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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 (ΣFIC) 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-dimethylthiazol-
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-γ (INF-γ), TNF-α, 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



Antibiotics 2021, 10, 1517 3 of 20

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).
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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 (n = 3) with standard deviation in brackets and ΣFIC values of the essential oil combinations investigated against pathogens of the respiratory tract.

Essential Oil Combinations
(Common Name in Brackets)

Mean MIC Value (mg/mL) (n = 3) and ΣFIC

Staphylococcus aureus Streptococcus agalactiae Streptococcus pneumoniae Streptococcus pyogenes Mycobacterium smegmatis Haemophilus influenzae Klebsiella pneumoniae Moraxella catarrhalis Cryptococcus neoformans

(ATCC 25924) (ATCC 55618) (ATCC 49619) (ATCC 12344) (ATCC 19420) (ATCC 19418) (ATCC 13883) (ATCC 23246) (ATCC 14116)

Essential Oil 1 Essential
Oil 2 MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC **

Amyris
balsamifera
(amyris)

Styrax
benzoin

(benzoin)
0.25 (±0.00) 0.28 0.25 (±0.00) 0.31 0.75 (±0.35) 3.09 0.19 (±0.00) 0.31 2.00 (±0.00) 1.25 0.13 (±0.00) 0.53 1.50 (±0.71) 0.75 0.50 (±0.00) 0.38 0.50 (±0.00) 1.17

Cinnamonum
zeylanicum
(cinnamon)

Elettaria
cardamonum
(cardamom)

0.50 (±0.00) 0.50 1.00 (±0.00) 1.25 2.00 (±0.00) 1.00 0.75 (±0.35) 1.69 1.00 (±0.00) 0.31 2.00 (±0.00) 1.67 0.50 (±0.00) 0.50 2.00 (±0.00) 2.50 0.13 (±0.00) 0.13

Zingiber
officinale
(ginger)

0.50 (±0.00) 0.50 0.50 (±0.00) 0.75 1.00 (±0.00) 0.50 0.19 (±0.00) 0.47 4.00 (±0.00) 2.00 0.50 (±0.00) 0.42 0.50 (±0.00) 0.31 2.00 (±0.00) 3.00 0.13 (±0.00) 0.21

Citrus bergamia
(bergamot)

Cupressus
sempervirens

(cypress)
4.00 (±0.00) 0.92 2.00 (±0.00) 1.00 1.00 (±0.00) 0.31 6.00 (±2.83) 2.00 1.00 (±0.00) 0.25 1.50 (±0.71) 0.50 2.00 (±0.00) 0.83 2.00 (±0.00) 0.25 1.00 (±0.00) 1.50

Rosmarinus
officinalis

(rosemary)
2.00 (±0.00) 0.38 1.00 (±0.00) 0.50 2.00 (±0.00) 1.00 8.00 (±0.00) 5.33 2.00 (±0.00) 0.50 0.75 (±0.35) 0.17 0.75 (±0.35) 0.31 1.00 (±0.00) 0.31 1.50 (±0.71) 3.75

Citrus limon
(lemon)

Santalum
austrocale-
donicum

(sandalwood)

0.38 (±0.18) 0.27 0.13 (±0.00) 0.28 0.25 (±0.00) 0.13 0.19 (±0.00) 1.55 2.00 (±0.00) 1.58 0.50 (±0.00) 2.03 4.00 (±0.00) 0.92 1.00 (±0.00) 2.50 0.06 (±0.00) 0.19

Coriandrum
sativum

(coriander)

Cinnamonum
zeylanicum
(cinnamon)

0.50 (±0.00) 0.75 0.13 (±0.00) 0.19 1.00 (±0.00) 0.75 0.38 (±0.18) 1.50 0.50 (±0.00) 0.25 0.50 (±0.00) 1.00 1.00 (±0.00) 1.50 2.00 (±0.00) 2.67 0.13 (±0.00) 2.08

Cupressus
sempervirens

(cypress)

Hyssopus
officinalis
(hyssop)

2.00 (±0.00) 0.83 2.00 (±0.00) 1.00 1.00 (±0.00) 0.31 1.50 (±0.71) 1.00 1.50 (±0.71) 0.38 2.00 (±0.00) 0.46 1.00 (±0.00) 0.50 2.00 (±0.00) 0.63 0.50 (±0.00) 2.50

Lavandula
angustifolia
(lavender)

2.00 (±0.00) 1.33 2.00 (±0.00) 1.00 1.50 (±0.71) 0.84 8.00 (±0.00) 2.33 2.00 (±0.00) 0.75 4.00 (±0.00) 1.33 1.00 (±0.00) 0.58 2.00 (±0.00) 0.63 0.13 (±0.00) 0.19

Melaleuca
alternifolia
(tea tree)

4.00 (±0.00) 1.17 1.00 (±0.00) 0.58 2.00 (±0.00) 0.63 1.50 (±0.71) 0.75 1.00 (±0.00) 0.25 3.00 (±1.41) 1.50 4.00 (±0.00) 1.50 2.00 (±0.00) 0.63 0.09 (±0.00) 0.16

Salvia
sclarea

(clary sage)
2.00 (±0.00) 0.46 2.00 (±0.00) 1.00 2.00 (±0.00) 0.25 4.00 (±0.00) 1.33 2.00 (±0.00) 0.50 2.00 (±0.00) 0.67 1.00 (±0.00) 0.31 2.00 (±0.00) 0.25 0.25 (±0.00) 1.25

Elettaria
cardamonum
(cardamom)

Coriandrum
sativum

(coriander)
0.50 (±0.00) 0.75 0.25 (±0.00) 0.19 0.50 (±0.00) 0.38 0.75 (±0.35) 1.69 1.00 (±0.00) 0.31 0.50 (±0.00) 0.75 1.00 (±0.00) 1.50 2.00 (±0.00) 1.17 0.13 (±0.00) 2.04

Eucalyptus
globulus

(eucalyptus)

Cymbopogon
citratus

(lemongrass)
1.00 (±0.00) 0.63 1.00 (±0.00) 0.50 2.00 (±0.00) 1.67 0.13 (±0.00) 0.20 1.00 (±0.00) 0.38 3.00 (±1.41) 1.50 8.00 (±0.00) 2.50 2.00 (±0.00) 1.00 0.06 (±0.00) 0.04

Ferula
galbaniflua

(galbanum)

Zingiber
officinale
(ginger)

2.00 (±0.00) 1.33 2.00 (±0.00) 1.50 2.00 (±0.00) 1.00 0.25 (±0.00) 0.21 2.00 (±0.00) 0.67 8.00 (±0.00) 1.83 1.00 (±0.00) 0.38 2.00 (±0.00) 1.50 0.25 (±0.00) 0.58

Helichrysum
italicum

(immortelle)

Lavandula
angustifolia
(lavender)

2.00 (±0.00) 1.25 1.00 (±0.00) 0.50 2.00 (±0.00) 1.50 0.75 (±0.35) 0.34 2.00 (±0.00) 1.00 1.00 (±0.00) 0.29 1.00 (±0.00) 0.42 3.00 (±1.41) 1.75 0.38 (±0.18) 1.69

Lavandula
spica

(lavender
spike)

1.00 (±0.00) 0.63 1.00 (±0.00) 0.50 2.00 (±0.00) 1.17 0.50 (±0.00) 0.25 2.00 (±0.00) 0.75 6.00 (±2.83) 1.50 0.75 (±0.35) 0.31 2.00 (±0.00) 1.67 0.50 (±0.00) 2.17
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Table 1. Cont.

Essential Oil Combinations
(Common Name in Brackets)

Mean MIC Value (mg/mL) (n = 3) and ΣFIC

Staphylococcus aureus Streptococcus agalactiae Streptococcus pneumoniae Streptococcus pyogenes Mycobacterium smegmatis Haemophilus influenzae Klebsiella pneumoniae Moraxella catarrhalis Cryptococcus neoformans

(ATCC 25924) (ATCC 55618) (ATCC 49619) (ATCC 12344) (ATCC 19420) (ATCC 19418) (ATCC 13883) (ATCC 23246) (ATCC 14116)

Essential Oil 1 Essential
Oil 2 MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC **

Hyssopus
officinalis
(hyssop)

Rosmarinus
officinalis

(rosemary)
2.00 (±0.00) 0.75 2.00 (±0.00) 1.00 3.00 (±1.41) 1.50 1.00 (±0.00) 1.00 1.50 (±0.71) 0.38 4.00 (±0.00) 0.50 4.00 (±0.00) 2.00 2.00 (±0.00) 1.00 0.09 (±0.00) 0.56

Laurus nobilis
(bay)

Eucalyptus
globulus

(eucalyptus)
1.00 (±0.00) 0.63 4.00 (±0.00) 2.00 8.00 (±0.00) 3.67 0.63 (±0.04) 0.26 2.00 (±0.00) 0.50 1.00 (±0.00) 0.29 1.00 (±0.00) 0.58 2.00 (±0.00) 0.63 0.19 (±0.00) 0.12

Lavandula
angustifolia
(lavender)

Citrus
aurantifolia

(lime)
3.00 (±1.41) 1.88 2.00 (±0.00) 1.00 2.00 (±0.00) 1.50 2.00 (±0.00) 0.75 1.00 (±0.00) 0.38 2.00 (±0.00) 0.46 1.00 (±0.00) 0.58 2.00 (±0.00) 1.00 0.25 (±0.00) 0.29

Myrtus
communis
(myrtle)

Melaleuca
alternifolia
(tea tree)

2.00 (±0.00) 0.50 1.00 (±0.00) 0.58 1.00 (±0.00) 0.50 2.00 (±0.00) 0.79 2.00 (±0.00) 0.42 4.00 (±0.00) 1.67 1.00 (±0.00) 0.38 1.00 (±0.00) 0.50 0.25 (±0.00) 0.23

Ocimum
basilicum

(basil)
1.00 (±0.00) 1.13 2.00 (±0.00) 1.67 2.00 (±0.00) 1.00 0.63 (±0.00) 0.42 1.00 (±0.00) 0.25 0.75 (±0.35) 0.31 1.50 (±0.71) 0.94 2.00 (±0.00) 1.50 0.13 (±0.00) 0.33

Origanum
marjorana

(marjoram)
2.00 (±0.00) 0.38 1.00 (±0.00) 0.58 1.50 (±0.71) 0.75 2.00 (±0.00) 1.67 3.00 (±1.41) 0.88 4.00 (±0.00) 2.00 1.00 (±0.00) 0.38 1.00 (±0.00) 0.50 0.25 (±0.00) 0.23

Origanum
vulgare

(origanum)
2.00 (±0.00) 1.25 1.00 (±0.00) 0.58 1.00 (±0.00) 0.38 2.00 (±0.00) 1.67 2.00 (±0.00) 0.50 4.00 (±0.00) 2.00 1.00 (±0.00) 0.38 3.00 (±1.41) 1.50 0.50 (±0.00) 0.58

Salvia sclarea
(clary sage)

Citrus
aurantifolia

(lime)
4.00 (±0.00) 0.75 2.00 (±0.00) 1.00 2.00 (±0.00) 0.63 2.00 (±0.00) 0.83 1.50 (±0.71) 0.38 1.50 (±0.71) 0.34 8.00 (±0.00) 2.50 2.00 (±0.00) 0.63 0.19 (±0.00) 0.88

Citrus
bergamia

(bergamot)
8.00 (±0.00) 1.00 1.00 (±0.00) 0.50 4.00 (±0.00) 1.25 8.00 (±0.00) 2.67 1.50 (±0.71) 0.38 1.50 (±0.71) 0.50 8.00 (±0.00) 1.83 2.00 (±0.00) 0.25 0.13 (±0.00) 0.56

Lavandula
burnati

(lavandin)
1.00 (±0.00) 0.40 2.00 (±0.00) 1.00 2.00 (±0.00) 1.13 2.00 (±0.00) 1.33 2.00 (±0.00) 0.75 2.00 (±0.00) 0.83 2.00 (±0.00) 1.13 2.00 (±0.00) 0.63 0.19 (±0.00) 0.81

Styrax benzoin
(benzoin)

Mentha
piperita

(peppermint)
1.00 (±0.00) 0.63 2.00 (±0.00) 1.00 2.00 (±0.00) 0.50 1.00 (±0.00) 0.67 1.00 (±0.00) 0.25 2.00 (±0.00) 1.00 1.00 (±0.00) 0.75 4.00 (±0.00) 2.00 0.13 (±0.00) 0.21

Rosa
damascena

(rose)
2.00 (±0.00) 0.75 1.00 (±0.00) 0.50 1.00 (±0.00) 0.38 0.50 (±0.00) 2.17 1.50 (±0.71) 0.56 0.50 (±0.00) 0.38 2.00 (±0.00) 1.00 1.00 (±0.00) 0.50 0.50 (±0.00) 1.17

Syzygium
caryophyllata

(clove)

Juniperus
virginiana

(cederwood)
0.50 (±0.00) 0.63 0.50 (±0.00) 0.50 1.00 (±0.00) 0.75 0.19 (±0.00) 0.55 1.00 (±0.00) 0.50 0.38 (±0.18) 1.13 1.00 (±0.00) 0.50 2.00 (±0.00) 2.00 0.13 (±0.00) 1.13

Melaleuca
alternifolia
(tea tree)

1.00 (±0.00) 0.38 1.00 (±0.00) 0.83 1.00 (±0.00) 0.75 0.50 (±0.00) 0.29 1.00 (±0.00) 0.38 0.50 (±0.00) 1.17 1.00 (±0.00) 0.38 2.00 (±0.00) 1.50 0.06 (±0.00) 0.54

Thymus
vulgaris
(thyme)

1.00 (±0.00) 0.38 0.50 (±0.00) 0.50 0.50 (±0.00) 0.50 1.00 (±0.00) 1.25 4.00 (±0.00) 1.50 0.50 (±0.00) 1.50 0.50 (±0.00) 0.25 2.00 (±0.00) 2.00 0.13 (±0.00) 1.33
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Table 1. Cont.

Essential Oil Combinations
(Common Name in Brackets)

Mean MIC Value (mg/mL) (n = 3) and ΣFIC

Staphylococcus aureus Streptococcus agalactiae Streptococcus pneumoniae Streptococcus pyogenes Mycobacterium smegmatis Haemophilus influenzae Klebsiella pneumoniae Moraxella catarrhalis Cryptococcus neoformans

(ATCC 25924) (ATCC 55618) (ATCC 49619) (ATCC 12344) (ATCC 19420) (ATCC 19418) (ATCC 13883) (ATCC 23246) (ATCC 14116)

Essential Oil 1 Essential
Oil 2 MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC ** MIC * ΣFIC **

Positive control (ciprofloxacin) 0.50 × 10−3 0.50 × 10−3 0.50 × 10−3 0.50 × 10−3 0.50 × 10−3 0.25 × 10−3 1.00 × 10−3 0.50 × 10−3 n.a.

Positive control (amphotericin b) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.50 × 10−3

Negative control (acetone
in water) >8.00 >8.00 >8.00 >8.00 >8.00 >8.00 >8.00 >8.00 >8.00

MIC * denotes noteworthy antimicrobial effect (MIC less than or equal to 1 mg/mL); ΣFIC ** in bold and italics denotes synergistic antimicrobial effect (ΣFIC less than or equal to 0.50); while ΣFIC in italics only
denotes additive antimicrobial effect (ΣFIC 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/mL 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 Streptococcal 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 S1). 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
balsamea (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 ΣFIC 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 ΣFIC of 0.03; followed by the combination of S.
caryophyllata with Cymbopogon citratus (lemongrass) with an ΣFIC of 0.05.
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Table 2. The mean percentage brine-shrimp viability after 48 h (n = 3) with standard deviation in brackets and ΣFIC values
of the essential oil combinations investigated.

Essential Oil Combinations Individual Brine-Shrimp
Mortality (%) *

Combined
Brine-Shrimp
Mortality (%) *

ΣFIC **
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2

Amyris balsamifera
(amyris)

Styrax benzoin
(benzoin) 1.4 (±0.89) 2.47 (±1.08) 5.65 (±4.78) 3.16

Citrus bergamia
(bergamot)

Cupressus sempervirens
(cypress) 1.22 (±1.55) 1.02 (±2.96) 0.65 (±1.13) 0.59

Cupressus sempervirens
(cypress)

Hyssopus officinalis
(hyssop)

1.02 (±2.96)

6.65 (±4.54) 8.80 (±4.98) 4.99

Lavandula angustifolia
(lavender) 9.59 (±3.23) 39.18 (±3.98) 21.29

Melaleuca alternifolia
(tea tree) 1.07 (±0.56) 8.87 (±1.71) 8.48

Salvia sclarea
(clary sage) 0.20 (±0.35) 11.81 (±5.88) 34.67

Elettaria cardamonum
(cardamom)

Coriandrum sativum
(coriander) 0.00 (±0.00) 11.95 (±2.96) 35.07 (±9.30) 1754.74

Ferula galbaniflua
(galbanum)

Zingiber officinale
(ginger) 15.77 (±0.09) 0.19 (±0.33) 28.08 74.18

Helichrysum italicum
(immortelle)

Lavandula angustifolia
(lavender)

9.50 (±4.54)

9.59 (±3.23) 13.45 (±11.74) 1.41

Lavandula spica
(lavender spike) 1.01 (±0.47) 26.38 (±5.63) 14.46

Hyssopus officinalis
(hyssop)

Rosmarinus officinalis
(rosemary) 6.65 (±4.54) 0.71 (±0.73) 13.07 (±1.68) 10.23

Laurus nobilis
(bay)

Eucalyptus globulus
(eucalyptus) 3.04 (±1.50) 4.21 (±1.09) 17.86 (±1.73) 5.06

Lavandula angustifolia
(lavender)

Citrus aurantifolia
(lime) 9.59 (±3.23) 0.36 (±0.62) 33.87 (±2.42) 48.51

Myrtus communis
(myrtle)

Melaleuca alternifolia
(tea tree)

0.00 (±0.00) 1.07 (±0.56) 28.33 (±4.76) 1429.46

Ocimum basilicum
(basil) 13.04 (±6.25) 1.07 (±0.56) 39.69 (±2.34) 19.99

Origanum marjorana
(marjoram) 0.34 (±6.25) 1.07 (±0.56) 6.03 (±1.85) 11.76

Origanum vulgare
(origanum) 99.67 (±0.57) 1.07 (±0.56) 7.75 (±2.49) 3.65
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Table 2. Cont.

Essential Oil Combinations Individual Brine-Shrimp
Mortality (%) *

Combined
Brine-Shrimp
Mortality (%) *

ΣFIC **
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2

Salvia sclarea
(clary sage)

Citrus aurantifolia
(lime)

0.20 (±0.35)

0.36 (±0.62) 56.47 (±5.09) 80.06

Citrus bergamia
(bergamot) 1.22 (±1.55) 15.76 (±5.97) 128.15

Lavandula burnati
(lavandin) 0.16 (±0.26) 12.64 (±3.46) 279.78

Styrax benzoin
(benzoin)

Mentha piperita
(peppermint)

2.47 (±1.08)

6.98 (±1.07) 3.31 (±1.09) 12.28

Rosa damascena
(rose) 97.32 (±2.34) 3.11 (±1.76) 2.92

Syzygium caryophyllata
(clove)

Cinnamonum zeylanicum
(cinnamon)

99.57 (±0.74)

98.49 (±0.52) 6.58 (±1.57) 0.03

Cymbopogon citratus
(lemongrass) 100 (±0.00) 2.30 (±1.24) 0.05

Juniperus virginiana
(cederwood) 0.57 (±0.23) 3.06 (±1.05) 3.91

Thymus vulgaris
(thyme) 97.76 (±2.56) 25.16 (±4.52) 0.03

Positive control (Potassium dichromate) 99.95 (±0.03)

Negative control (Sea water) 0.00 (±0.00)

Solvent control (DMSO) 0.00 (±0.00)

Brine-shrimp viability (%) * in bold denotes non-toxic effect (% mortality less than 50%); ΣFIC ** in bold denotes synergistic effect (ΣFIC
less than or equal to 0.50) and ΣFIC in italics denotes additive effect (ΣFIC 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 µM 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 µM nitrite production compared to the control, LPS at 4.90 µM. Figure 3 summarizes
the percentage of essential oils with anti-inflammatory effect when tested independently
(a) and when in combination (b).
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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.

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

Essential Oil Combination Individual Essential Oil Nitrite Production
(µM)

Combined Essential
Oils Nitrite

Production (µM) *

ΣFIC ***
% NO Production

Essential Oil 1 Essential Oil 2 Essential oil 1 Essential oil 2

Amyris balsamifera
(amyris)

Styrax benzoin
(benzoin) 1.95 (±0.02) 2.45 (±0.07) 2.22 (±0.03) 1.02

Ocimum basilicum
(basil)

Melaleuca alternifolia
(tea tree) 2.91 (±0.19) 4.06 (±0.23) 3.83 (±0.10) 1.13

Laurus nobilis
(bay)

Eucalyptus globulus
(eucalyptus) 5.43 (±0.38) 4.57 (±0.19) 4.04 (±0.05) 0.81

Styrax benzoin
(benzoin)

Mentha piperita
(peppermint) 2.45 (±0.07) 6.38 (±0.44) 3.75 (±0.05) 1.06

Rosa damascene
(rose) 2.45 (±0.07) 4.71 (±0.40) 2.08 (±0.01) 0.65

Citrus bergamia
(bergamot)

Cupressus
sempervirens

(cypress)
2.17 (±0.10) 2.02 (±0.10) 2.05 (±0.00) 0.98

Elettaria cardamonum
(cardamom)

Coriandrum sativum
(coriander) 2.12 (±0.06) 1.93 (±0.02) 2.01 (±0.03) 0.99

Salvia sclarea
(clary sage)

Citrus bergamia
(bergamot) 2.02 (±0.02) 2.17 (±0.10) 2.07 (±0.03) 0.99

Lavandula burnati
(lavandin) 2.02 (±0.02) 3.61 (±0.05) 4.30 (±0.05) 1.66

Citrus aurantifolia
(lime) 2.02 (±0.02) 2.00 (±0.02) 2.02 (±0.05) 1.00

Syzygium
caryophyllata

(clove)

Juniperus virginiana
(cedarwood) 1.95 (±0.02) 3.38 (±0.02) 2.01 (±0.03) 0.81

Melaleuca alternifolia
(tea tree) 1.95 (±0.02) 4.06 (±0.23) 2.07 (±0.03) 0.79

Cupressus
sempervirens

(cypress)

Salvia sclarea
(clary sage) 2.02 (±0.10) 2.02 (±0.02) 2.00 (±0.05) 0.99

Hyssopus officinalis
(hyssop) 2.02 (±0.10) 3.59 (±0.07) 1.98 (±0.02) 0.77

Lavandula angustifolia
(lavender) 2.02 (±0.10) 2.99 (±0.38) 2.00 (±0.03) 0.83

Melaleuca alternifolia
(tea tree) 2.02 (±0.10) 4.06 (±0.23) 3.49 (±0.02) 1.30
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Table 3. Cont.

Essential Oil Combination Individual Essential Oil Nitrite Production
(µM)

Combined Essential
Oils Nitrite

Production (µM) *

ΣFIC ***
% NO Production

Essential Oil 1 Essential Oil 2 Essential oil 1 Essential oil 2

Ferula galbaniflua
(galbanum)

Zingiber officinale
(ginger) 1.99 (±0.03) 2.85 (±0.04) 2.34 (±0.03) 1.00

Hyssopus officinalis
(hyssop)

Rosmarinus officinalis
(rosemary) 3.59 (±0.07) 4.73 (±0.18) 3.54 (±0.03) 0.87

Helichrysum italicum
(immortelle)

Lavandula angustifolia
(lavender) 2.06 (±0.02) 2.99 (±0.04) 2.04 (±0.02) 0.84

Lavandula spica
(lavender spike) 2.06 (±0.02) 4.68 (±0.17) 3.44 (±0.18) 1.20

Lavandula angustifolia
(lavender)

Citrus aurantifolia
(lime) 2.99 (±0.04) 2.00 (±0.02) 2.97 (±0.05) 1.24

Origanum marjorana
(marjoram)

Melaleuca alternifolia
(tea tree)

4.81 (±0.11) 4.06 (±0.23) 3.05 (±0.14) 0.69

Myrtus communis
(myrtle) 3.07 (±0.13) 4.06 (±0.23) 2.97 (±0.01) 0.85

Origanum vulgare
(origanum) 4.88 (±0.47) 4.06 (±0.23) 3.87 (±0.18) 0.87

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 (µM less than 2.97); ΣFIC *** in bold
denotes synergistic effect (ΣFIC less than or equal to 0.50); ΣFIC in italics denotes additive effect (ΣFIC 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 µM. 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
ΣFIC values after treatment with essential oil combinations.

Essential Oil Combination Cell Viability against
Individual Essential Oils (%)

Cell Viability
against Combined

Essential Oils (%) **

ΣFIC ***
% Cell Viability

Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2

Amyris balsamifera
(amyris)

Styrax benzoin
(benzoin) 8.11 (±4.52) 47.98 (±0.08) 7.90 (±4.05) 0.57

Ocimum basilicum
(basil)

Melaleuca alternifolia
(tea tree) 50.63 (±2.39) 66.15 (±2.07) 66.80 (±3.90) 1.16

Laurus nobilis
(bay)

Eucalyptus globulus
(eucalyptus) 58.49 (±9.20) 67.01 (±0.23) 74.91 (±0.15) 1.2

Styrax benzoin
(benzoin)

Mentha piperita
(peppermint)

47.98 (±0.08)
61.83 (±3.25) 58.45 (±0.09) 1.08

Rosa damascene
(rose) 60.04 (±3.54) 36.90 (±1.75) 0.69

Citrus bergamia
(bergamot)

Cupressus
sempervirens

(cypress)
33.40 (±4.98) 7.98 (±0.33) 8.68 (±2.65) 0.67

Elettaria cardamonum
(cardamom)

Coriandrum sativum
(coriander) 8.11 (±3.77) 9.12 (±5.27) 8.11 (±2.65) 0.94
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Table 4. Cont.

Essential Oil Combination Cell Viability against
Individual Essential Oils (%)

Cell Viability
against Combined

Essential Oils (%) **

ΣFIC ***
% Cell Viability

Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2

Salvia sclarea
(clary sage)

Citrus bergamia
(bergamot)

14.99 (±0.15)

33.40 (±4.98) 8.07 (±0.88) 0.39

Lavandula burnati
(lavandin) 71.04 (±0.15) 55.64 (±0.69) 2.25

Citrus aurantifolia
(lime) 12.3 (±4.82) 8.15 (±0.15) 0.60

Syzygium
caryophyllata

(clove)

Juniperus virginiana
(cederwood)

23.83 (±3.70)
57.68 (±3.99) 7.98 (±0.09) 0.24

Melaleuca alternifolia
(tea tree) 66.15 (±2.07) 51.65 (±0.23) 1.47

Cupressus
sempervirens

(cypress)

Salvia sclarea
(clary sage)

7.98 (±0.33)

14.99 (±0.15) 9.94 (±0.23) 0.95

Hyssopus officinalis
(hyssop) 63.14 (±0.09) 12.18 (±0.13) 0.86

Lavandula angustifolia
(lavender) 71.53 (±3.44) 9.08 (±0.23) 0.63

Melaleuca alternifolia
(tea tree) 66.15 (±2.07) 83.83 (±8.08) 5.88

Ferula galbaniflua
(galbanum)

Zingiber officinale
(ginger) 8.07 (±5.13) 8.11 (±1.63) 8.07 (±1.74) 1.00

Hyssopus officinalis
(hyssop)

Rosmarinus officinalis
(rosemary) 63.14 (±0.09) 77.64 (±0.84) 79.59 (±3.12) 1.14

Helichrysum italicum
(immortelle)

Lavandula angustifolia
(lavender)

7.94 (±0.09)
71.53 (±3.44) 8.27 (±0.48) 0.58

Lavandula spica
(lavender spike) 68.92 (±0.08) 72.06 (±1.93) 5.06

Lavandula angustifolia
(lavender)

Citrus aurantifolia
(lime) 71.53 (±3.44) 12.3 (±4.82) 68.84 (±0.09) 3.28

Origanum marjorana
(marjoram)

Melaleuca alternifolia
(tea tree)

57.84 (±0.28)

66.15 (±2.07)

90.14 (±0.16) 1.46

Myrtus communis
(myrtle) 59.43 (±4.00) 78.00 (±4.67) 1.25

Origanum vulgare
(origanum) 68.84 (±3.69) 86.31 (±0.58) 1.28

LPS 109.31 (±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%); ΣFIC *** in bold
denotes synergistic effect (ΣFIC less than or equal to 0.50); ΣFIC in italics denotes additive effect (ΣFIC 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 µM, namely Origanum marjo-
rana (marjoram) with M. alternifolia (3.05 uM, 90.14%), Origanum vulgare (origanum) with
M. alternifolia (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 vivo [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-α), interleukin-1β (IL-1β), IL-10, and that of prostaglandin E2 [58].



Antibiotics 2021, 10, 1517 13 of 20

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 TNFα, IL-1β, 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 (n = 3) with standard deviation in brackets and
ΣFIC values after treatment with essential oil combinations.

Essential Oil Combination A549 Cell Viability * Following Individual
Essential Oils (%) A549 Cell Viability *

Following
Combined Essential

Oils (%)

ΣFIC
% Cell

Viability **
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2

Amyris balsamifera
(amyris)

Styrax benzoin
(benzoin) 94.78 (±0.08) 91.25 (±11.08) 87.95 (±0.09) 0.95

Ocimum basilicum
(basil)

Melaleuca alternifolia
(tea tree) 87.16 (±4.98) 86.01 (±3.90) 79.62 (±1.75) 0.92

Laurus nobilis
(bay)

Eucalyptus globulus
(eucalyptus) 89.55 (±2.89) 99.63 (±4.69) 96.14 (±2.65) 1.02

Styrax benzoin
(benzoin)

Mentha piperita
(peppermint)

91.25 (±11.08)
94.95 (±3.54) 95.22 (±2.65) 1.02

Rosa damascena
(rose) 87.84 (±5.17) 88.38 (±0.88) 0.99

Citrus bergamia
(bergamot)

Cupressus sempervirens
(cypress) 96.41 (±8.23) 100.00 (±0.13) 93.88 (±0.69) 0.96

Elettaria cardamonum
(cardamom)

Coriandrum sativum
(coriander) 84.15 (±0.08) 97.36 (±0.23) 89.47 (±0.15) 0.99

Salvia sclarea
(clary sage)

Citrus bergamia
(bergamot)

99.72 (±0.33)

96.41 (±8.23) 94.11 (±0.09) 0.96

Cupressus sempervirens
(cypress) 100.00 (±0.13) 98.28 (±0.23) 0.98

Lavandula burnati
(lavandin) 98.88 (±0.74) 87.41 (±2.30) 0.88

Citrus aurantifolia
(lime) 100.00 (±4.00) 82.00 (±0.13) 0.82

Syzygium caryophyllata
(clove)

Juniperus virginiana
(cedarwood)

99.36 (±10.45)
95.86 (±3.70) 99.55 (±0.23) 1.02

Melaleuca alternifolia
(tea tree) 86.01 (±3.90) 81.75 (±8.08) 0.89

Cupressus sempervirens
(cypress)

Salvia sclarea
(clary sage)

100.00 (±0.13)

99.72 (±0.33) 96.66 (±1.74) 0.97

Hyssopus officinalis
(hyssop) 93.14 (±3.44) 98.00 (±3.12) 1.02

Lavandula angustifolia
(lavender) 99.21 (±6.20) 98.41 (±0.48) 0.99

Melaleuca alternifolia
(tea tree) 86.01 (±3.90) 87.23 (±1.93) 0.94

Ferula galbaniflua
(galbanum)

Zingiber officinale
(ginger) 100.00 (±0.00) 95.85 (±0.15) 99.42 (±0.09) 1.02
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Table 5. Cont.

Essential Oil Combination A549 Cell Viability * Following Individual
Essential Oils (%) A549 Cell Viability *

Following
Combined Essential

Oils (%)

ΣFIC
% Cell

Viability **
Essential Oil 1 Essential Oil 2 Essential Oil 1 Essential Oil 2

Hyssopus officinalis
(hyssop)

Rosmarinus officinalis
(rosemary) 93.14 (±3.44) 89.15 (±4.68) 96.23 (±0.16) 1.06

Helichrysum italicum
(immortelle)

Lavandula angustifolia
(lavender) 99.05 (±3.44)

99.21 (±6.20) 98.18 (±4.67) 0.99

Lavandula spica
(lavender spike) 99.31 (±4.82) 97.58 (±0.58) 0.98

Lavandula angustifolia
(lavender)

Citrus aurantifolia
(lime) 99.21 (±6.20) 100.00 (±4.00) 80.38 (±2.90) 0.81

Origanum marjorana
(marjoram)

Melaleuca alternifolia
(tea tree)

96.52 (±3.79)

86.01 (±3.90)

89.88 (±3.11) 0.99

Myrtus communis
(myrtle) 98.24 (±3.69) 80.73 (±9.14) 0.88

Origanum vulgare
(origanum) 95.03 (±3.43) 91.17 (±0.86) 1.01

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%); ΣFIC ** in bold denotes synergistic effect (ΣFIC less
than or equal to 0.50); ΣFIC in italics denotes additive effect (ΣFIC 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 angustifolia (lavender) and Citrus aurantifolia (lime) exhibited the lowest
(i.e., best effect in combination) additive effects (ΣFIC = 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 oils 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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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
agalactiae (ATCC 55618), Streptococcus pneumoniae (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 µL per
oil. The MIC values were recorded and the fractional inhibitory concentration index
(ΣFIC) was calculated according to the review by van Vuuren and Viljoen [13] using the
following equations;

FIC (i) =
MIC of (a∗) combined with (b∗)

MIC of (a) independently

FIC (ii) =
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: ΣFIC = FIC (i) + FIC (ii). The

ΣFIC for each oil combination was interpreted where an ΣFIC value of ≤0.5 is indicative of
synergy, an ΣFIC value of >0.5–1.0 is additive, an ΣFIC of >1.0–≤ 4.0 indicates indifference
and an ΣFIC value of >4.0 indicates antagonism [13].

3.3. Brine-Shrimp Lethality Assay (BSLA)

The BSLA was used to quantify the toxic effects of the selected essential oils [69]. A
volume of 400 µL salt water containing on average 40–60 live brine-shrimp was added
to each well of a 48 well micro-titre plate. Thereafter, 400 µL of essential oil sample
(essential oil or a combination of essential oils (1:1), all diluted in 1% dimethyl sulphoxide
(DMSO)) was added to wells. All samples were tested for toxicity at a concentration of
1 mg/mL, 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 × 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 µL 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% CO2 incubator
at 37 ◦C. Cells were seeded into 96-well plates at a density of 1 × 105 cells per well and
allowed to attach overnight. Spent culture medium was replaced with 50 µL 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 µL of
1 µg/mL LPS in RPMI complete medium was added to all wells except controls, which
received 50 µL medium. Final concentrations were 0.01% for essential oils, 500 ng/mL for
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LPS and 100 µM for AG. Cells were incubated for a further 24 h. To quantify nitric oxide
(NO) production, 50 µL of the spent culture medium was transferred to a new 96-well plate
and 50 µL 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-yl)-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 µL 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/antibiotics10121517/s1, Table S1: The mean MIC (n = 3) and ΣFIC 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 ΣFIC values of the essential oil combinations investigated.

Author Contributions: Conceptualization, S.v.V., A.V. and S.L.-d.R.; data curation, S.L.-d.R. and
S.v.V.; funding acquisition, S.L.-d.R. and S.v.V.; resources, S.v.V. and A.V.; supervision, S.v.V. and A.V.;
writing—original draft, S.L.-d.R.; writing—review and editing, S.L.-d.R., S.v.V. and A.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by The National Research Foundation (Grant number: 121922)
and the University of the Witwatersrand Financial Research Committee.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included in
this study.

Acknowledgments: The National Research Foundation (Grant number: 121922) and the University
of the Witwatersrand Financial Research Committee is thanked for their financial support. The
authors wish to thank Maryna van de Venter and her team at the Nelson Mandela University, South
Africa for undertaking the cytotoxicity and anti-inflammatory assays which were performed at the

https://www.mdpi.com/article/10.3390/antibiotics10121517/s1
https://www.mdpi.com/article/10.3390/antibiotics10121517/s1


Antibiotics 2021, 10, 1517 18 of 20

BioAssaix Screening Services (www.bioassaix.com, accessed on 1 March 2021). The authors also wish
to thank Zvifadzo Matsena Zingoni of the University of the Witwatersrand for her assistance with
the statistical analysis of these findings.

Conflicts of Interest: The authors S.L-d.R., S.v.V. and A.V. declare no conflict of interest. The funders
had no role in the design of the study; in the collection, analyses, or interpretation of data; in the
writing of the manuscript; or in the decision to publish the results.

References
1. Sharew, B.; Moges, F.; Yismaw, G.; Abebe, W.; Fentaw, S.; Vestrheim, D.; Tessema, B. Antimicrobial resistance profile and multidrug

resistance patterns of Streptococcus pneumoniae isolates from patients suspected of pneumococcal infections in Ethiopia. Ann. Clin.
Microbiol. Antimicrob. 2021, 20, 26. [CrossRef]

2. Gonzalez, R.; Bartlett, J.G.; Besser, R.E.; Cooper, R.J.; Hickner, J.M.; Hoffman, J.R.; Sonde, M.A. Principles of appropriate antibiotic
use for treatment of acute respiratory tract infections in adults. Ann. Intern. Med. 2001, 134, 479–486. [CrossRef]

3. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States. 2019. Available online:
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf (accessed on 8 March 2021).

4. Alvarez-Martinez, F.J.; Barrajon-Catalan, E.; Micol, V. Tackling antibiotic resistance with compounds of natural origin: A compre-
hensive review. Biomedicines 2020, 8, 405. [CrossRef]

5. Alvarez-Martinez, F.J.; Barrajon-Catalan, E.; Encinar, J.A.; Rodriguez-Diaz, J.C.; Micol, V. Antimicrobial capacity of plant
polyphenols against Gram-positive bacteria: A comprehensive review. Curr. Med. Chem. 2020, 27, 2576–2606. [CrossRef]

6. Sadgrove, N.J.; Jones, G.L. A possible role of partially pyrolysed essential oils in Australian Aboriginal traditional ceremonial and
medicinal smoking applications of Eremophila longifolia. J. Ethnopharmacol. 2013, 3, 638–644.

7. Raut, J.S.; Karuppayil, S.M. A status review on the medicinal properties of essential oils. Ind. Crops Prod. 2014, 62, 250–264.
[CrossRef]

8. Baber, A.; Al-Wabel, N.A.; Shams, S.; Ahamad, A.; Khan, S.A.; Anwar, F. Essential oils used in aromatherapy: A systemic review.
Asian Pac. J. Trop. Biomed. 2015, 5, 601–611.

9. Buchbauer, G.; Wallner, I.M. Essential oils: Properties, composition and health effects. Ref. Modul. J. Food Sci. 2016, 25, 558–562.
10. Rajivgandhi, G.; Saravanan, K.; Ramachandran, G.; Li, J.-L.; Yin, L.; Quero, F.; Alharbi, N.S.; Kadaikunnan, S.; Khaled, J.M.;

Manoharan, N.; et al. Enhanced anti-cancer activity of chitosan loaded Morinda citrifolia essential oil against A549 human lung
cancer cells. Int. J. Biol. Macromol. 2020, 164, 4010–4021. [CrossRef]

11. Trang, D.T.; Hoang, T.K.V.; Nguyen, T.T.M.; Cuong, P.V.; Dang, N.H.; Dang, H.D.; Quang, T.N.; Dat, N.T. Essential oils of
lemongrass (Cymbopogon citratus Stapf) induces apoptosis and cell cycle arrest in A549 lung cancer cells. Biomed. Res. Int. 2020,
2020, 5924856. [CrossRef] [PubMed]

12. Horváth, G.; Ács, K. Essential oils in the treatment of respiratory tract diseases highlighting their role in bacterial infections and
their anti-inflammatory action: A review. Flavour Fragr. J. 2015, 30, 331–341. [CrossRef]

13. Van Vuuren, S.F.; Viljoen, A.M. Plant-based antimicrobial studies–methods and approaches to study the interaction between
natural products. Planta Med. 2011, 77, 1168. [CrossRef] [PubMed]

14. Berman, J.D.; Straus, S.E. Implementing a research agenda for Complementary and Alternative Medicine. Annu. Rev. Med. 2003,
55, 239–254. [CrossRef]

15. Leigh-de Rapper, S.; van Vuuren, S.F. Odoriferous therapy: A review identifying essential oils against pathogens of the respiratory
tract. Chem. Biodivers. 2020, 17, e2000062. [CrossRef] [PubMed]

16. Lv, F.; Liang, H.; Yuan, Q.; Li, C. In vitro antimicrobial effects and mechanism of action of selected plant essential oil combinations
against four food-related microorganisms. Int. Food Res. J. 2011, 44, 3057–3064. [CrossRef]

17. Kon, K.; Rai, M. Antibacterial activity of Thymus vulgaris essential oil alone and in combination with other essential oils. Nusantara
Biosci. 2012, 4, 50–56.

18. de Rapper, S.; Kamatou, G.; Viljoen, A.; van Vuuren, S.F. The in vitro antimicrobial activity of Lavandula angustifolia essential oil in
combination with other aroma-therapeutic oils. Evid.-Based Complement. Altern. Med. 2013, 2013, 852049. [CrossRef]

19. Honório, V.G.; Bezerra, J.; Souza, G.T.; Carvalho, R.J.; Gomes-Neto, N.J.; Figueiredo, R.C.B.Q.; Melo, J.V.; Souza, E.L.; Magnani, M.
Inhibition of Staphylococcus aureus cocktail using the synergies of oregano and rosemary essential oils or carvacrol and 1,8-cineole.
Front. Microbiol. 2015, 6, 1223. [CrossRef]

20. Orchard, A.; Kamatou, G.; Viljoen, A.M.; Patel, N.; Mawela, P.; van Vuuren, S.F. The influence of carrier oils on the antimicrobial
activity and cytotoxicity of essential oils. Evid.-Based Complement. Altern. Med. 2019, 2019, 6981305. [CrossRef]

21. Darwish, R.S.; Hammoda, H.M.; Ghareeb, D.A.; Abdelhamid, A.S.A.; Naggar, E.M.B.E.; Harraz, F.M.; Shawky, E. Efficacy-directed
discrimination of the essential oils of three Juniperus species based on their in-vitro antimicrobial and anti-inflammatory activities.
J. Ethnopharmacol. 2020, 259, 112971. [CrossRef]

22. Leuti, A.; Fazio, D.; Fava, M.; Piccoli, A.; Oddi, S.; Maccarrone, M. Bioactive lipids, inflammation and chronic diseases. Adv. Drug
Deliv. Rev. 2020, 159, 133–169. [CrossRef]

23. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef]
24. Chi, D.S.; Qui, M.; Krishnaswamy, G.; Li, C.; Stone, W. Regulation of nitric oxide production from macrophages by lipopolysac-

charide and catecholamines. Nitric Oxide 2003, 8, 127–132. [CrossRef]

www.bioassaix.com
http://doi.org/10.1186/s12941-021-00432-z
http://doi.org/10.7326/0003-4819-134-6-200103200-00013
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
http://doi.org/10.3390/biomedicines8100405
http://doi.org/10.2174/0929867325666181008115650
http://doi.org/10.1016/j.indcrop.2014.05.055
http://doi.org/10.1016/j.ijbiomac.2020.08.169
http://doi.org/10.1155/2020/5924856
http://www.ncbi.nlm.nih.gov/pubmed/32420353
http://doi.org/10.1002/ffj.3252
http://doi.org/10.1055/s-0030-1250736
http://www.ncbi.nlm.nih.gov/pubmed/21283954
http://doi.org/10.1146/annurev.med.55.091902.103657
http://doi.org/10.1002/cbdv.202000062
http://www.ncbi.nlm.nih.gov/pubmed/32207224
http://doi.org/10.1016/j.foodres.2011.07.030
http://doi.org/10.1155/2013/852049
http://doi.org/10.3389/fmicb.2015.01223
http://doi.org/10.1155/2019/6981305
http://doi.org/10.1016/j.jep.2020.112971
http://doi.org/10.1016/j.addr.2020.06.028
http://doi.org/10.1038/nature07201
http://doi.org/10.1016/S1089-8603(02)00148-9


Antibiotics 2021, 10, 1517 19 of 20

25. Nathan, C. Neutrophils and immunity: Challenges and opportunities. Nat. Rev. Immunol. 2006, 6, 173–182. [CrossRef] [PubMed]
26. Serhan, C.N.; Savill, J. Resolution of inflammation: The beginning programs the end. Nat. Immunol. 2005, 6, 1191–1197. [CrossRef]
27. Aguilera, E.R.; Lenz, L.L. Inflammation as a modulator of host susceptibility to pulmonary influenza, pneumococcal, and

co-Infections. Front. Immunol. 2020, 11, 105. [CrossRef]
28. Siju, E.N.; Rajalakshmi, G.R.; Vivek, D.; Aiswarya Lakshmi, A.G.; Mathew, S.; Joseph, M.K.; Sabita, P.V. Anti-inflammatory

activity of Pimenta dioica by membrane stabilization method. Int. J. Phytopharm. 2014, 5, 68–70.
29. Carrasco, A.; Martinez-Gutierrez, R.; Tomas, V.; Tudela, J. Lavandin (Lavandula×intermedia Emeric ex Loiseleur) essential oil from

Spain: Determination of aromatic profile by gas chromatography–mass spectrometry, antioxidant and lipoxygenase inhibitory
bioactivities. Nat. Prod. Res. 2016, 30, 1123–1130. [CrossRef]

30. Rodrigues, L.B.; Oliveira Brito Pereira Bezerra Martins, A.; Cesário, F.R.A.S.; Ferreira e Castro, F.; de Albuquerque, T.R.; Martins
Fernandes, M.N.; Fernandes da Silva, B.A.; Quintans Júnior, L.J.; Martins da Costa, J.G.; Melo Coutinho, H.D.; et al. Anti-
inflammatory and antiedematogenic activity of the Ocimum basilicum essential oil and its main compound estragole: In vivo
mouse models. Chem. Biol. Interact. 2016, 257, 14–25. [CrossRef]

31. de Veras, B.O.; de Oliveira, J.; de Menezes Lima, V.L.; do Amaral Ferraz Navarro, D.M.; de Oliveira Farias de Aguiar, J.; de
Medeiros Moura, G.M.; da Silva, J.W.; de Assis, C.; Gorlach-Lira, K.; de Assis, P.; et al. The essential oil of the leaves of
Verbesina macrophylla (Cass.) S.F. Blake has antimicrobial, anti-inflammatory and antipyretic activities and is toxicologically safe. J.
Ethnopharmacol. 2021, 265, 113248. [CrossRef] [PubMed]

32. Bagetta, G.; Cosentino, M.; Sakurada, T. Aromatherapy: Basic Mechanisms and Evidence Based Clinical Use; CRC Press: Boca Raton,
FL, USA, 2015.

33. Leigh-de Rapper, S.; Tankeu, S.; Kamatou, G.; Viljoen, A.; van Vuuren, S. The use of chemometric modelling to determine chemical
composition-antimicrobial activity relationships of essential oils used in respiratory tract infections. Fitoterapia 2021, 154, 105024.
[CrossRef] [PubMed]
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and antioxidant activities of essential oils of Lavandula × intermedia ‘Budrovka’ and L. angustifolia cultivated in Croatia. Ind. Crops
Prod. 2018, 123, 173–182. [CrossRef]

50. Silva, F.; Domingues, F. Antimicrobial activity of coriander oil and its effectiveness as food preservative. Crit. Rev. Food Sci. Nutr.
2015, 57, 35–47. [CrossRef] [PubMed]

51. Maurya, A.; Prasad, J.; Das, S.; Dwivedy, A.K. Essential oils and their application in food safety. Front. Sustain. Food Syst. 2021,
5, 133. [CrossRef]

http://doi.org/10.1038/nri1785
http://www.ncbi.nlm.nih.gov/pubmed/16498448
http://doi.org/10.1038/ni1276
http://doi.org/10.3389/fimmu.2020.00105
http://doi.org/10.1080/14786419.2015.1043632
http://doi.org/10.1016/j.cbi.2016.07.026
http://doi.org/10.1016/j.jep.2020.113248
http://www.ncbi.nlm.nih.gov/pubmed/32805356
http://doi.org/10.1016/j.fitote.2021.105024
http://www.ncbi.nlm.nih.gov/pubmed/34455037
http://doi.org/10.1080/13880200802400535
http://doi.org/10.3390/membranes11060405
http://doi.org/10.1080/10412905.2019.1604437
http://doi.org/10.1016/j.jep.2012.08.038
http://www.ncbi.nlm.nih.gov/pubmed/22960551
http://doi.org/10.1155/2017/4517971
http://www.ncbi.nlm.nih.gov/pubmed/28546822
http://doi.org/10.3390/molecules23071549
http://www.ncbi.nlm.nih.gov/pubmed/29954086
http://doi.org/10.1002/ptr.1968
http://doi.org/10.1186/1472-6882-12-81
http://doi.org/10.1016/j.phymed.2012.05.014
http://doi.org/10.1155/2013/269161
http://www.ncbi.nlm.nih.gov/pubmed/23662123
http://doi.org/10.1016/j.indcrop.2014.07.011
http://doi.org/10.1186/s12906-018-2291-9
http://www.ncbi.nlm.nih.gov/pubmed/30053847
http://doi.org/10.1016/j.indcrop.2018.06.041
http://doi.org/10.1080/10408398.2013.847818
http://www.ncbi.nlm.nih.gov/pubmed/25831119
http://doi.org/10.3389/fsufs.2021.653420


Antibiotics 2021, 10, 1517 20 of 20

52. Bussmann, R.W.; Malca, G.; Glenn, A.; Sharon, D.; Nilsen, B.; Parris, B.; Dubose, D.; Ruiz, D.; Bussmann, R.W.; Malca, G.; et al.
Toxicity of medicinal plants used in traditional medicine in Northern Peru. J. Ethnopharmacol. 2011, 137, 121–140. [CrossRef]

53. Niksic, H.; Becic, F.; Koric, E.; Gusic, I.; Omeragic, E.; Muratovic, S.; Miladinovic, B.; Duric, K. Cytotoxicity screening of Thymus
vulgaris L. essential oil in brine shrimp nauplii and cancer cell lines. Sci. Rep. 2021, 11, 13178. [CrossRef]

54. Orhan, I.E.; Tumen, I. Potential of Cupressus sempervirens (Mediterranean cypress) in Health. In The Mediterranean Diet; Elsevier:
London, UK, 2015; pp. 639–647.

55. Brand, C.; Ferrante, A.; Prager, R.H.; Riley, T.V.; Carson, C.F.; Finlay-Jones, J.J.; Hart, P.H. The water-soluble components of the
essential oil of Melaleuca alternifolia (tea tree oil) suppress the production of superoxide by human monocytes, but not neutrophils,
activated in vitro. J. Inflamm. Res. 2015, 50, 213–219. [CrossRef]

56. Caldefie-Chézet, F.; Guerry, M.; Chalchat, J.C.; Fusillier, C.; Vasson, M.P.; Guillot, J. Anti-inflammatory effects of Melaleuca
alternifolia essential oil on human polymorphonuclear neutrophils and monocytes. Free Radic. Res. 2004, 38, 805–811. [CrossRef]

57. Carson, C.F.; Hammer, K.A.; Riley, T.V. Melaleuca alternifolia (tea tree) oil: A review of antimicrobial and other medicinal properties.
Clin. Microbiol. Rev. 2006, 19, 50–62. [CrossRef] [PubMed]

58. Hart, P.H.; Brand, C.; Carson, C.F.; Riley, T.V.; Prager, R.H.; Finlay-Jones, J.J. Terpinen-4-ol, the main component of the essential oil
of Melaleuca alternifolia (tea tree oil), suppresses inflammatory mediator production by activated human monocytes. J. Inflamm.
Res. 2000, 49, 619–626. [CrossRef] [PubMed]

59. Ocaña-Fuentes, A.; Arranz-Gutiérrez, E.; Señorans, F.J.; Reglero, G. Supercritical fluid extraction of oregano (Origanum vulgare)
essentials oils: Anti-inflammatory properties based on cytokine response on THP-1 macrophages. Food Chem. Toxicol. 2010,
48, 1568–1575. [CrossRef] [PubMed]

60. Bina, F.; Rahimi, R. Sweet Marjoram: A review of ethnopharmacology, phytochemistry, and biological activities. Evid.-Based
Complement. Altern. Med. 2017, 22, 175–185. [CrossRef] [PubMed]

61. Ismayil, Z. Study on Antioxidation and Anti-Inflammatory Effect of Origanum vulgare L. Master’s Thesis, Xinjiang Medical
University, Urumqi, China, 2018.

62. Sellar, W. The Directory of Essential Oils; London, C.W., Ed.; Daniel Company Ltd.: London, UK, 1992.
63. Lawless, J. The Illustrated Encyclopedia of Essential Oils: The Complete Guide to the Use of Oils in Aromatherapy and Herbalism, 1st ed.;

Element Books: Rockport, MA, USA, 1995.
64. Curtis, S. Essential Oils; Aurum Press: London, UK, 1996.
65. Shealy, C.N. The Illustrated Encyclopedia of Healing Remedies; Element Books: Rockport, MA, USA, 1998.
66. Hili, P. The Antimicrobial Properties of Essential Oils; Winter Press: Kent, UK, 2001.
67. Buckle, J. Clinical Aromatherapy, 2nd ed.; Churchill Livingstone: New York, NY, USA, 2003.
68. Lawrence, K.; Lawrence, R.; Parihar, D.; Srivastava, R.; Charan, A. Antioxidant activity of palmarosa essential oil (Cymbopogon

martini) grown in north Indian plains. Asian Pac. J. Trop. Dis. 2012, 2, S765–S768. [CrossRef]
69. Hübsch, Z.; van Zyl, R.; Cock, I.; van Vuuren, S. Interactive antimicrobial and toxicity profiles of conventional antimicrobials with

Southern African medicinal plants. S. Afr. J. Bot. 2014, 93, 185–197. [CrossRef]
70. Cock, I.E.; Kalt, F.R. Toxicity evaluation of Xanthorrhoea johnsonii leaf methanolic extract using the Artemia franciscana bioassay.

Pharmacogn. Mag. 2010, 6, 166–171. [CrossRef]

http://doi.org/10.1016/j.jep.2011.04.071
http://doi.org/10.1038/s41598-021-92679-x
http://doi.org/10.1007/s000110050746
http://doi.org/10.1080/1071576042000220247
http://doi.org/10.1128/CMR.19.1.50-62.2006
http://www.ncbi.nlm.nih.gov/pubmed/16418522
http://doi.org/10.1007/s000110050639
http://www.ncbi.nlm.nih.gov/pubmed/11131302
http://doi.org/10.1016/j.fct.2010.03.026
http://www.ncbi.nlm.nih.gov/pubmed/20332013
http://doi.org/10.1177/2156587216650793
http://www.ncbi.nlm.nih.gov/pubmed/27231340
http://doi.org/10.1016/S2222-1808(12)60261-8
http://doi.org/10.1016/j.sajb.2014.04.005
http://doi.org/10.4103/0973-1296.66929

	Introduction 
	Results and Discussion 
	Antimicrobial Analysis of Essential Oils 
	Brine-Shrimp Lethality Assay (BSLA) 
	Inhibition of LPS-Induced Macrophage Activation 
	Cytotoxic Effects of Essential Oils against A549 Lung Cancer Cells 

	Materials and Methods 
	Essential Oil Combination Selection, Procurement and Chemical Characterization 
	Antimicrobial Analysis 
	Brine-Shrimp Lethality Assay (BSLA) 
	Anti-Inflammatory and MTT Cytotoxicity Assay 
	Data Analysis 

	Conclusions 
	References

