgess and Finch (Cape Town, South Africa), PranaMonde
(Belgium) and Escentia Oils (Gauteng, South Africa). The essential oil combinations were
selected based on the frequency of citation in the aroma-therapeutic literature available to
the layman, with specified recommendation in treating respiratory tract infections [62-68].
The chemical analysis for all cils in this study has previously been characterized using gas
chromatography coupled with a mass spectrometer (GC/MS) and is reported in our earlier
studies [33].
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Figure 4. Summary of study workflow.

3.2. Antimicrobial Analysis

Microbial cultures were selected based on their relevance to respiratory infections
and included the Gram-positive strains Staphylococcus aureus (ATCC 25924), Streptococcus
agalactine (ATCC 55618), Streptococcus pneumonine (ATCC 49619) and Streptococcus pyogenes
(ATCC 12344) and the Gram-negative strains Haemophilus influenzae (ATCC 19418), Klebsiella
pneumoniae (ATCC 13883) and Moraxella catarrhalis (ATCC 23246). The non-pathogenic
Mycobacterium strain M. smegmatis (ATCC 19420) and yeast strain Cryptococcus neoformans
(ATCC 14116) were also selected for analysis. All cultures were prepared as per Leigh-de
Rapper et al. [33]. A waiver for the use of these micro-organisms was granted by the
University of the Witwatersrand Human Research Ethics Committee (Reference W-CJ-
160720-2).

The broth microdilution method described by de Rapper et al. [18] was used to
quantify the antimicrobial inhibitory activity of the selected essential oils. The antimicrobial
activities of the essential oils independently have been previously investigated [33]. The
combinations of essential oils were undertaken at 1:1 ratios. The micro-titre plates were
prepared aseptically [33]; however, a stock concentration of each essential oil (32 mg/mL
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in acetone) in the 1:1 combination was added to the first row at a volume of 50 uL. per
oil. The MIC values were recorded and the fractional inhibitory concentration index
(XFIC) was calculated according to the review by van Vuuren and Viljoen [13] using the
following equations;

_ MICof (a*

FIC (i) = )( combined with (b*)

a) independently

MIC of

MIC of (b) combined with (a)
MIC of (b) independently

* where (a) is the MIC of the one oil in the combination and (b) is the MIC of the other.

From these values the FIC index was calculated as: XFIC = FIC (i) + FIC (ii). The
2FIC for each oil combination was interpreted where an XFIC value of <0.5 is indicative of
synergy, an LFIC value of >0.5-1.0 is additive, an ZFIC of >1.0-< 4.0 indicates indifference
and an XFIC value of >4.0 indicates antagonism [13].

FIC (i) =

3.3. Brine-Shrimyp Lethality Assay (BSLA)

The BSLA was used to quantify the toxic effects of the selected essential oils [69]. A
volume of 400 uL salt water containing on average 40-60 live brine-shrimp was added
to each well of a 48 well micro-titre plate. Thereafter, 400 uL of essential oil sample
(essential oil or a combination of essential oils (1:1), all diluted in 1% dimethyl sulphoxide
(DMSO0)) was added to wells. All samples were tested for toxicity at a concentration of
1 mg/mlL, since a concentration above 1 mg/mL not resulting in brine-shrimp death was
considered non-toxic for the assay [52]. The negative control consisted of 32 g/L salt
water, a solvent control of 1 mg/mL DMSO in water and the positive control consisted of
1.60 mg/mL potassium dichromate (Fluka). The micro-titre plates were observed under a
light microscope (Olympus) (40 x magnification) immediately after sample addition (at
time 0) for any dead brine-shrimp, which would be excluded from the percentage mortality
calculations [70]. Dead brine-shrimp were then counted after 24 and 48 h. Thereafter, a
lethal dose of 50 uL of glacial acetic acid (100% v/v; Saarchem, Maharashtra, India) was
added to each well and a total dead brine-shrimp count undertaken. Samples providing a
percentage mortality greater than 50% were considered toxic [52].

3.4. Anti-Inflammatory and MTT Cytotoxicity Assay

Forty-nine essential oils and twenty-four essential oil (1:1) combinations were se-
lected for study based on the favorable results from the MIC assay and BSLA. The anti-
inflammatory activity of these essential oil combinations were assessed by measuring the
inhibition of nitric oxide (NO), an inflammatory mediator, production in LPS-activated
RAW 264.7 macrophages. The control, lipopolysaccharides (LPS), is a potent inducer of
nitric oxide synthase (iNOS) and concomitant NO producer, hence stimulating the signal-
ing cascade that contributes to the inflammatory response in RAW 264.7 macrophage cells.
Simultaneous evaluation of cell viability, using an MTT assay, was used to confirm the
absence of cytotoxicity of these combinations. The essential oils were prepared in DMSO
to a stock concentration of 10% and further diluted in culture medium to a concentration
of 0.02%. RAW 264.7 mouse macrophage cells (Cellonex, South Africa) were cultured
in RPMI complete medium, comprised of RPMI1640 supplemented with 10% fetal calf
serum (GE Healthcare Life Sciences, (Logan, UT, USA)) in a humidified 5% CO, incubator
at 37 °C. Cells were seeded into 96-well plates at a density of 1 x 10° cells per well and
allowed to attach overnight. Spent culture medium was replaced with 50 uL of the samples
(diluted in RPMI complete medium to 0.02%) or complete medium only (control and LPS
control; Sigma-Aldrich, (St. Louise, MO, USA)) or aminoguanidine (AG; positive control;
Sigma-Aldrich, (St. Louise, MO, USA)). To assess the anti-inflammatory activity, 50 uL of
1 ug/mL LPS in RPMI complete medium was added to all wells except controls, which
received 50 uL. medium. Final concentrations were 0.01% for essential oils, 500 ng/mL for
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LPS and 100 uM for AG. Cells were incubated for a further 24 h. To quantify nitric oxide
(NO) production, 50 uL of the spent culture medium was transferred to a new 96-well plate
and 50 uL Griess reagent (Sigma-Aldrich, (St. Louise, MO, USA) was added. Samples were
incubated at room temperature for 10 min before absorbance was measured at 540 nm and
the results expressed relative to the appropriate untreated LPS control. A standard curve
using sodium nitrite dissolved in culture medium was used to determine the concentration
of NO in each sample. To confirm the absence of toxicity as a contributory factor, cell
viability was assessed using 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT). This was done by replacing the remaining medium in each well with medium
containing 0.5 mg/mL MTT and further incubation for 30 min at 37 °C. Thereafter, MTT
was removed and 100 uL. DMSO was added to each well to solubilize the formazan crys-
tals. Absorbance was read at 540 nm using a BioTek® PowerWave XS spectrophotometer
(Winooski, VT, USA).

3.5. Data Analysis

Data was analysed using StatSoft Inc. (Tulsa, OK, USA) (2004) STATISTICA (Data
Analysis Software System), Version 7. Standard deviations were calculated to determine
standard error of the mean. Further, logistic regression using an area under the curve
(AUC) and Receiver Operator Characteristic (ROC) were applied to determine the optimum
cut-off point for the production of NO by macrophages relevant to cell cytotoxicity.

4. Conclusions

This study elucidates the promising strategy of combining essential oils for use in
the respiratory tract. This study is the first to report on the majority of these essential oil
combinations against the pathogens of the respiratory tract as well as anti-inflammatory
and cytotoxic effects on lung cell lines. Based on the findings of this study, five distinct
combinations of essential oils have been determined as the most promising for use in the
respiratory tract based on the antimicrobial, cytotoxic and anti-inflammatory effects. These
combinations include; C. sempervirens in combination with M. alternifolia, H. officinalis in
combination with R. officinalis, O. marjorana in combination with M. alternifolia, M. communis
in combination with M. alternifolia, and O. vulgare in combination with M. alternifolia. Future
studies are underway which examine the optimum ratios at which these essential oil
combinations should be combined to provide a holistic blend that would be non-toxic and
elicit the most favorable antimicrobial and anti-inflammatory activity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/antibiotics 10121517 /51, Table S1: The mean MIC (n = 3) and XFIC values of the essential oil
combinations investigated against pathogens of the respiratory tract; Table S2: The mean percentage
brine-shrimp viability after 48 h (n = 3) and LFIC values of the essential oil combinations investigated.
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4. Introduction

The antimicrobial and therapeutic effects of essential oils have been widely accepted by the

pharmaceutical industry. A large variety of inhalation essential oil preparations used to

alleviate, manage, control and provide symptomatic relief of respiratory infections such as

colds and coughs are available on the market. Table 4.1 provides a summary of the inhalable

essential oil formulations available in South Africa.

Table 4.1: Comparative table of the inhalation essential oil formulations currently on the

market in South Africa.

Product name and image Ingredients Indication as per manufacturer
Vicks inhaler nasal sticks 125 mg Menthol; The Vicks inhaler nasal stick is a
50mg Camphor; decongestant agent used to provide

10 mg Siberian pine
needle oil

symptomatic relief of the nasal passage.
The essential oils work together and aid
in breathing by lining the nasal passage
and relieving nasal congestion caused by
colds or allergies.

4.8% Synthetic
camphor;

1.2% Eucalyptus oil;
2.6% Menthol;
Cedar leaf oil*;
Nutmeg oil*;
Petrolatum™;
Thymol*;
Turpentine oil*

Indicated for cough relief in persons two
years and older. The vapours will last for
eight hours.

27 mg/g Eucalyptus
oil; 36 mg/g
Peppermint oil; 10
mg/g Wintergreen;
2 mg/g Lavender oil

Vicks VapoSteam can either be used in
vaporiser water, in an inhaler or in a hot
water bowl to enable the inhalation of
vapours. Indicated for cough relief and
mucous reduction.

415 mg
Levomenthol; 415
mg Camphor

This formulation aids in decreasing nasal
congestion and clearing the airways to
help facilitate breathing in persons over
12 years of age.

103 mg Pumilio pine
oil; 66 mg Terpineol;
35 mg Levomenthol;
9 mg Pinus sylvestris
oil; 3 mg Thymol,

2 mg Chlorobutanol,
Cinnamon oil*

Karvol is available as a gel that can be
applied onto the skin and inhaled into the
respiratory tract. Karvol is also available
as inhalation capsules that can be added
into a nebuliser. Karvol is indicated for
the symptomatic management of nasal
congestion, colds and bronchitis.

*percentage composition not disclosed; images taken from Google image search
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4.1.Essential oil formulation development

Inhalation drug delivery systems aim to produce a system that is needle free and provides
systemic delivery of small molecule containing drugs. A challenge to inhalation formulations
is ensuring that particle sizes in the formulation are within the desired particle size range so
that the active ingredient can be easily dispersed (Chaurasiya and Zhao, 2020). Particles in
inhalation formulations are expressed in terms of the mass median aerodynamic diameter
(MAAD). For particles to enter the respiratory tract by inertial impaction they need to be within
3 to 6 um; while via sedimentation they need to be between 1 to 3 um; and via diffusion the
particles need be less than 1 um. In order for an inhaled drug to reach the lower respiratory
tract, the inhaled particle needs to be less than 5 um (Jabbal et al., 2017). Additional limitations
to essential oil formulation development include poor water solubility, toxicities and
environmental instabilities of the essential oils due to heat, oxygen and moisture (Turek and
Stintzing, 2013). Therefore, formulation techniques for delivery systems incorporating
essential oils should be optimized to overcome these limitations while ensuring the
pharmacological activity is retained (de Matos et al., 2019).

4.2. Drug delivery methodology in the formulation of essential oil containing products

Nanotechnology applications have great promise in pharmaceutical research and in the
development of alternative drug delivery systems (Echeverria and Albuquerque, 2019).
Nanotechnology involves the envelopment of nanoparticle drugs, or lipid bioactive molecules,
into a homogenous or heterogenous matrix within a suitable nanocarrier (Ferreira and Nunes,
2019). Nanoencapsulation is advantageous as it improves bio-availability, cellular uptake and
reduces associated toxicities. The efficacy, specificity and targeting capabilities of a therapeutic
agent can be optimized while degradation by oxidation may also be prevented (Kumari et al.,
2014). It also enables the encapsulation of poorly water-soluble molecules due the inherent
increased solubilization capabilities (Wais et al., 2016). For an application in essential oils,
these delivery systems have been proposed due to its effect in lowering volatility loss,
increasing the stability, therapeutic efficacy, and aqueous solubility (Bilia et al., 2014). The
preparation of an essential oil loaded nanocarrier is complex as there are various processes and
steps involved that could affect the stability, bio-activity and organoleptic properties of the
formulation. The choice of nanoencapsulation system should therefore be appropriately
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selected for essential oil formulation. The various nanostructured systems are illustrated in
Figure 4.1. A lipid base nanostructured system includes nanoemulsions, solid lipid
nanoparticles, liposomes and self-emulsifying drug delivery systems. These systems are
appropriate for pharmaceutical development of essential oils due to their ability to encapsulate

lipophilic ingredients while maintaining product biodegradability and safety.

Drug soluble in a
Nanocapsules cavity surrounded by a
polymer membrane

3D hydrophillic

Polymer base Nanogels crosslinked polymer
network.
Nanosponges Entrapment of drug in

porous structure

Nanostructured

Vesicle contained by
systems

Liposomes phospholipid bilayers

Dispersion of two

Nanoemulsions immiscible phases

. Colloidal system
nzfr?(!ldall'ltli)clldes consists of a solid lipid
P core and surfactants.

Lipid base

Self emulsifying drug Iso}ro_;ilc colmbltnatlo(?s
delivery system orolls, solvents an
surfactants.
Nanostructured lipid Solid and liquid lipids
carriers contained in a core.

Figure 4.1: Types of nanostructured systems available for essential oil formulation
development.

4.2.1. Nanoemulsions
Emulsions are divided into microemulsions, coarse emulsions and nanoemulsions based on

differences in droplet sizes and stability (Aswathanarayan and Vittal, 2019). Nanoemulsions

are defined as a mixture of two immiscible liquids in which stability is achieved with a
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surfactant. The liquid forms the continuous phase while sphere droplets form the dispersed
phase. An oil dispersed in an aqueous emulsion is referred to an oil-in-water (o/w) emulsion,
which is commonly used for the delivery of hydrophobic drugs. Nanoemulsions are suitable
for hydrophobic and poorly soluble essential oils due its enhanced solubilization properties,
which usually consist of small droplets in the size range of 20-200 nm (Taleb et al., 2018).

Figure 4.2 illustrates the structure of nanoemulsions.

Drug molecules within the core

Inner coat (oil)

Emulsifier layer surrounding the oil

Hydrophilic head

Hydrophobic tail

Figure 4.2: Structure of nanoemulsions

Nanoemulsions have advantageous properties, which include small droplet sizes that enables
uniformity and decreases the risk of creaming and flocculation thus prolonging product shelf-
life (Scholz and Keck, 2015, Sugumar et al., 2015). Nanoemulsions have kinetic stability and
are not generally impacted by temperature or pH variations. Therefore, decreased amounts of
surfactants are required to maintain stability compared to other types of emulsion formulations
(Aswathanarayan and Vittal, 2019). The narrow range of droplet sizes can also prevent Ostwald
ripening which is a physical instability where larger oil globules increase in size at the cost of
smaller globules (Scholz and Keck, 2015). In terms of antimicrobial activity, a smaller droplet
diameter can be linked to a broader spectrum of activity against pathogens, which is
advantageous for application against respiratory tract infections (Sugumar et al., 2015). The
limitation of nanoemulsions is the inherent low viscosity of the formulation which can be
mitigated by employing certain thickening agents such as polymers in hydrogel thickened
nanoemulsions (Barradas et al., 2018). A summary of the formulation characteristics required

for an optimum nanoemulsion formulation can be seen in Table 4.2.
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Table 4.2: Summary of the optimum ranges for nanoemulsion formulation

Nanoemulsion characteristic Optimal range
Particle size <100 nm
Polydispersity index (PDI) 0.20 - 0.50
Particle size post centrifugation <100 nm
Polydispersity index (PDI) post centrifugation 0.20-0.50

4.2.2. Optimized essential oils for formulation design

Based on the predicted synergy results of SynergyFinder and the isobolograms, an optimum
combination of essential oils for antimicrobial synergy was identified. The antimicrobial
interaction of Hyssopus officinalis (hyssop) essential oil in combination with Rosmarinus
officinalis (rosemary) essential oils against the nine respiratory pathogens was investigated
using SynergyFinder 2.0. According to the synergy maps derived, an average synergy score of
9.76 was determined against all nine micro-organisms. A borderline synergistic result
indicative of broad-spectrum antimicrobial effect, and the highest overall score of all five
combinations of essential oils studied using variable ratio analysis. The results of
SynergyFinder established that the optimal blend of each essential oil comprises of 49.57% of
H. officinalis to 50.43% of R. officinalis to achieve an average synergy score ranging from
14.25 to 57.14 against the pathogens studied. This optimized blend was then formulated into a
nanoemulsion, using the self-emulsification technique. The findings of this are reported in
Article 5.
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Article 5 - Original article on essential oil formulation design
At the time of this thesis, this article had been submitted for publication (05 October 2022) in
the Journal of Essential Oil Research. This article is shown as it appears in submission.
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Designing an ideal essential oil combination for nanoemulsion formulation

ABSTRACT

Essential oils are well studied for their antimicrobial effects; however, research on blends
extending to formulations are rarely scientifically explored and validated. This study aimed to
quantify and optimize the synergy of an essential oil blend by means of computational
interpretation to create a nanoemulsion formulation ideal for respiratory inhalation. The
nanoemulsion blend consisted of essential oils from Hyssopus officinalis var. angustifolius
(M.Bieb.) Benth. (hyssop) in combination with Rosmarinus officinalis var. angustifolius (Mill.)
DC. (rosemary). The prediction tool, SynergyFinder was implemented to determine optimal
synergy blends for these essential oils. According to the synergy maps derived, an optimal
blend of each essential oil comprises of 49.57% of H. officinalis to 50.43% of R. officinalis.
This optimized blend was then formulated into a nanoemulsion, using the two-component, self-
emulsification technique. The essential oil nanoemulsion showed strong in vitro antimicrobial
activities against pathogens of the respiratory tract, including; Streptococcus pneumoniae
(ATCC 49619), Haemophilus influenzae (ATCC 19418), Klebsiella pneumoniae (ATCC
13883) and Moraxella catarrhalis (ATCC 23246) with an average 6-fold improvement in
antimicrobial effect when compared to the neat essential oils assayed individually. The blended
H. officinalis and R. officinalis essential oil nanoemulsion was validated in this study and
therefore holds potential to be developed as a natural antimicrobial agent for the management

of respiratory tract infections.

KEYWORDS: respiratory infections, antimicrobial, SynergyFinder, nanoemulsion,

combination, essential oil.
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1. Introduction

Essential oils have been used for their antimicrobial properties as early as 4500 BC, where the
Ancient Egyptians made use of these oils in cosmetics and ointments for medicine (1). As a
result of the empirical knowledge preserved for thousands of years on the antimicrobial
potential of essential oils, research performed in laboratories globally have substantiated these
effects, thus promoting the application of essential oil-containing pharmaceutical products (2).
Despite the antimicrobial and other pharmacological properties associated with essential oils,
their pharmaceutical use is often limited due to challenges in formulation development. Some
limitations for the development of essential oils into pharmaceutical products include physical-
chemical properties (e.g. poor water solubility), toxicity and environmental instabilities due to
heat, oxygen and moisture (3). Essential oils are hydrophobic (which is a limitation for
inclusion in some delivery systems), however, novel pharmaceutical technology can be
employed to improve the inclusion capabilities of essential oils in formulations (4, 5).
According to the literature, oil-in-water (O/W) nanoemulsions are especially suitable for the
delivery of essential oils, due to their oil-based core, high-loading capability, and the large
variety of available emulsifiers and stabilizers available for use (6, 7). Previous studies
incorporating essential oils into nanoemulsion systems for antimicrobial purposes have
provided promising results (8, 9). An earlier study Sugumar, Ghosh (10), aimed to determine
the antimicrobial effect of the essential oil of Eucalyptus globulus Labill. (Eucalyptus) when
encapsulated into a nanoemulsion system. The nanoemulsion demonstrated a greater
antimicrobial effect against Staphylococcus aureus than when compared to the essential oil
alone. Further studies have demonstrated similar improved antimicrobial effects (2, 11). Much
of the work produced concerning essential oils incorporated into nanoemulsion formulations
have considered the effect of the essential oil when used alone (12-18). Despite the positive

findings that support the potential use of these individual essential oils in nanoformulations for
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antimicrobial purposes, the practice of aromatic medicine predominantly makes use of essential
oils in combination with other essential oils to achieve an enhanced therapeutic effect (19, 20).
A limited number of studies exist that have explored the effects of essential oils in combination
when formulated as nanoemulsions for antimicrobial purposes (21-25). Much of the published
findings are limited to essential oils used against pathogens associated with food spoilage. The
rationale for combination use for synergistic antimicrobial purposes within a pharmaceutical
formulation is to encourage the use of lower doses of each component while maintaining
optimized antimicrobial effects (21, 22). In order to optimize antimicrobial activity of an
essential oil combination for formulation development, it is advisable to use an experimental
design to define the most suitable proportions of each ingredient (oil) in an effective mixture
(22). The use of computer-aided software to quantify synergy for drug design and development
has been in use within the pharmaceutical industry for a number of years, with great success
(26). In pre-clinical formulation studies concerning a combination of drugs, functional
screening assays that probe the effects of the drug combination as per a dose-response matrix
assay are commonly employed (27). The use of this technology aims to develop innovative
formulations based on optimized interactions and is considered the favored method for
interactive assessment in formulation design (21).

In our previous studies (28, 29) we provided results of the antimicrobial potential of
essential oils alone and in equal combinations against nine pathogens of the respiratory tract.
Based on the findings of these studies, one unique combination comprising of the essential oils
Hyssopus officinalis var. angustifolius (M.Bieb.) Benth. (hyssop) and Rosmarinus officinalis
var. angustifolius (Mill.) DC. (rosemary) was identified as the most promising for use, having
broad-spectrum antimicrobial activity, anti-inflammatory and non-toxic effects when used in

equal ratio combinations (28, 29). This study explored this unique combination of essential oils
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to quantify the optimum essential oil dose ratio that would provide antimicrobial synergy and

further explored the combination as an antimicrobial nanoformulation.

2. Materials and methods

2.1. Materials

One essential oil combination was selected for this study and included H. officinalis var.
angustifolius in combination with R. officinalis var. angustifolius (These essential oils were
procured from a flavor and fragrance industry provider, Prana Monde (Hainaut, Belgium). The
two essential oils used in this study have been previously chemically characterized using gas
chromatography coupled with a mass spectrometer (GC-MS) and reported in our earlier studies
(28, 29). The major chemical constituents of these oils are provided in the Supplementary data
(Table S1). The primary role of the surfactant within the formulation is to stabilize the emulsion
by reducing surface tension at the oil/water interface (30, 31). Due to the lipid nature of
essential oils, Caprylocaproyl macrogol-8-glyceride (Labrasol) was selected as the surfactant
for the formulation. Labrasol is a non-ionic water-dispersible surfactant specifically used in
lipid-based formulations to solubilize poorly water-soluble ingredients. Labrasol was obtained
as a donation from Gattefossé (Saint-Priest, France). Propylene glycol (Sigma-Aldrich) was
selected as a co-surfactant to the formulation as a means to provide further stability to the

essential oil nanoemulsion.

2.2. Preparation of cultures

Microbial cultures were selected based on their relevance to respiratory infections and included
the Gram-positive strains Staphylococcus aureus (ATCC 25924), Streptococcus agalactiae
(ATCC 55618), Streptococcus pneumoniae (ATCC 49619) and Streptococcus pyogenes

(ATCC 12344). The Gram-negative strains included Haemophilus influenzae (ATCC 19418),
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Klebsiella pneumoniae (ATCC 13883) and Moraxella catarrhalis (ATCC 23246). The non-
pathogenic Mycobacterium strain M. smegmatis (ATCC 19420), and yeast strain Cryptococcus
neoformans (ATCC 14116) were also included. All cultures were prepared as per our earlier
studies (28, 29). A waiver for the use of these micro-organisms was granted by the University

of the Witwatersrand Human Research Ethics Committee (Reference W-CJ-160720-2).

2.3. Antimicrobial combination optimization using SynergyFinder (version 2.0)

SynergyFinder (Version 2.0) facilitates the analysis of drug combination experiments and
provides an interface for visualizing the drug combination landscapes in an interactive manner
(27). The essential oil combination selected was investigated at varying ratios (Table 1) as a
means to complete a dose-response matrix for evaluation by the SynergyFinder software, using

the broth microdilution assay as previously reported (32).

Table 1. The concentrations of each essential oil within the essential oil blend

Concentrations of essential oils in combination (uL)

Combination L S
H. officinalis R. officinalis
1 0 100
2 0 25
3 0 50
4 0 75
5 10 90
6 20 80
7 25 0
8 25 75
9 30 70
10 33 66
11 40 60
12 43 57
13 50 0
14 50 50
15 57 43
16 60 40
17 66 33
18 70 30
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19 75 0

20 75 25
21 80 20
22 90 10
23 100 0

The 96-well micro-titre plates were prepared by aseptically adding 100 pL of sterile broth,
respective for each micro-organism tested, into each of the wells. A stock concentration of each
essential oil (32 mg/mL in acetone) was added to the first row at varying ratios (Table 1). The
essential oil combinations were then serially diluted to concentrations ranging from 8.00 to
0.06 mg/mL descending down each column of the micro-titre plate. A 100 uL volume of
positive, negative and culture control was included for each micro-organism. The positive
controls (Sigma—Aldrich) comprising of 0.01 mg/mL ciprofloxacin (for bacteria) or 0.10
mg/mL amphotericin B (for the yeast) were included to ensure microbial susceptibility. The
negative control of 32 mg/mL water in acetone was included to exclude the attribution of
antimicrobial effects due to the solvent. The culture controls comprised of growth medium with
the relevant pathogen to ensure that the appropriate broth supported microbial growth. An
inoculum concentration of approximately 1x10° colony forming units per mL (CFU/mL) was
prepared for each micro-organism studied and 100 pL of the inoculum added to each well.
Before incubation, each micro-titer plate was sealed with sterile adhesive sealing film.
Following incubation, 40 puL of 0.04% w/v p-iodonitrotetrazolium violet solution (INT; Sigma-
Aldrich) was added into each well of the micro-titer plate in order to determine micro-organism
viability. A change of color in the well from clear to a purple-pink indicates microbial growth,
therefore the lowest concentration displaying no color change was recorded as the MIC. Each
experiment was repeated in triplicate and the mean value was recorded.

The data generated from the varied ratio combination MIC assay was entered into
SynergyFinder 2.0, a stand-alone web-application for interactive analysis and visualization of

the essential oil combination screening data (33). A log-logistic model was applied to the varied
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ratio MIC findings in order to generate dose-response curves for the essential oils in each
combination. Essential oil combination antimicrobial responses were then plotted as heat maps
to identify the concentrations at which the essential oils used in combination had maximum
inhibitory effect on microbial growth. The degree of synergy per essential oil combination was
analyzed using the response surface model based on the Bliss reference synergy model. The
synergy score determined for the essential oil combination investigated was averaged over all
the dose combination measurements, and a 3D synergy map was generated that highlights
synergistic and antagonistic dose regions in red and green colours, respectively. On
interpretation, the summary synergy scores of less than 10 was considered antagonistic, a range

from —10 to +10 as additive, and greater than +10 as synergistic (34).

2.4. Preparation of nanoemulsion

The essential oil nanoemulsion was prepared using the two-component, self-emulsification
method. Labrasol was first mixed with propylene glycol and stirred magnetically (IKA Plate,
RCT digital, Deutschland, Germany) for 5 min at a speed of 500 rpm. The essential oils were
subsequently added to produce a formulation of a final concentration of 2.5% (Y/y) to the
Labrasol and propylene glycol mixture and stirred for a further 15 min. Sterile distilled water
(30 mL) was then added dropwise and stirred magnetically until a homogeneous translucent
appearance was achieved. The completed formulation was then stored in sealed amber bottles

to prevent any loss of essential oil due to evaporation.

2.5. Characterization of the nanoemulsion
The physical attributes of a nanoemulsion formulation determines the formulation stability and
efficacy as well as its in vitro behaviour (35). These physical attributes of importance include

the average particle size distribution and PDI. The particle size distribution, and PDI of the
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samples were determined using dynamic light scattering (DLS) at 25°C using a zeta-potential
and particle size analyzer (ELSZ-2000, Otsuka Electronics Co., Ltd. Japan). In the case of
pulmonary drug delivery for systemic absorption, aerosols with a small particle size are
required to ensure peripheral penetration (35, 36). Particles smaller than 3 um have an
approximately 80% probability of reaching the lower airways while around 50-60% of these

particles will be deposited in the alveoli (37), and hence this was a parameter for formulation.

2.6. Stability of the nanoemulsion

2.6.1. Centrifugation stability

The essential oil nanoemulsion was centrifuged at 5000 rpm for 30 min to evaluate the stability.
Stability was investigated by storing 5 mL of the nanoemulsion at 4 + 1 °C, 25°C + 1°C, 37°C
+ 1°C and 60°C £ 1°C in duplicate for one month (30). The samples were observed for

instability including, creaming or flocculation.

2.7. Antimicrobial activity of the nanoemulsion

The broth microdilution method (38), was used to quantify the antimicrobial inhibitory activity
of the formulated essential oil nanoemulsion against pathogens selected on their relevance to
respiratory infections. The micro-titre plates were prepared aseptically, as per the antimicrobial
studies undertaken for the combination optimization using SynergyFinder (Version 2.0).
Variations to the method included the addition of 100 pL of the essential oil nanoemulsion,
added to the first row. The positive controls remained 0.01 mg/mL ciprofloxacin (for bacteria)
or 0.10 mg/mL amphotericin B (for the yeast) to ensure microbial susceptibility. The negative
control of 15% (¥/v) Labrasol and 7% (Y/v) propylene glycol in 30 mL of distilled water was
included to exclude the attribution of antimicrobial effects due to the formulation solution base.

The culture controls comprised of growth medium relevant to the pathogen studied with the
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relevant pathogen to ensure that the appropriate broth supported microbial growth. Following
incubation, 40 pL of 0.04% “/y p-iodonitrotetrazolium violet solution (INT; Sigma-Aldrich)
was added into each well of the micro-titer plate in order to determine the MIC. Each

experiment was repeated in triplicate and the mean value was recorded.

3. Results and discussion

3.1. Antimicrobial optimization

The antimicrobial interaction of H. officinalis essential oil in combination with R. officinalis
essential oils against a selection of nine respiratory pathogens was investigated using
SynergyFinder 2.0. (Figure 1).

According to the synergy maps, an average synergy score of 9.76 was determined
against all nine pathogens studied. The highest synergy was noted against H. influenzae for
which a synergy score of 27.621 was noted, with greater synergy assigned to ratios higher in
H. officinalis than R. officinalis, while optimal synergy was determined for each essential oil
in equal ratios of this combination. Synergy was also noted against S. pyogenes, M. smegmatis
and C. neoformans with synergy scores of 10.470, 11.864 and 13.263, respectively. Marginal
synergy was determined for the combination against the pathogen S. aureus (synergy score =
9.505), while additive scores were noted against all other pathogens with scores of -0.029 (S.
agalactiae), 7.602 (S. pneumoniae), 3.763 (K. pneumoniae) and 3.780 (M. catarrhalis)
measured. The results of SynergyFinder established that the optimal blend of each essential oil
comprises of 49.57% of H. officinalis to 50.43% of R. officinalis to achieve an average synergy

score ranging from 14.25 to 57.14 against the pathogens studied.
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Figure 1. Visual representations of the antimicrobial interaction of the combination of H. officinalis and R. officinalis essential oils against nine
micro-organisms responsible for respiratory tract infections. Positive (red regions) of the response surface plot indicate synergistic effects; while

negative (green regions) indicate antagonistic effects. Optimal ratios of H. officinalis and R. officinalis essential oils are indicated in adjacent

tables, per micro-organism.
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3.2. Characterization of the nanoemulsion

The blended H. officinalis and R. officinalis essential oil nanoemulsion was stable to
coalescence and Ostwald ripening. The average particle size of the blended H. officinalis and
R. officinalis essential oil nanoemulsion was determined as 47.89 nM using a zeta-potential

and particle size analyzer (Figure 2).

Size Distribution by Intensity
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Figure 2. Particle size of the essential oil nanoemulsion as determined by zeta-potential and
particle size analyzer.

Oil in water emulsions are classified based on the size of the droplet, with nanoemulsions
classified for droplet sizes of less than 100 nM (39). Therefore, these findings indicate the
emulsion was within nano-range. Other studies incorporating the use of essential oils in
nanoemulsions have defined a range of nanodroplet sizes between 23.4 and 100 nM with
droplet sizes varying dependent on the constituents selected, operating conditions, and
preparation methods used (40-43). The polydispersity index (PDI) value provided by the
nanosizer informs if the nanoemulsion droplets are well dispersed with a measure of 0.20 to

0.50 expected for pharmaceutical preparations (44). The PDI value for this study was

determined as 0.202, which is desirably low and suggestive of well-dispersed nanoemulsion.
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3.3. Stability of the nanoemulsions

3.3.1. Centrifugation stability

The appearance of the blended H. officinalis and R. officinalis essential oil nanoemulsion
following formulation provided a clear and transparent liquid, without observed turbidity or
precipitate (Figure 3A). After centrifugation at 5000 rpm for 30 min, the formulation
maintained the same clear and transparent appearance (Figure 3B). The particle size of the
nanoemulsion droplets were again measured using a zeta-potential and particle size analyzer.
The droplet sizes were maintained after the centrifugation with droplet sizes slightly reduced

to 37.55 nM and a PDI of 0.189, indicating good stability.

Figure 3. The appearance of the blended H. officinalis and R. officinalis essential oil
nanoemulsion following formulation (A) and following centrifugation (B).

The nanoemulsion, stored at4 +1 °C, 25+ 1 °C, 37 £1 °C and 60 £ 1 °C for one month,
respectively showed no phase separation or creaming properties at all temperatures, indicating

stability of formulation (Figure 4).

. JL S - A= =4 = b~ = A 2
Figure 4. The appearance of the blended H. officinalis and R. officinalis essential oil
nanoemulsion (in duplicate) following storage at 4 + 1 °C, 25+ 1 °C, 37+ 1 °C and 60 + 1 °C for
one month.
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3.4. Antimicrobial validation of the formulation

The blended H. officinalis and R. officinalis essential oil nanoemulsion was investigated against

nine pathogens of the respiratory tract by means of minimum inhibitory concentration (MIC)

analysis. A noteworthy antimicrobial effect was determined for the blended H. officinalis and

R. officinalis essential oil nanoemulsion against all nine respiratory pathogens with MIC values

of 0.07 to 1.17 mg/mL (mean of 0.36 mg/mL) observed (Table 2). The measured MICs of the

neat, combined essential oils prior to formulation against the nine pathogens studied was on

average 2.17 mg/mL (29). The nanoemulsion exhibited better inhibitory effects across all

pathogens studied, with a six fold increase in antimicrobial activity than when the neat essential

oils when blended.

Table 2. The mean MIC in mg/mL (n = 3) value of the blended H. officinalis and R. officinalis
essential oil nanoemulsion investigated against test pathogens

Neat essential ~ Essential oil ~ Ciprofloxacin ~ Amphotericin ~ Formulation
oilsin nanoemulsion (positive B Solution Base
combination control) (positive (negative
(29) control) control)
Staphyloccocus aureus 3
(ATCC 25924) 2.00 0.07 0.50x 10 NA >4.93
Streptococcus agalactiae 3
(ATCC 55618) 2.00 0.29 0.50x 10 NA >4.93
Streptococcus
pneumoniae 3.00 1.17 0.50 x 10°° NA >4.93
(ATCC 49619)
Streptococcus pyogenes 3
(ATCC 12344) 1.00 0.29 0.50 x 10 NA >4.93
Mycobacterium
smegmatis 1.50 0.29 0.50 x 1073 NA >4.93
(ATCC 19420)
Haemophilus influenzae 3
(ATCC 19418) 4.00 0.29 0.25x 10 NA >4.93
Klebsiella pneumoniae 3
(ATCC 13883) 4.00 0.59 1.00 x 10 NA >4.93
Moraxella catarrhalis 3
(ATCC 23246) 2.00 0.15 0.50 x 10 NA >4.93
Cryptococcus
neoformans 0.09 0.07 NA 0.50x 103 >4.93

(ATCC 14116)

The findings of this study are congruent with previous studies that showed that the conversion

of essential oils into nanoemulsions having an improved antimicrobial effect. A previous study
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(45), aimed to create an essential oil nanoemulsion containing Cymbopogon flexuosus (Nees
ex Steud.) Will. Watson for antimicrobial use. The neat oil of C. flexuosus showed activity
against Candida albicans at a concentration of 1.22 mg/mL while the nanoemulsion of the
essential oil demonstrated an MIC of 0.28 mg/mL. This improved antimicrobial effect was also
noted against the micro-organisms Cryptococcus grubii (MIC of neat oil was 0.58 mg/mL and
the nanoemulsion was 0.28 mg/mL) and Pseudomonas aeruginosa (no antimicrobial effect by
neat oil, and the nanoemulsion showed potential bactericidal activity at concentrations above
11.33 mg/mL). These findings are further supported by previous essential oil studies, e.g.
Origanum vulgare L. (46) and Thymus daenensis Celak (47). It has been noted that this
enhanced antimicrobial effect noted by essential oils when encapsulated into a nanoemulsion
is due to the nanometric size and resultant improved diffusion of nanoemulsions (48). These
enhanced characteristics offered by nanoformulations provides opportunity for further

exploration of varying essential oil blends.

4. Conclusions

This study is the first to apply SynergyFinder software for the visual interpretation of
antimicrobial synergy between the essential oil combination H. officinalis in combination with
R. officinalis. The essential oil combination of H. officinalis and R. officinalis demonstrated
broad-spectrum antimicrobial potential with a Bliss model synergy score of 9.76. As a result
of this potential, a nanoemulsion formulation was created for a blend of H. officinalis and R.
officinalis essential oils at optimized ratios as per the identified synergy maps for nine
respiratory associated pathogens. At the optimal concentration of the blended H. officinalis and
R. officinalis essential oil nanoemulsion, the average particle size of the nanoemulsion was
47.89 nM and PDI 0.202. The nanoemulsion maintained good stability and dispersion after

centrifuging at 5000 rpm for 30 min, stored at 60 £ 1 °C for one month. Furthermore, at
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optimum concentrations, the blended H. officinalis and R. officinalis essential oil nanoemulsion
showed noteworthy antimicrobial activity against all nine pathogens studied. Aerosolised
nanoemulsions are promising alternatives for non-invasive drug delivery to the respiratory tract
due to their improved and targeted antimicrobial approach. These characteristics of a
nanoemulsion system and the proven enhanced interactions of the blended H. officinalis and
R. officinalis essential oil nanoemulsion against pathogens of the respiratory tract further
provide a rational for the potential of this blend for therapeutic use. This research indicates the
potential for optimized essential oil combinations to be identified using a computational
software workflow; and further formulated into nanosystems for targeted antimicrobial effects.
As of now, research on the application of essential oils into nanoemulsions as antimicrobial
agents are in fast-growing phase, however, there is a paucity in literature on the use of essential
oils in combination. Advancements in this field of research require further exploration for

commercial consideration and potential product development.

Supplementary Materials: Table S1: Identified major essential oil chemical constituents.
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CHAPTER 5:
SUMMARY AND CONCLUSION

144



5.1. Summary

A review of the aroma-therapeutic literature identified 55 essential oils for use in the respiratory
tract (Leigh-de Rapper and van Vuuren, 2020). This study procured and investigated the
chemical profiles and antimicrobial activity of 49 essential oils against pathogen reference
strains, directly related to infections of the respiratory tract. Chemometrics, a multivariate tool,
allowed for the review of the essential oil chemistry in tandem with the identified antimicrobial
activity as a means to identify structure-activity relationships. This tool allowed for the
identification of the compounds responsible for antimicrobial activity, proving it to be a useful
tool in identifying patterns of compounds responsible for the antimicrobial effects of essential
oils (Rapper et al., 2021). Eugenol was identified as the most frequently reoccurring biomarker
that contributed to broad-spectrum noteworthy antimicrobial activity of essential oils; while p-

Cymene and cis-p-pinene were frequently responsible for poor antimicrobial activity.

Essential oil combination studies were undertaken to review the antimicrobial and potentially
toxic effects of essential oils when placed in 1:1 blends. A summary of these interactions for
these combinations, as classified according to the criteria of synergistic, antagonistic, additive

or non-interactive, and can be viewed in Figure 5.1.
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Figure 5.1: Percentage interactions of 1:1 ratio combinations of essential oils for

antimicrobial and non-toxic effects against brine shrimp.
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Interestingly, the number of synergistic interactions for antimicrobial effects appears
substantial; however, toxic effects predominate in antagonistic potential (more toxic effects)
amongst these blends. However, not all blends that were antagonistic (more toxic) in effect
against brine shrimp were considered lethally toxic. Approximately 31.0% of the combinations
studied demonstrated non-toxic effects against the brine shrimp, compared to the 20.4% when
the essential oils were studied independently. From these results, it appears that the essential

oils show the potential to quench toxicity when used in combination.

Further investigation of the antimicrobially synergistic and non-toxic to brine shrimp essential
oil blends was undertaken to determine the potential of these combinations for anti-
inflammatory and non-toxic effects against lung cell lines. A summary of these interactions for

these combinations is given in Figure 5.2.
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Figure 5.2: Percentage interactions of 1:1 ratio combinations of antimicrobially synergistic

essential oils for anti-inflammatory and non-toxic effects against A549 lung cells.

The antimicrobially synergistic and non-toxic to brine shrimp essential oil blends demonstrated
positive anti-inflammatory outcomes with 62.5% of interactions proving an additive effect.
Five distinct combinations (Cupressus sempervirens in combination with Melaleuca
alternifolia, Hyssopus officinalis in combination with Rosmarinus officinalis, Origanum
marjorana in combination with M. alternifolia, Myrtus communis in combination with M.

alternifolia and Origanum vulgare in combination with M. alternifolia) were found to be the
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most promising, demonstrating antimicrobial activity, reduced cytotoxicity and improved anti-
inflammatory effects. The potential for varied antimicrobial activity of these five essential oil
combinations was investigated in varied ratios. The interactions between essential oil
combinations was analysed using isobolograms and SynergyFinder 2.0 software to visualize
the synergistic potential. A summary of these interactions for these varied combinations is

given in Figure 5.3.
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Figure 5.3: Percentage interactions of the varied ratios for combinations as per isobologram

and SynergyFinder analysis

Inconsistencies in interpretation of antimicrobial effect was noted between interaction analysis
(isobolograms and SynergyFinder) which is not an uncommon finding (Baeder et al., 2016,
Meyer et al., 2020). If both the SynergyFinder and the isobologram classify a ratio as
synergistic, then the interaction is deemed strongly synergistic; whereas if the ratio is classified
as synergistic according to one model only, then the interaction is weakly synergistic (Tang et
al., 2015). With this in mind, 15.7% of synergistic interactions were deemed strongly
synergistic, while a further 25.3% of ratios were noted as weakly synergistic. The essential oil
combination of H. officinalis and R. officinalis demonstrated broad-spectrum antimicrobial
potential with a Bliss model synergy score of 9.76 at ratios of between 49.57% of H. officinalis
to 50.43% of R. officinalis. The findings of this study proved that isobolograms and
computational modelling tools such as SynergyFinder can work collaboratively to pin-point

optimum antimicrobial potential.
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The use of computer-aided software to quantify synergy and optimize ingredients within a
pharmaceutical product is an important step in the drug design process, as it aims to reduce
cost while maintaining pharmacological effects. Therefore, if an essential oil formulation were
to be created for commercial consideration, advancements in this field of research would be
required to confirm essential oil synergy in combination. With this in mind, an essential oil
nanoemulsion comprising H. officinalis and R. officinalis was created. The formulation met
qualifying criteria for a suitable nanoemulsion. Furthermore, the blended H. officinalis and R.
officinalis essential oil nanoemulsion showed noteworthy antimicrobial activity against all nine
pathogens studied. A summary of these antimicrobial effects compared to the essential oil

combination not in formulation can be viewed in Figure 5.4.
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Figure 5.4: MIC values of the pure essential oils in combination compared to optimized

essential oil blend in nanoemulsion formulation against pathogens of the respiratory tract.

The findings of this study demonstrated the potential to apply an optimized blend of an essential
oil combination into an ideal and stable pharmaceutical formulation. This formulation also
went on to prove the vast enhancement of essential oils when blended into formulation for
antimicrobial effect.
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5.2. Future Recommendations

5.2.1. Antimicrobial studies

Only reference strains pertaining to respiratory pathogens were used and therefore, future
studies could consider the use of clinical strains, and resistant strains, for comparison. As
previously mentioned, the same essential oil differs in chemistry dependent on a number of
environmental factors. The antimicrobial differences between the varying essential oil
chemotypes could be considered, alone and in combination. Antimicrobial research can also be
extended to consider other clinical conditions of relevance. In addition, other methods of
antimicrobial analysis could be considered such as vapour studies for the determination of
essential oil MIC. Additional essential oils, not identified in this study, could be considered for

future study.

5.2.2. Pharmacological studies

Anti-inflammatory and non-toxic effects against lung cells were only conducted for those
combinations deemed to be synergistic in antimicrobial effect. The study could be expanded to
consider these pharmacological effects on a larger number of essential oil combinations. In
addition, the use of the isobolograms and SynergyFinder tools were also limited to
antimicrobial effect and could be expanded to include anti-inflammatory and effects for the

creation of a polygonogram for optimized clinical formulation.

5.2.3. Combination studies

According to the aromatherapeutic literature used to derive the combinations of essential oils
for respiratory use, multiple ‘recipes’ exist that combine essential oils in blends of three to five
essential oils. These combinations could be studied further for antimicrobial, anti-inflammatory
and non-toxic effects; and compared to the efficacy of the single essential oils. In addition, the
use of isobolograms and SynergyFinder could be applied to review the essential oils within
these multi-component blends providing an enhanced effect. In addition, essential oils should
be studied in combination with conventional antimicrobial agents as a means to enhance
antimicrobial effects and reduce antimicrobial resistance. The use of essential oils in
combination with antibiotics have shown to act as resistance modifying agents by reducing the
dosage of antibiotics and improving effectiveness due to synergy with essential oils. This
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strategy shows potential to reverse antimicrobial resistance and improve the effectiveness of

currently available antimicrobial agents, and therefore is worthy of further study.

5.2.4. Prediction tool analysis

Varying prediction tools exist to establish synergy among drug combinations and include
programmes such as DrugComb (Zheng et al., 2021) CompuSyn (Chou and Martin, 2006),
ComBenefit (Di Veroli et al., 2016), DIGREM (Zhang et al., 2019), DeepSynergy (Preuer et
al., 2018), SynPathy (Tang and Gottlieb, 2022) and SynergyFinder Plus (Zheng et al., 2022).
Each method applies the same mathematical models for prediction; however, researchers have
discovered variations in synergy prediction across programmes (Meyer et al., 2020). An
expansion of this study would be to use multiple prediction tools to confirm optimal synergy

amongst essential oil blends.

5.2.5. Mechanism of action and metabolomics studies

Numerous mechanisms of action have been proposed for different essential oils by researchers;
however, much of the understanding is derived from studies that have tested purified
molecules, and not whole oils (Buriani et al., 2020). This gap in research limits researcher’s
abilities to correlate these findings to a pharmacological effect of an essential oil. Despite this,
more studies are required to elucidate essential oil mechanism of action in order to inform
accurate optimization of essential oil blends for therapeutic use. Metabolomic studies can
bridge this gap by providing the chemical fingerprint of an essential oil and characterizing this
to physiological effect (Kharbach et al., 2020). In addition, metabolomics studies provide the
complete set of metabolites produced within an organism, including description of enzymatic
pathways and networks, which help to describe changes in microbial environments after
exposure to an essential oil (Sieniawska and Georgiev, 2021). This is useful in in revealing the
microbial mechanisms of resistance following exposure to essential oils (Tang, 2011,
Sieniawska and Georgiev, 2021). Pathogenic mechanisms exist that prove resistance to
essential oils including, selective membrane permeability, regulated efflux/influx and
chemotaxis-controlled motility. These mechanisms can be overcome by use of a synergistic
combination of essential oils that target varying mechanisms of action. These studies will help
to inform which essential oils could be combined based on mechanism of action and potential

to reduce microbial resistance.
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5.2.6. Essential oil compound studies

Due to the complexity of essential oil chemistry and variability amongst chemotypes, studies
considering the effects of essential oil compounds should be expanded on for application into
pharmaceutical formulation. Chemometric analysis provided valuable information concerning
putative biomarkers responsible for antimicrobial activity (Rapper et al., 2021). These
compounds could be expanded to investigate anti-inflammatory and toxic effects, alone and in
combination. Furthermore, these compounds could be further studied for optimization.

5.2.7. Invivo and clinical studies

The developed essential oil nanoemulsion was not assessed for clinical or in vivo validation

and could therefore be considered for future study.

5.3. Final conclusion

This study aimed to investigate the accuracy of synergy prediction made by computer-aided
software for the use of essential oils in the treatment of respiratory infections. In completing
the objectives of this study, it was determined that prediction software, although critical in
preclinical formulation design, faces many challenges and flaws in regards to practical
translation of antimicrobial effects. These challenges have been overcome in this study and
further prove the benefit of these tools to optimize essential oil combinations for antimicrobial
effect. This study challenged conventional methods of antimicrobial analysis and was majorly
successful. Yet, this research is only the beginning in identifying optimized blends of essential
oils in the management of communicable infections by means of synergy prediction methods
and thus sets the starting point for innovative, translational essential oil research of clinical

relevance.
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