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ABSTRACT: The phytochemical profile of essential oils is influenced by genetic and paragenetic factors. In this research, we
studied the essential oils of Lavandula angustifolia and Lavandula x intermedia cultivated in Lebanon. The latter is a cross hybrid
between Lavandula angustifolia and Lavandula latifolia and is also known as lavandin and Lavandula hybrida. Specifically, the
chemical composition and biological activities (antibacterial, antioxidant, anticancer, and hemolytic) of the essential oils were
assessed. GC-MS results showed marked differences in the chemical compositions of the oils. For example, linalool was more
abundant in L. x intermedia (44.15%) than in L. angustifolia (32%), while an opposite trend was observed for the percentages of 1,8-
cineole (8.6% in L. angustifolia and 4.0% in L. x intermedia). FTIR analysis confirmed the richness of both oils in monoterpenes and
sesquiterpenes. In terms of antioxidant activity, L. angustifolia essential oil demonstrated significantly better activity (IC5o= 5.24 +
1.20 mg/mL) compared to L. x intermedia oil in the DPPH radical scavenging assay. MTT cell viability assays revealed that L.
angustifolia essential oil was a slightly more potent antiproliferative agent than L. x intermedia oil on human colorectal (HCT-116)
and human breast (MCF-7) cancer cells. The antibacterial activity of the essential oils was tested against Staphylococcus aureus,
Staphylococcus epidermidis, Enterococcus faecalis, Escherichia coli, and Serratia marcescens. Both oils showed good antibacterial activities
with MIC values of 0.174 and 0.169 mg/mL for L. angustifolia and L. x intermedia oils, respectively. MBC determinations revealed
that the antibacterial activity was bactericidal against all bacteria, except Staphylococcus aureus. Furthermore, both essential oils did
not exhibit notable hemolytic activity on red blood cells. Overall, Lebanese L. angustifolia and L. x intermedia essential oils have
promising industrial and medicinal values.

1. INTRODUCTION rising demand for aromatherapy contributed to the growth of
the essential oils market. Unfortunately, the essential oil
industry faces major challenges related to the widespread
adulteration in essential oils by synthetic adulterants that can

Worldwide essential oil production has experienced an
exponential increase over the last two decades. In fact, the
global essential oils market was valued at USD 11.2 billion in
2022 and is expected to reach a value of USD 18.8 billion by
2028, growing at a compound annual growth rate of 8.7%.' Received:  January 9, 2024
The global increase in demand for essential oils has led to a Revised:  April 1, 2024
subsequent increase in the price, which has caused producers Accepted: April 5, 2024
to cultivate essential oil-producing plants and engineer hybrids Published: July 4, 2024
with distinct characteristics and notes. Increased awareness
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be hazardous and cause permanent damage to humans.”
Therefore, routine chemical analysis of essential oils becomes a
necessity to meet the standards set by international governing
bodies.™"

The unprecedented popularity of essential oils in the food
and beverage industry, cosmetics, personal care products,
aromatherapy, and pharmaceuticals, to name a few, can be
attributed to their safety profile where they are classified as
Generally Recognized as Safe (GRAS) by the US Food and
Drug Administration (FDA).® Essential oils are used alone or
as additives in formulations. The therapeutic scheme of
essential oils is attributed to its richness in hundreds of
bioactive phytochemicals with a broad spectrum of biological
and pharmacological activities,® the most important of which
are terpenoids (monoterpenoids and sesquiterpenoids) and
phenylpropanoids.” Aromatic components are generally
obtained from the leaves, stems, flowers, bark, roots, and
other parts of a plant through various methods of extraction.
Essential oils have demonstrated strong antioxidant, anti-
microbial, anti-inﬂammatory,8 antiallergic,9 anticonvulsant,*’
antidepressant,11 contraceptive,12 antimutagenic,13 analgesic,14
antitumor,'® and antidiabetic properties,'® as well as a role in
preventing the development of cardiovascular'” and degener-
ative diseases.

Lavandula, of the Lamiaceae family, is divided into 39
species according to the shape of the leaves, corolla
morphology, flower staples, and bract in the plant."” Although
lavender is native to the Mediterranean, where it is cultivated
in France, Italy, Spain, and several Middle Eastern countries, it
is currently grown worldwide, particularly in countries that
have a climate similar to the Mediterranean region.20 In fact,
the world’s leading producer of lavender oil is Bulgaria,
followed by France and China. Lavender essential oil is mainly
produced by glands present on the surface of the aromatic
flowers and the leaves of the plant.”’ The quality of the
essential oil is influenced by the nature and percentage of its
chemical constituents, which in turn is influenced by several
factors such as the chosen species, environmental factors,
cultivation and harvesting practices, and extraction meth-
ods.”»** An oil of industrial value should have high levels of
linalool and linalyl acetate (>20%) and low levels of camphor
(<5%) if it is destined for perfumery and cosmetic applications.
Among the essential oils of plants of the Lavandula genus,
lavender oils are particularly renowned for their use in the food
and beverage industry, fragrance sector, and personal care
products as well as in the pharmaceutical industry. Lavender
essential oils are traditionally believed to have sedative,
carminative, antimicrobial, anticancer, antidepressive, and
anti-inflammatory properties. In addition, it has recognized
qualities in the treatment of anxiety, allergies, insomnia,
hypertension, eczema, nausea, and menstrual cramps. It is also
used to treat several skin conditions, such as acne, wrinkles,
and psoriasis.”* %’

Situated on the Eastern shore of the Mediterranean at the
meeting point between the Mediterranean Basin and Fertile
Crescent region, Lebanon covers a total space of 10452 km?,
most of which is mountainous, and benefits from a very rich
biodiversity. Much of Lebanon’s natural wealth is made up of
medicinal and aromatic plants (MAPs) with more than 300
spec%es,%g’jligh number of which is endemic and threatened
species.”

The important aromatic components of lavender essential
oil are secondary metabolites, whose concentrations can be

influenced by several genetic and paragenetic factors, environ-
mental conditions, soil, and harvest times, thus affecting the
quality of the oil and its notes. Therefore, in the present study,
we analyzed the essential oils of L. angustifolia and L. x
intermedia cultivated in Lebanon. The chemical composition of
the oils was determined by GC-MS and fingerprinted by FTIR.
The in vitro evaluation of the biological properties of both oils
was addressed in terms of antibacterial, antioxidant, anticancer,
and hemolytic activities. To the best of the authors’” knowledge,
this is the first comparative report assessing the chemical
composition and biological characteristics of Lebanese L.
angustifolia and L. x intermedia.

2. MATERIALS AND METHODS

2.1. Materials. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was
purchased from Acros Organics, and rutin was obtained from
Merck. Sodium carbonate and sodium bicarbonate were
purchased from Allia. Quercetin was obtained from Fluka.
Gallic acid, butanol, Folin-Ciocalteu, Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), and
penicillin/streptomycin were purchased from Sigma-Aldrich.
Triton X-100 was purchased from Himedia. All chemicals were
used as received from the supplier without further purification.
Essential oils were obtained from a local producer who
extracted the oils by hydro-distillation of lavender plants
harvested during the last week of July 2021. Deionized water
was used in all experiments.

2.2. Chemical Composition Analysis. 2.2.1. GC-MS
Analysis. The essential oils were refrigerated at 4 °C and
maintained away from light sources until analysis. The GC/EI-
MS analyses were performed with an Agilent 7890B gas
chromatograph (Agilent Technologies Inc., Santa Clara, CA,
USA) equipped with an Agilent HP-SMS capillary column (30
m X 0.25 mm; coating thickness 0.25 ym) and Agilent 5977B
single quadruple mass detector. The essential oils were diluted
to 5% in HPLC-grade n-hexane before the injection. The
analytical conditions were set as follows: oven temperature
ramp from 60 to 240 °C at 3 °C/min, injector temperature was
220 X C, transfer line temperature was 240 X C, and the
carrier gas used was helium with a flow rate of 1 mL/min. The
injection volume was 1 uL, with a split ratio of 1:25. The
acquisition parameters were full scan, with a scan range of 30—
300 m/z, and the scan time was 1.0 s. The identification of the
constituents was based on a comparison of the retention times
with those of the authentic samples, comparing their linear
retention indices relative to those of the series of n-
hydrocarbons. Computer matching was also used against
commercial (NIST 14 and ADAMS 2007) and laboratory-
developed mass spectra libraries built up from pure substances
and components of commercial essential oils of known
composition and MS literature data.

2.2.2. FTIR Analysis. FTIR spectra were obtained on a FTIR
NICOLET iS5 (Thermo Fisher Scientific) in the range 400—
4000 cm™'. Samples were prepared by mixing ~1 mg of
material and 100 mg of ground anhydrous KBr, followed by
pressing to form a pellet.””

2.3. Assessing the Antioxidant Activity. The antiox-
idant activity of the essential oils was measured using the
DPPH radical scavenging assay according to the method
described by Manzocco and coworkers.*® Serial dilutions of the
oils were prepared from stock solutions. Two mL of oil
solution was mixed with 2 mL of 60 mM DPPH methanolic
solution in sealed test tubes wrapped with aluminum foil. The
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mixture was shaken and incubated at room temperature for 30
min. The absorbance was then measured at 517 nm on a
JASCO V-670 spectrophotometer. A 1:1 mixture of methanol:-
water was used as a blank. The negative control was prepared
by mixing 2 mL of methanol with 2 mL of DPPH. Quercetin, a
known natural antioxidant, was used as a positive control. The
percentage of DPPH scavenging activity, expressed as the
percentage of inhibition of DPPH reduction, was calculated
according to the following equation:

(4. -4)

C

% Inhibition = X 100

where A_ is the absorbance of the control, and A, is the
absorbance of the sample.

The percentage of inhibition was plotted against sample
concentration, and the dose—response curve was used to
determine the ICs, value, defined as the concentration of the
oil that resulted in 50% of DPPH scavenging.

2.4. Assessing the Antibacterial Activity. The anti-
bacterial activity of the lavender essential oils was tested
against five clinically significant bacterial strains: three Gram
positive bacteria (Staphylococcus aureus, Enterococcus faecalis,
and Staphylococcus epidermidis), and two Gram negative
bacteria (Serratia marcescens, and Escherichia coli). All of the
isolates were kindly provided by the microbiology research
laboratory at the Faculty of Science at Beirut Arab University.
The isolates were acquired from a local hospital (Mount
Lebanon hospital) and phenotypically identified as described
by the Bergey’s manual of determinative bacteriology.”* No
analytical profile index (API) was performed for further
classification of the microorganisms.

2.4.1. Bacterial Susceptibility Test. The susceptibility of the
bacterial strains to the lavender essential oils was first assessed
by the plate-well diffusion assay as described by Kudi and
coworkers.” A sterile cork-borer (8 mm diameter) was used to
make the wells in the agar plates. 1.5 X 10° CFU/mL
inoculum, equivalent to 0.5 McFarland was prepared, and 25
UL was swabbed over the surface of Miiller-Hinton agar plate.
26.2 pg of the essential oil solutions was added to each well,
and the plates were incubated for 24 h at 37 °C. The diameters
of the growth inhibition zones were then measured in
millimeters.

2.4.2. Determination of MIC and MBC. The antibacterial
efficacy of the essential oils was evaluated using the broth
microdilution assay as recommended by the Clinical and
Laboratory Standards Institute®® and described in previous
work.”” In brief, serial dilutions of the essential oils (100 xL)
were loaded into the wells of a 96 well-plate containing growth
medium (95 uL) and a bacterial suspension (5 uL of 5 X 10°
CFU/mL). Positive control wells (no test compound added,
resulting in maximal bacterial growth) were prepared by
mixing growth medium (195 L) and a bacterial suspension (5
uL). The commercial antibiotic, levofloxacin, was used as a
negative control (minimal bacterial growth) where 100 yL of
serially diluted solutions of levofloxacin was added instead of
the essential oil. The plates were incubated for 18 h at 37 °C.
The minimum inhibition concentration (MIC), defined as the
minimum concentration of the oil to visually inhibit the growth
of the microorganisms, was determined. The minimum
bactericidal concentration (MBC) for the essential oils was
determined by subculturing the contents (25 uL) of the wells
that showed no bacterial growth in the MIC assay onto the

surface of new agar plates, which were then incubated at 37 °C
for 24 h. The minimum concentration of the test substance
(essential oil or levofloxacin) that killed all bacteria, as inferred
from the absence of bacterial growth on the agar, represented
the MBC. Tests were performed in triplicate, and mean values
were presented. The MIC and MBC were determined for all
strains.

2.5. Assessing the Antiproliferative Activity. 2.5.1. Cell
Culture. HCT-116 human colorectal cancer cells (ATCC,
CCL-247) and MCF-7 human breast cancer cell lines (ATCC,
HTB-22) were cultured in DMEM medium (Sigma)
supplemented with 10% FBS and 100U of penicillin/
streptomycin at 37 °C and 5% CO, in a humidified chamber.

2.5.2. MTT Cell Viability Assay. Cells were seeded into 96-
well plates at a concentration of 1 X 10* cells/well. Cells were
treated with serial dilutions of the essential oils or cisplatin,
which were used a positive control. Wells used as negative
controls received growth media only. The plates were
incubated for 48 h at 37 °C and 5% CO, in a humidified
chamber. All wells then received 10 uL of MTT reagent
(Sigma), and the plates were incubated for an additional 2 h.
Quantification was performed colorimetrically at 570 nm using
an ELISA microplate reader (BioTek, EL800). The absorbance
of the blank wells was subtracted from that of the
corresponding sample well. The percentage of cell viability
was determined according to the following equation, and
results were normalized to the corresponding controls.*®

9 SRICT As B Ab

% Cell Viability = ——— X 100

Ac - Ab

where A, is the absorbance of the control wells (no test
substance added), A, is the absorbance of the wells that
received test sample, and A, is the absorbance of the
background wells (media only).

2.6. Hemolytic Activity of the Essential Oils. The
hemolysis assay was performed according to the method of
Henkelman et al. with some modifications.®” Blood, obtained
from a healthy volunteer, was centrifuged at 2500 rpm for S
min, and the supernatant (plasma) was removed. The
erythrocytes were successively washed with 1X phosphate-
buffered saline (PBS, pH 7.4) until the supernatant became
clear. A 2% erythrocyte suspension in PBS was prepared and
used for further analysis. Stock solutions of the essential oils
were prepared in DMSO, and serial dilutions were prepared in
PBS by successive dilutions of the stock solution.

The hemolytic activity was evaluated by mixing 100 yL of
the 2% erythrocyte suspension with 150 uL of oil solutions. 2%
Triton X-100 in PBS was used as a positive control. The tubes
were gently shaken, and the reaction mixture was incubated at
37 °C for 1 h. The tubes were then centrifuged at 2500 rpm for
3 min. The absorbance of the supernatant was measured using
a 96-well plate reader at 450 nm. Experiments were performed
in triplicates, and the average hemolytic activity was calculated
according to the following equation:

%H = A,/A, X 100

where H represents hemolytic activity, A; is the absorbance of
the sample, and A, is the absorbance of the positive control.

3. RESULTS AND DISCUSSION
3.1. Chemical Composition. 3.1.1. GC-MS Analysis.
Phytochemical analysis of the essential oils of L. angustifolia

https://doi.org/10.1021/acsomega.4c00313
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and L. x intermedia grown in Lebanon by GC-MS identified 48
components, as summarized in Table 1. The corresponding
total ion chromatograms (TICs) are depicted in Figure 1,
showing the high resolution of the peaks and therefore the
suitability of the method employed in the analysis. GC-MS
results showed that the main constituents of the two essential
oils under study are linalool (32.5% for L. angustifolia and
43.0% for lavandin), linalyl acetate (4.2% for L. angustifolia and
4.0% for lavandin), 1,8-cineole also known as eucalyptol (8.8%
for L. angustifolia and 4.0% for lavandin), borneol (4.2% for L.
angustifolia and 6.1% for lavandin), 4-terpineol (7.6% for L.
angustifolia and 9.5% for lavandin), (E)-f-farnesene (8.7% for
L. angustifolia and 3.6% for lavandin), and camphor (9.9% for
L. angustifolia and 10.8% for lavandin). L. angustifolia
contained a-terpinyl acetate with a remarkable amount of
4.4%; however, L. x intermedia oil lacked this oxygenated
monoterpene. Furthermore, L. x intermedia essential oil is
richer in oxygenated monoterpenes compared to L. angustifolia
essential oil. Such monoterpenes include camphor and linalool.
On the other hand, L. angustifolia essential oil is significantly
richer in sesquiterpene hydrocarbons such as trans-a-
bergamotene, (E)-f-farnesene, and germacrene D and contains
slightly higher amounts of monoterpene hydrocarbons, oxy-
genated sesquiterpenes (e.g,, caryophyllene oxide and T-
cadinol), and phenylpropanoids (e.g., methyl eugenol).

It has been reported in numerous studies that lavender oil
contains more than 100 compounds, the most important of
which are linalyl acetate, linalool, terpinen-4-ol, lavandulol],
lavandulyl acetate, 1,8-cineole, limonene, and cis- and trans-f-
ocimene.””"’ The studied lavender essential oil is characterized
by a high content of linalool and linalyl acetate, a moderate
amount of terpinene-4-ol, lavandulyl acetate, and lavandulo],
and variable levels of 1,8-cineole and camphor. Several factors
can contribute to the variations in the chemical composition of
lavender oil, including plant genotype, environmental factors,
cultivation practices, the part of the plant extracted, Postharvest
processing procedures, and extraction techniques.” ~*’

Therefore, it is crucial to continuously monitor the essential
oil quality, in terms of the identity of phytochemicals and their
percentages in the oil. The chemical composition of L.
angustifolia essential oil is regulated by the European
Pharmacopeia® and other international standardization bodies,
such as the International Standards Organization (ISO).”

In fact, essential oil producers do not have a clear set of
criteria for assessing the quality of the oil. Although lavender
oil composition is regulated by many international standards,
such as those mentioned above, these international bodies rely
on different acceptable limits for some components, as
summarized in Table 2. For example, Ph. Eur. sets minimum
limits for 3-octanone, terpinene-4-ol, lavandulyl acetate, and
lavandulol as characteristic components. According to ISO
3515:2002 (other origin), no lower limits are required for
these compounds.” In addition, the ISO has a unique set of
criteria for oils of different origins. While it is necessary for
some components to be present in high levels in oils of a
specific origin, it might be a requisite that these same
constituents exist in minimal levels in oils of different origin.
However, this is not an issue with the Ph. Eur. that has only
one set of specifications regardless of the origin of the oil.

Many of the phytochemicals identified in the essential oils of
Lebanese L. x intermedia and L. angustifolia meet the ISO
3515:2002 (for L. angustifolia),” 1SO 8902:2009 (for L. x
intermedia Grosso, French type),44 and Ph. Eur.? standards, as

30247

Table 1. Results of the GC-MS Analysis of Lebanese L. x
intermedia and L. angustifolia”

L. Lx
no. constituents LRI angustifolia  intermedia
1 a-pinene 941 0.5 0.4
2 camphene 9SS 0.1 0.3
3 sabinene 977 0.4 -
4 p-pinene 982 0.6 0.3
N 3-octanone 987 0.2
6 myrcene 992 0.2 0.1
7 butyl butyrate 995 - 0.1
8 0-3-carene 1010 - 0.1
9 1-hexyl acetate 1011 - 0.2
10 p-cymene 1028 0.4 0.5
11 limonene 1032 0.6 0.7
12 1,8-cineole 1034 8.8 4.0
13 (Z)-p-ocimene 1052 0.7 0.3
14  cis-sabinene hydrate 1071 0.2 0.1
1S 1-octanol 1072 - 0.2
16  cis-linalool oxide (furanoid) 1075 - 0.6
17 terpinolene 1090 0.1 -
18  trans-linalool oxide (furanoid) 1091 - 0.3
19  linalool 1101 32.5 43.0
20  cis-p-menth-2-en-1-ol 1123 - 0.2
21  camphor 1146 9.9 10.8
22 hexyl isobutyrate 1148 0.6 0.7
23 borneol 1168 42 6.1
24 lavandulol 1169 1.6 1.1
25 4-terpineol 1179 7.6 9.5
26  p-cymen-8-ol 1185 0.5 0.9
27  (E)-2.6-dimethyl-3,7-diene2,6- 1190 - 2.3
diol
28  a-terpineol 1191 0.7 -
29  hexyl butyrate 1192 0.9 22
30  hexyl 2-methylbutyrate 1236 0.5 0.5
31 cumin aldehyde 1241 0.2
32 hexyl isovalerate 1242 0.2 0.1
33  linalyl acetate 1259 4.2 4.0
34 lavandulyl acetate 1291 0.9 1.0
35  hexyl tiglate 1332 0.3 -
36 a-terpinyl acetate 1353 4.4 -
37  geranyl acetate 1385 - 0.4
38  hexyl hexanoate 1386 0.4 0.8
39  methyl eugenol 1403 0.6 -
40  p-caryophyllene 1419 2.0 0.8
41  trans-a-bergamotene 1437 0.5 -
42 (E)-f-farnesene 1459 8.7 3.6
43  germacrene D 1482 0.8 -
44  lavandulyl isovalerate 1509 1.9 1.3
4S  dendrolasin 1575 0.5
46  caryophyllene oxide 1582 1.7 1.4
47  T-cadinol 1641 0.5 -
48  f-eudesmol 1650 0.3 -
monoterpene hydrocarbons 3.6 2.7
oxygenated monoterpenes 77.6 85.6
sesquiterpene hydrocarbons 12.0 4.4
oxygenated sesquiterpenes 2.5 1.9
phenylpropanoids 0.6 0.0
nonterpene derivatives 2.9 5.0
Total identified 99.2 99.6

“Two repetitions were performed for oil. Important phytochemicals
essential for oil quality assessment are highlighted in bold black.
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Figure 1. Total ion chromatogram (TIC) of L. change x intermedia (a) and L. angustifolia(b) essential oils.

Table 2. Comparative requirements of Ph. Eur. (10th Edition), ISO 3515:2002 for the essential oil of L. angustifolia, and 1ISO
8902:2009 for L. x intermedia Grosso (French type) essential oil.”®

requirements this study
component Ph. Eur. 1S03515:2002 (other origin)” 1S08902:2009 (L. x intermediaGrosso)” L. angustifolia L. x intermedia
limonene <1% <1% 0.5—1.5% 0.6% 0.6%
1,8-cineole” <2.5% <3% 4.0—-8.0% 8.6% 4.0%
p-phellandrene” - <1% - - -
cis-f-ocimene - 1-10% 0.5—-1.5% 0.6% 0.3%
trans-f-ocimene - 0.5—6% Not detectable-1.0% - -
3-octanone 0.1-5% <3% - - 0.2%
camphor <1.2% <1.5% 6—8% 9.8% 10.6%
linalool 20—45% 20—43% 24-35% 32% 44%
linalyl acetate 25—47% 25—47% 28—-38% 4.2% 3.9%
terpinene-4-ol 0.1-8% <8% 1.5-5.0% 7.7% 9.7%
lavandulyl acetate min. 0.2% <8% 1.5-3.5% 1% 1%
lavandulol min. 0.1% <3% 0.2—-1.0% 1.7% 1.4%
a-terpineol <2% <2% 0.3—-1.3% 0.7% -

“ISO provides different specifications depending on origin. b1,8-cineole and P-phellandrene can be coeluted.

summarized in Table 2. For example, linalool, limonene, cis-f- bodies, thus highlighting the good commercial value of
ocimene, 3-octanone, terpinene-4-ol, a-terpineol, lavandulyl Lebanese lavender oils. On the other hand, other components
acetate, and lavandulol are all within the limits set by the above such as linalyl acetate, 1,8-cineole, and camphor did not satisfy
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the benchmark set by the standardization bodies. A key aspect
of the oils evaluated in this study is the low linalyl acetate
content (~4%), which is well below the range set by ISO
3515:2002, 1SO8902:2009, and Ph. Eur. This is probably a
characteristic feature of these cultivars. Lavender essential oils
with a low linalyl acetate content have been previously
reported in the literature. For example, Lane and coworkers
investigated the chemical composition of tenessential oil
samples of L. angustifolia grown in British Columbia, Canada
and reported that linalyl acetate levels ranged from 0 to 14%.*
Afifia and colleagues studied the chemical composition of
essential oils of L. angustifolia Mill. grown in Jordan, and linalyl
acetate levels were between 2.61 and 8.73%."

A study conducted by Pljevljakusic & Drinic investigated the
quality of L. x intermedia essential oil by GC-MS, and results
showed that the oil contained 23.07% linalool, 14.55% 1,8-
cineole, 16.29% camphor, and 5.23% borneol.*” Another study
showed that the essential oil had 11.4% to 46.7% linalool and
7.4% to 44.2% linalyl acetate as principal components.*®
However, due to the high content of a-terpineol (0.5—4.5%)
and/or terpinene-4-ol (1.2—18.7%), the samples did not meet
the Ph. Eur. and ISO 3515:2002 requirements. The oil
analyzed by the authors was of lower quality than those we
studied in terms of levels of key chemical components that
affect the quality of lavender oils. For example, the essential
oils from Lebanon contained lower amounts of camphor,
which increases their qualities and medical significance since
high amounts of camphor may cause skin irritation and
seizures. In addition, a characteristic feature of Lebanese L.
angustifolia essential oil is its richness in 1,8-cineole, a
component with many biological benefits.**

3.1.2. FTIR Analysis of the Essential Oils. Classical FTIR or
attenuated total reflectance (ATR)-FTIR spectroscopy are
routinely used to chemically fingerprint essential oils, including
lavender oils.>** Therefore, the characteristic functional
groups of the chemical constituents that make up the Lebanese
L. angustifolia and L. x intermedia essential oils were
characterized by FTIR spectroscopy, and the corresponding
spectra are depicted in Figure 2. The collected FTIR spectra
for the oils under study were very similar. The characteristic
band at 3600—3200 cm ™! was assigned to the O—H stretching,
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Figure 2. FTIR spectra of L. angustifolia and L. x intermedia
(Lavandin) essential oils.

while the bands between 3080 and 3020 cm™" and 2990—2850
cm™! corresponded to the alkene HC= and alkane C—H
stretching bands, respectively. The strong intensity of the band
between 2990 and 2850 cm ™" can be attributed to the richness
of both essential oils in sesquiterpenes. The distinctive small
band at 3085 cm™ is characteristic of the C—H stretching of
vinyl groups (CH,=CH-) commonly encountered in
monoterpenes cis-ocimene, linalool, and linalyl acetate. Addi-
tional bands that further reinforced the vinyl group are the in
plane C—H bending band at 1413 cm™" and the out-of-plane
C—H bending bands at 995 and 919 cm™". The unique band at
2730 cm™' was attributed to the C—H stretching of an
aldehyde functional group (CHO), thus strongly suggesting
the presence of aldehyd-based molecules in the essential oils.
The strong and sharp band at 1737 cm™" signaled the presence
of carbonyl groups (C=0) possibly of aldehydes and esters.
The existence of the ester functionality is further supported by
the C—O stretching band at 1167 cm™". The presence of C=
C in the essential oils was supported by the appearance of the
band at 1640 cm™" that corresponds to C=C stretching bands.
In addition, the collection of bands between 1000 and 1300
cm™' indicated the presence of primary (1052 cm™!),
secondary (1111 cm™), and tertiary (1213 cm™) alcohols,
as well as phenolic hydroxyl groups (1250 cm™'). These
vibrations are consistent with the presence of linalool (tertiary
alcohol), geraniol, and citronellol (primary alcohols). The
bands between 700 and 1000 cm™ resulted from the out-of-
plane bending vibrations of alkenyl =C—H functionality. The
presence of a long-chain linear aliphatic structure is sustained
by the appearance of several low-frequency absorption bands at
1450 cm™! (CH, bending), 1375 cm™' (CH; bending), 1167
cm™" (skeletal C—C vibrations), and 751 cm™" (CH, rocking).
In conclusion, the collective analysis of the FTIR spectra
highlighted that the essential oils under investigation are
dominated by monoterpenes and sesquiterpenes. The charac-
teristic bands observed in the FTIR spectra are consistent with
the GC-MS results, thus providing further confirmation of the
various molecules identified.

3.2. Antioxidant Activity of Lavender Essential Oils.
The DPPH radical scavenging assay was used to evaluate the
antioxidant potential. The dose—response curves are presented
in Figure 3. L. angustifolia essential oil showed stronger
antioxidant activity than L. x intermedia, with good ICs, value
of 5.24 + 1.20 mg/mL. On the other hand, the essential oil of
L. x intermedia showed a weak DPPH radical scavenging
activity with only 26% inhibition achieved at the highest
concentration tested (20 mg/ mL). At the same concentration,
L. angustifolia essential oil achieved a maximum of 60% DPPH
scavenging. Quercetin, a known natural antioxidant used as a
positive control in this assay, showed an ICs, value of 1.60 +
0.07 pg/mL. The notable difference in the antioxidant activity
of the two oils can be attributed, at least in part, to the
presence of minor constituents with hydrogen donating
tendencies in L. angustifolia essential oil, such as phenyl-
propanoids and a-terpineol that are not present in L. x
intermedia oil. These phytochemicals may contribute to the
observed overall antioxidant activity by acting alone®”" or
synergistically to enhance the activity of the major chemical
constituents in the complex oil.”>>*

The antioxidant activity of essential oils of different lavender
species has been reported in the literature by different groups.
For example, Kivrak evaluated the essential oil compositions
and antioxidant activities of six L. angustifolia cultivars and two
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Figure 3. DPPH radical scavenging activity of quercetin, L.
angustifolia, and L. x intermedia essential oils. Experiments were

performed in triplicates and results are reported as mean + standard
deviation.

Figure 4. Agar well diffusion results confirming the susceptibility of
the tested bacteria to L. angustifolia and L. x intermedia essential oils.
(a) E. faecalis; (b) S. aureus; (c) S. marcescens; (d) S. epidermidis; (e)
E. coli. C = Positive control (no test compound added); -ve =
Negative control (Levofloxacin); A = L. angustifolia essential oil; H =
L. x intermedia essential oil.

L. x intermedia in Turkey.”* Interestingly, the antioxidant
activity varied depending on the different species and the type
of assay conducted. In the DPPH assay, L. x intermedia Super
A cultivars showed the highest inhibition activity (ICs, = 89.81
+ 0.17 pug/mL). In the ABTS™ assay, L. angustifolia Sevtopolis
cultivar displayed the highest radical scavenging activity, with
inhibition value of 6123 + 0.11 pug/mL. Another study by
Gharib and coworkers examined the antioxidant activity of L.
angustifolia grown in Egypt and reported an ICs, value of 60.53
+ 0.21 pug/mL in the DPPH assay.” Slimani and colleagues
investigated the antioxidant activity of the essential oil of
Moroccan L. angustifolia using a DPPH radical scavenging
assay. The authors showed that the essential oil (IC, = 1.6 +
0.34 mg/mL) exhibited an antioxidant activity comparable to
that of the natural antioxidant ascorbic acid (ICs, = 1.35 +
0.02 mg/mL), and slightly higher than that of the aqueous
extract of L. angustifolia (ICs, = 1.86 + 0.23 mg/mL).*
Different factors affect the outcome of DPPH assay such as
chemical composition of the oils, pH, solvent used, extraction
method, dilution factor, duration of the assay, and activity
calculation method, rendering the direct comparison between
results from different studies improper.‘w’58 Nevertheless, the
lavender essential oils investigated in this report were less
potent antioxidants compared to the activities reported for
essential oils from other origins.

3.3. Antibacterial Activity. The antibacterial activity of L.
angustifolia and L. x intermedia essential oils was tested on five
different bacteria, namely S. aureus (Gram positive), S.
epidermidis(Gram positive), E. faecalis (Gram positive), S.
marcescens (Gram negative) and E. coli (Gram negative). First,
a preliminary study was conducted using the well diffusion
assay to assess the susceptibility of the bacteria under
investigation to the oils. Results were compared with those
of the commercial antibiotic levofloxacin used as a negative
control in the experiments. Zones of growth inhibition were
measured, and the results are shown in Figure 4 and Table 3.
Interestingly, all tested bacteria were susceptible to lavender
essential oils as indicated by the visual zones of growth
inhibition, thus highlighting the good antibacterial potential of
the essential oils used against Gram positive and Gram
negative bacteria.

Next, the minimum bactericidal concentration (MIC) was
determined for the essential oils after overnight incubation
with the bacteria, and the results are presented in Table 3. L.
angustifolia and L. x intermedia essential oils exhibited
comparable MIC values of 0.174 and 0.169 mg/mL,
respectively, against all tested microorganisms. The lavender
oils were more potent than the commercial antibiotic
levofloxacin that had a MIC value of 0.25 mg/mL against all
bacteria. It is important to note that the bacteria showing the
largest inhibition zones by diffusion method are not always
those exhibiting the lowest MIC and MBC values, due to the
fact that oil solubility and volatility affect the diameter of the
growth inhibition zone.”

The minimum inhibition concentration (MBC) was
subsequently determined, and the results are summarized in
Table 3. MBC is defined as the lowest concentration of an
antibacterial agent required to kill a bacterium over a fixed,
somewhat extended period, such as 18 or 24 h, under a specific
set of conditions. It can be determined by broth dilution of
MIC tests by subculturing on agar plates that do not contain
the test agent. Valuable information on the bactericidal or
bacteriostatic effect of the antibacterial agent can be obtained
from the MBC values. The MBC values of the essential oils
and levofloxacin against S. aureus were not determined,
indicating that these substances exhibited bacteriostatic rather
than bactericidal effects on the microorganism. On the other
hand, bactericidal effects were observed for the test
compounds against other microorganisms. The essential oils
exerted bactericidal effects at lower MBC values than that of
the commercial antibiotic levofloxacin. L. angustifolia and L. x
intermedia essential oils had MBC values of 0.174 and 0.169
mg/mL against the microorganisms under study, respectively.
Levofloxacin, on the other hand, had higher MBC values of
3.91 mg/mL against S. marcescens and E. faecalis, and 15.62
mg/mL against S. epidermidis and E. coli.

The antimicrobial activity of lavender essential oils has been
well documented in the literature. This property has been
attributed to the presence of several chemical constituents with
proven antimicrobial activity, such as eucalyptol, linalool,
terpinen-4-ol, borneol, a@-pinene, f-pinene, 1,8-cineole, lav-
andulol, lavandulyl acetate, and a-terpineol. In particular,
linalool, present in high percentages in the essential oils
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Table 3. Zones of Growth Inhibition, MIC, and MBC for Essential Oils and Levofloxacin against the Organisms under Test”

diameter of inhibition zone (mm)

MIC (mg/mL) MBC (mg/mL)

microorganism L. angustifolia  L.x intermedia  levofloxacin L. angustifolia
S. aureus 17.7 £ 0.5 16.1 + 0.6 45.0 £ 0.2 0.174
S. epidermidis 145+ 03 145 £ 0.5 514 + 04 0.174
E. faecalis 145 +£ 0.2 14.0 + 0.6 489 £ 0.8 0.174
S. marcescens 129 £ 0.5 129 +£ 0.4 38.6 + 0.6 0.174
E. coli 139 + 0.4 152 + 0.3 31.8 £ 0.7 0.174

L. x intermedia  levofloxacin L. angustifolia L. x intermedia  levofloxacin
0.169 025 ND ND “ND
0.169 0.25 0.174 0.169 15.62
0.169 0.25 0.174 0.169 3.19
0.169 0.25 0.174 0.169 3.19
0.169 0.25 0.174 0.169 15.62

“All experiments were performed in triplicates. UND: Not determined. The test compound did not exhibit a bactericidal effect on the

microorganism.

evaluated in this study, is the most potent antimicrobial
constituent in lavender essential oils against a wide range of
microorganisms. Borneol was shown to exhibit strong
antiparasitic activity, while linalool, a-pinene, f-pinene, 1,8-
cineol, and a-terpineol had strong antifungal activity. All of
these phytochemicals are present in the Lebanese L.
angustifolia and L. x intermedia essential oils investigated in
this study. The levels of these chemicals, and consequently the
antimicrobial potential of the oil sample, are influenced by
many factors including the geographic origin of the 0il.*”®" An
important indicator of good antimicrobial characteristics of
lavender oils is the ratio of linalool and linalyl acetate: it is
desirable to be higher than 1, accompanied by high levels of
these constituents. In addition, it has been reported that a good
antimicrobial activity requires that the ratio of the content of
the sum of linalyl acetate with linalool to the content of
terpinen-4-ol in lavender essential oil is higher than 13.%
However, this ratio is close to 5 in our study. Due to their
lipophilic nature, essential oils, including lavender ones, exert
their antimicrobial action by binding and disrupting the cell
membrane of the microorganisms, thus increasing their
permeability and inducing the leakage of vital cellular
components, resulting in cell death.”” Furthermore, it has
been reported that lavender essential oils can inhibit the
synthesis of essential biomacromolecules in the cell, such as
RNA, DNA, proteins, and polysaccharides. In fungi, lavender
oils have been found to work by inhibiting the production of
certain enzymes.éz’ ‘

Numerous studies reported the antibacterial activity of the
essential oils extracted from different lavender species. For
example, Ciocarlan and coworkers evaluated the antimicrobial
activity of lavender essential oils obtained from seven
producers from different regions of the Republic of Moldova.*
The authors indicated that the tested essential oils showed
good antibacterial and antifungal activity against Bacillus
subtilis, Pseudomonas fluorescens, Xanthomonas campestris,
Erwinia carotovora with an MFC/MBC value of 300 pg/mL,
and Erwinia amylovora, Candida utiliz (MEFC/MBC of 150 ug/
mL). A study by Bajalan and coworkers investigated the
chemical composition and antibacterial activity of Iranian L. x
intermedia essential oil obtained by hydro-distillation.” The in
vitro antibacterial activity was evaluated by disc diffusion
method against S. agalactiae, S. aureus, E. coli, and Klebsiella
pneumoniae. The inhibition zones ranged between 9.36 mm for
S. aureus to 23.30 mm for E. coli. Different oils from plants
obtained from different collection sites display altered activity
against the microorganism under study. Knowing that the
obtained essential oils contained no or little linalool or linalyl
acetate, the authors attributed the observed activity mainly to
the presence of high levels of 1,8-cineole, (31.64 to 47.94%),
borneol (17.11 to 26.14%), and camphor (8.41 to 12.68%).

30251

Gharib et al. evaluated the antibacterial activity of an Egyptian
L. angustifolia essential oil by determining its MIC.>> The oil
was tested on two Gram negative bacteria (Escherichia coli and
Salmonella), three Gram positive bacteria (Bacillus cereus,
Bacillus subtilis, and Staphylococcus aureus), and one yeast
(Saccharomyces cerevisiac). The essential oil showed activity
against all bacterial strains, with MIC values ranging between
10 uL/mL (Bacillus cereus) and 50 uL/mL for Salmonella. The
observed activity was significantly correlated to the high
concentration of linalool in the oil.

It is worth mentioning that the antibacterial activity of
essential oils is not solely attributed to the phytochemicals
present at high concentrations in the sample such as linalool
and linalyl acetate. In fact, even chemical constituents present
at low levels can contribute significantly to the observed
activity, either by increasing the effect through synergy®® or by
abolishing it through antagonism.67 Therefore, the antibacterial
activity as well as other biological properties of essential oils
should be addressed and analyzed as one entity of
phytochemicals rather than as individual constituents.

3.4. Antiproliferative Activity. The antiproliferative
activity of Lebanese L. angustifolia and L. x intermedia essential
oils was evaluated by MTT cell viability assay against two
cancer cell lines, namely, MCF-7 human breast cancer cells and
HCT-116 human colorectal cancer cells. The dose—response
curves are depicted in Figures 5, and ICs, values, defined as the
concentration of the oil that inhibited the proliferation of 50%
of cells, were extracted from the curves of Figure 5 and
summarized in Table 4. While both oils displayed good
antiproliferative activity, L. angustifolia essential oil was slightly
more active, with ICsy values of 1.12 and 1.73 pg/mL against
HCT-116 and MCEF-7 cell lines, respectively. On the other
hand, the essential oil of L. x intermedia exhibited ICs, values
of 1.38 and 2.25 pug/mL against HCT-116 and MCEF-7 cell
lines, respectively. Interestingly, the tested essential oils
demonstrated comparable antiproliferative activities to the
commercial clinical anticancer drug cisplatin that exhibited
ICs, values of 1.79 + 0.093 and 0.90 + 0.051 pg/mL against
HCT-116 and MCEF-7 cell lines, respectively.

The antiproliferative activity of the essential oils of the two
lavender species has been described in several reports. An
elegant study by Zhao and coworkers investigated the
antiproliferation efficacy of L. angustifolia essential oil and its
major constituents (linalool and linalyl acetate) on prostate
cancer cells both in vitro and in vivo.”® Potent in vitro
cytotoxicity was achieved by the essential oils, linalool, and
linalyl acetate in the MTT cell viability assay. The IC, of the
essential oil treatment of DU14S and PC-3 prostate cancer
cells was 0.199 + 0.026% and 0.037 + 0.011% (v/v),
respectively. The ICy, of linalool and linalyl acetate were
7.22 + 0.28 uM and 11.74 + 0.62 uM, in DU14S, and 3.06 +
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Figure 5. Cell viability assay of (a) L. x intermedia and (b) L.
angustifolia essential oils. Experiments were performed in triplicates,
and results are expressed as mean + standard deviation.

Table 4. IC;, Values of L. angustifolia and L. x intermedia
Essential Oils against HCT-116 and MCEF-7 Cancer Cell
Lines

ICqo(pg/mL)
test compound HCT-116 MCE-7
L. angustifolia 1.05 + 0.076 1.81 + 0.26
L.x intermedia 1.17 £ 0.16 2.20 + 0.25
Cisplatin 1.79 + 0.093 0.90 £ 0.051

022 uM and 498 + 0.31 uM, respectively, in PC-3. In
addition, all tested compounds significantly inhibited the
migration of DU145 and PC-3 cells in the wound healing assay
in both dose- and time-dependent manners, thus highlighting
the great potential of the L. angustifolia essential oil in
preventing the migration, invasion, and metastasis of cancer
cells and its possible use for the treatment of advanced
metastatic prostate cancer. By examining the mechanism of
action of the essential oil, the authors indicated that it arrested
cell cycle in the G2/M phase in PC-3 cells and in the S phase
in the DU14S cells and suggested different cellular targets for
the natural oil in these cell lines. In addition, the essential oil
increased the expression levels of two death receptors in
DU14S cells, namely DR4 and DRS, which are known to
increase TNF-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis. In the xenograft tumor model, lavender
essential oil and linalool significantly suppressed tumor growth
in vivo by inhibiting tumor cell proliferation.

In another study, Tabatabaei and coworkers studied the
cytotoxic activity of Lavandula x intermedia against MCE-7
human breast cancer cells.”” The effect was dose dependent as
determined by the MTT assay, with an ICg, of 800 ug/mL.
Niksic et al. examined the antiproliferative activity of L.
angustifolia essential oil obtained from plants grown in Bosnia
and Herzegovina against MCF-7 (breast adenocarcinoma),
NCI-H460 (lung carcinoma), and MOLT-4 (acute lympho-
blastic leukemia).”” The oil showed significant antiproliferative
activity with ICs, values of 17, 94, and 97 ug/mL against
MOLT-4, NCI-H460, and MCEF-7 cancer cells, respectively. In
a parallel study conducted on L. angustifolia essential oil from
Turkey, Gezici proved that lavender oil exerted strong
anticancer and cytotoxic activity against all treated cancer
cells, namely A549 (lung carcinoma), H1299 (nonsmall cell
lung cancer), and C6 (glioma) cancer cells, but not against the
nontumor HUVEC (human umbilical vein endothelial cells).”’
The authors claimed that the observed decrease in cell growth
was mediated by the induction of apoptosis and necrosis.
Tayarani-Najaran and coworkers conducted a comprehensive
study to assess the antiproliferative activity of L. angustifolia
essential oil from Iran against HeLa and MCE-7 cell lines.”!
The authors reported strong cytotoxic and apoptotic effects on
both cancer cell lines with the induction of apoptosis as a
plausible mechanism of action.

The antiproliferative activity of essential oils has been
attributed to their ability to induce apoptosis by activating
proapoptotic mediators, arrest the cell cycle at various phases,
and interfere with the normal functioning of vital cellular
organelles. This is accompanied by an increase in membrane
fluidity of the affected cell, a reduced adenosine triphosphate
(ATP) generation, alteration in pH gradient, and a loss of
mitochondrial potential, which are the major precursors of cell
death.””

3.5. Hemolytic Activity. The hemolytic activity of
Lebanese L. angustifolia and L. x intermedia essential oils was
evaluated at different concentrations, and the results are
reported in Figure 6. Interestingly, the oils did not show
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Figure 6. Hemolytic activity of Lebanese L. x intermedia and L.
angustifolia essential oils. Experiments were performed in triplicates,
and results are reported as mean + standard deviation.

significant hemolytic activity. At the highest test concentration
(10 mg/mL), L. angustifolia and L. x intermedia induced only
7.93% and 5.19% hemolysis of HRBC, respectively, and thus
were considered safe to consume within the studied range
(Figure 6).
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These findings are in good agreement with literature reports
regarding the toxicity of lavender oils. In general, lavender oils
are considered toxic if swallowed in large amounts, either
accidentally or on purpose. The major toxic substances present
in the oils are linalool and linalyl acetate. It has been reported
by ECHA that the oral LDy of the L. angustifolia essential oil is
6.2 + 0.8 mL/kg bw for male rats and at 5.0 + 0.9 mL/kg bw
for female rats.”” In another study conducted by the same
European agency to estimate the acute dermal toxicity of L.
angustifolia essential oil, the reported LDy, was >5000 mg/kg
bw in a rabbit model, where no deaths or clinical signs of
toxicity occurred during the observation period. Dermal
reactions noted were slight redness (9/10 rabbits), slight
edema (1/10 rabbit), and moderate edema (2/10 rabbits) at
the site of application. These data highlight the relatively safe
therapeutic profile of lavender essential oils. In a similar recent
study by Mekonnen et al. who evaluated the oral toxicity of
Ethiopian L. angustifolia essential oil in mice and skin irritation
in rabbit,”* the acute oral toxicity test revealed LDs, value
higher than 2000 mg/kg. In a subacute toxicity test in which
animals received 2000 mg/kg of the oil orally for 21 days, no
death was observed in either sex of mice and no statistically
significant change in the animals’ body weight, food
consumption, and biochemical parameters related to liver
and kidney functions. No histopathological changes were
observed in the livers and kidneys of the treated and untreated
groups. In addition, no toxicity was detected in the acute skin
irritation test conducted on rabbits.

Despite the relatively safe toxicity profile of lavender
essential oils, it is strongly recommended to analyze each oil
sample individually because of its potential toxicity due to the
wide variation in the chemical composition of the oils of plants
of the same species but different origins. In addition,
determining the cytotoxicity of the oil through assays other
than the hemolysis is also critical to evaluate any adverse
effects that may be accompanied by the use of this plant
material.

4. CONCLUSION

In conclusion, lavender essential oil represents an attractive
and viable candidate as a natural alternative medicine and an
effective substitute to synthetic drugs, especially after the
failure of many synthetic and chemical remedies currently used
to challenge modern diseases and viruses, which are in
continuous mutation. However, many factors may affect the
quality of any essential oil, such as geographic origin,
cultivation practices, extraction process, and the species of
MAP utilized. Therefore, continued research and future studies
regarding the chemical quality and biological efficacy of
essential oils are highly recommended. All lavender species are
medicinally interesting and could be professionally and
abundantly cultivated in Lebanon. In fact, this study provided
encouraging scientific evidence in favor of cultivating
commercially valuable MAPs, such as lavender, as a support
measure to the deteriorating Lebanese economy. The findings
of this study will inspire us to further investigate the essential
oils of lavenders cultivated in Lebanon. These investigations
include, but are not limited to, assessing the anti-inflammatory
and anti-Alzheimer properties of the oils, determining its
mechanisms of action, and conducting in vivo experiments to
validate the in vitro results.
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