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Abstract: Eucalyptus globulus is a plant widely used by the world population, including Morocco,
in the treatment of several pathologies. The aim of this work is to evaluate the antioxidant, anti-
inflammatory, dermatoprotective, and antimicrobial effects of essential oil and honey from E. globulus,
as well as their combination. Chemical composition was determined by GC-MS analysis. The antioxi-
dant activity was evaluated by three tests, namely, DPPH, reducing power, and the β-carotene/linoleic
acid assay. The anti-inflammatory activity was investigated in vitro (5-lipoxygenase inhibition) and
in vivo (carrageenan-induced paw edema model), while the dermatoprotective activity was tested
in vitro (tyrosinase inhibition). Moreover, the antibacterial activity was assessed using agar well dif-
fusion and microdilution methods. The results showed that eucalyptol presents the main compound
of the essential oil of E. globulus (90.14%). The mixture of essential oil with honey showed the best an-
tioxidant effects for all the tests used (0.07 < IC50 < 0.19 mg/mL), while the essential oil was the most
active against tyrosinase (IC50 = 38.21± 0.13 µg/mL) and 5-lipoxygenase (IC50 = 0.88 ± 0.01 µg/mL),
which corroborated the in vivo test. Additionally, the essential oil showed the best bactericidal effects
against all strains tested, with inhibition diameter values ranging from 12.8 to 21.6 mm. The findings
of this work showed that the combination of the essential oil with honey showed important results in
terms of biological activity, but the determination of the underlying mechanisms of action remains a
major prospect to be determined.
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1. Introduction

Different recent investigations currently support the use of natural resources to iden-
tify and develop bioactive compounds. The screening of the biological effects of natural
substances passes through several stages, which begin with the identification of the natural
source, then the extraction and the identification of the principles, and finishing with biolog-
ical tests [1–3]. The most used natural sources for identifying and isolating active principles
include medicinal plants, which are used in an empiric way for the treatment of pathologies.
Medicinal plants have the property of synthesizing so-called secondary metabolites [4–6].

Natural substances, in particular, essential oils (EOs), are a promising source of bi-
ologically active substances because they are characterized by important biological and
pharmacological properties, such as antidiabetic, anti-inflammatory, antimicrobial, and
anticancer activities [7–11]. These EOs are mainly contained in medicinal and aromatic
plants and play some important physiological role in the life of plants. In addition, honey,
a natural bee product, is another important source of biologically active molecules originat-
ing from medicinal plants. Indeed, we can distinguish, in a conditioned way, the honey
characterizing the plant on which the bee feeds, such as the honey of Eucalyptus, Thymus,
and Origanum.

Recent studies have shown that honey contains several bioactive molecules, in par-
ticular, flavonoids and phenolic acids, and has enormous biological and pharmacological
properties. Since honey is a food product, its biological and pharmacological properties
constitute a preventive treatment for multiple pathologies [12,13]. On the other hand, the
combination of essential oil (inedible and poorly soluble molecules) with honey could
facilitate the solubility of essential oils and also their intestinal absorption [14,15]. In this
sense, synergistic combinations between samples of essential oils and honey have recently
been investigated [14].

Eucalyptus globulus (E. globulus) is a medicinal plant belonging to the Myrtaceae family,
known for its medicinal properties. Laboratory investigations showed that E. globulus
essential oil (EGEO) exhibits numerous biological properties, such as antidiabetic, antioxi-
dant, anti-inflammatory, wound healing, antibacterial, etc. [16–20]. Moreover, this species
is importantly used by bees to produce honey called Eucalyptus honey, which is remarkably
used as food but also as a remedy for certain pathologies, including infections and diarrhea.
Indeed, E. globulus honey is rich in phenolic and flavonoid compounds [21–23] and also has
demonstrated numerous biological effects, such as antioxidant, antimicrobial, etc. [24,25].

The objectives of this work are the determination of the effects of EGEO as well as the
examination of the biological properties, namely, the antioxidant, anti-inflammatory, der-
matoprotective, and antimicrobial activities, of EGEO, E. globulus honey, and their mixture.

2. Materials and Methods
2.1. Chemicals and Reagents

2,2′-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), and ascorbic
acid were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). Lipoxygenase
(5-LOX) and linolenic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Mueller–Hinton Agar, DMSO, and chloramphenicol were purchased from (Biokar, Beauvais,
France). All other reagents were of analytical grade.

2.2. Eucalyptus globulus Essential Oil Extraction and Honey Samples Collection

Honey samples of E. globulus and E. globulus leaves were provided by beekeepers in
Larache province (35◦07′21.9” N 6◦09′10.2” W). The identification of E. globulus was carried
out at the Scientific Institute, Mohammed V University in Rabat, and a Voucher specimen
was given (RAB 113264). The extraction process of E. globulus essential oil (EO) was carried
out by hydro-distillation in a Clevenger-type apparatus. Briefly, 100 g of the dry plant
was placed in a balloon filled to 2/3 with water; the whole was brought to boil for 3 h.
The oil was recovered and conserved at a temperature of 4 ◦C for the tests. The obtained
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honey samples were stocked at room temperature, and the studies were carried out before
exceeding 3 months from the collection date. Multiple methods were applied to estimate
the physicochemical properties of the collected honey samples, and all these methods were
performed as described by Chakir et al. [26].

2.3. Chemical Composition Analysis of Eucalyptus globulus Essential Oil

The chemical components of E. globulus EO were determined using gas chromatog-
raphy coupled to mass spectrometry (GC/MS) analysis conditions as described by
Mekkaoui et al. [27]. Briefly, a Hewlett-Packard (HP6890) GC instrument coupled with an
HP5973 MS and equipped with a 5% phenylmethyl silicone HP−5 MS capillary column
(30 m × 0.25 mm × film thickness 0.25 µm) was used in GC analysis. The column tempera-
ture was increased from 50 ◦C for 5 min to 200 ◦C with a 4 ◦C/min rate. Helium with a
1.5 mL/min flow rate and split mode (flow: 112 mL/min, ratio: 1/74.7) was the carrier
gas used. The hold time was 48 min, while the temperature of the injector and detector
was 250 ◦C.

The machine was led by the computer system ”HP ChemStation”, managing the
functioning of the machine and allowing us to follow the evolution of chromatographic
analyses. Diluted samples (1/20 in methanol) of 1 µL were injected manually. In addition,
70 eV ionization voltage, 230 ◦C ion source temperature, and a 35–450 (m/z) scanning
range were the MS operating conditions. Finally, the qualitative quantification of the
different compounds was based on the percent area of each peak of the sample compounds
and was confirmed by reference to their MS identities (Library of NIST/EPA/NIH MASS
SPECTRAL LIBRARY Version 2.0, build 1 July 2002).

2.4. In Vitro Antioxidant Assays

The in vitro antioxidant activities of E. globulus EO, E. globulus honey, and their combi-
nation, were assessed by three complementary methods, namely, DPPH scavenging activity,
reducing power, and β-carotene/linoleic acid assays.

Ferric Reducing Antioxidant Power Assay

The reducing power of E. globulus EO, E. globulus honey, and their combination was
determined according to the protocol described by Ould Si Said et al. [28] with slight
modifications. Phosphate buffer (0.2 M, pH = 6.6) was prepared by mixing Na2 HPO4
and NaH2 PO4 in an appropriate ratio. Samples (E. globulus EO, E. globulus honey, and
their combination) in an amount of 1 mL at different dilutions in methanol solvent (10,
20, 30, 40 and 50 mg/mL) were mixed with 1 mL of phosphate buffer and 1 mL of 1% of
potassium ferrocyanide K3 Fe(CN)6. The obtained mixture was incubated at 50 ◦C for 20
min. After the incubation, 1 mL of 10% trichloroacetic acid (TCA) was added to the mixture,
followed by centrifugation at 3000 rpm for 10 min. Afterwards, the supernatant was mixed
with 1.5 mL of distilled water and 150 µL of 0.1% FeCl3. The absorbance was measured at
700 nm and compared against BHA, which was used as the reference. A higher value of
the absorbance corresponds to an increase in the reducing power. The antioxidant power
was expressed as IC50 value (mg/mL). Tests were performed in triplicate.

Inhibition of Lipid Peroxidation

The anti-lipid peroxidation capacity was determined by the linoleic acid/β-carotene
assay, as described by Ould Si Said et al. [28] with slight modifications. A solution of
β-carotene and linoleic acid was prepared as follows: 0.5 mg of β-carotene was dissolved
in 1 mL of chloroform, and 25 µL linoleic acid and 200 mg Tween 40 were added. The
chloroform was evaporated. Then, 100 mL of distilled water was added. Afterwards, a
2.5 mL aliquot of this reaction mixture was dispensed into test tubes, and 350 µL of the
prepared samples at 2 mg/mL was added. The emulsion was incubated for 48 h at room
temperature. The same procedure was repeated with butylated hydroxyl anisole (BHA) as
a standard and with a blank (without BHA). After 48 h, the absorbance was measured at
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490 nm. The antioxidant activity was expressed as IC50 value (mg/mL). All samples were
tested in triplicate.

Relative antioxidant activity was calculated in the following way:

Antioxidant activity (%) =
At
A0
× 100 (1)

where A0 is the absorbance of the test compound (EOs) at the beginning of incubation, and
At is the absorbance of the test compound (EOs) at the end of incubation.

DPPH (2,2-Diphenyl−1-picrylhydrazyl) Radical Scavenging Activity

The DPPH test was carried out in order to measure the free radical scavenging activity
and following the same procedures as previously described by El Omari [29]. Briefly,
various concentrations of the test samples (i.e., E. globulus EO, E. globulus honey, and their
combination (1:1)) were prepared in pure methanol solvent. Then, 1 mL of each sample was
added to 0.25 mL of 0.2 mmol/L (v/v) DPPH radical solution. The reaction mixture was
incubated in the dark at room temperature for 30 min. The absorbance was read against
a blank (methanol) at 517 nm. BHA (butylated hydroxyl anisole) was used as a positive
control. All tests were performed in triplicate. The DPPH radical scavenging activity was
calculated according to the following formula:

DPPH (%) =

(
AbsDPPH −AbsSample

)
AbsDPPH

× 100 (2)

where AbsDPPH represents the absorbance of the DPPH radical, and Abssample is the ab-
sorbance in the presence of extract/control. The antiradical scavenging activity was ex-
pressed as IC50 value in mg·mL−1.

2.5. In Vitro Anti-Inflammatory and Dermatoprotective Assays

The in vitro dermatoprotective effects of E. globulus EO, E. globulus honey, and their
combination were estimated by their capacity to inhibit tyrosinase activity. The test was
carried out by following the method described by Bouyahya et al. [30]. On the other
hand, the 5-Lipoxygenase (5-LOX) inhibitory activity, based on linoleic acid oxidation
at 234 nm, was used to evaluate the in vitro anti-inflammatory effect according to the
previously published method [8]. Briefly, 20 µL of E. globulus EO, E. globulus honey, and
their combination (1:1) and 20 µL of 5-LOX from Glycine max (100 U/mL) were pre-
incubated with 200 µL of phosphate buffer (0.1 M, pH 9) at room temperature for 5 min.
Then, 20 µL of linolenic acid (4.18 mM in ethanol) was added in order to start the reaction,
which was followed for 3 min at 234 nm. Each assay was performed in triplicate, and
quercetin was used as a positive control.

2.6. In Vivo Anti-Inflammatory Assay

The in vivo anti-inflammatory effect was carried out using a rat model of carrageenan-
induced paw edema [31]. Briefly, Wistar rats (150 to 180 g) were made to fast for 18 h
and then randomly divided into eight groups (n = 6 per group): The first six groups were
orally administered with two different concentrations (50 and 100 mg/kg) of E. globulus
EO, E. globulus honey, and their combination (1:1), respectively. The seventh group was a
negative control that received distilled water, while the last group was considered a positive
control and received indomethacin (10 mg/kg) as a reference anti-inflammatory drug. After
60 min, all rats were injected subcutaneously with carrageenan solution (0.05 mL of 1%
carrageenan suspended in 0.9% NaCl) into the subplantar region of the left hind paw. The
paw volumes of the tested rats were recorded using a LE 7500 digital plethysmometer
controlled by SeDaCOM software before the injection of carrageenan (V0) and after the
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carrageenan injection at three different times: 1 h, 3 h, and 6 h (Vt) [31]. In each group, the
anti-inflammatory effect was calculated using the following equation:

% of inhibition= [(Vt − V0)control − (Vt − V0)treated group]/(Vt − V0)control] × 100.

2.7. Assessment of Antimicrobial Activity
2.7.1. Tested Microorganisms

The antibacterial activity was evaluated against the following six bacterial strains rep-
resenting Gram-positive and Gram-negative bacteria: Escherichia coli ATCC 25922, Proteus
mirabilis ATCC 25933, Salmonella Typhimurium ATCC 700408, Bacillus subtilis ATCC 6633,
Staphylococcus aureus ATCC 29213, and Listeria monocytogenes ATCC 13932. Additionally,
the antimicrobial activity was evaluated against one yeast (Candida albicans) and two fungi
(Trichophyton rubrum and Aspergillus niger).

2.7.2. Inoculum Preparation

The revivification of bacteria was conducted by cultivation the frozen strains (−20 ◦C)
in Mueller–Hinton agar medium, followed by an incubation at 37 ◦C for 24 h. Afterward, a
bacterial suspension at 0.5 McFarland was prepared in sterile physiologic water. On the
other hand, the yeast strain was cultivated in Sabouraud agar medium and incubated at
25 ◦C. After 48 h of incubation, the yeast suspension at 0.5 McFarland was prepared in
sterile physiologic water. Finally, the fungi were sub-cultured in Sabouraud agar medium
for 5 days at 25 ◦C. The obtained culture was washed using sterile physiologic water
and transferred to a sterile assay tube, leaving the heavy particle to settle for 5 min. The
upper homogeneous suspensions were transferred to a new sterile assay tube and adjusted
microscopically to about 104 CFU/mL. The obtained inocula of bacteria, yeast, and fungi
were used to evaluate the antimicrobial activity of E. globulus essential oils, honey, and
their mixture.

2.7.3. Disc Diffusion Assay

The primary screening of the antimicrobial activity of the studied samples was evalu-
ated by the disc diffusion method according to the previously published protocols [32,33].
Briefly, the culture suspension of each species was inoculated in the optimal culture medium
(Mueller–Hinton agar for bacteria and Sabouraud agar for yeast and fungi). Afterwards,
6 mm diameter sterile paper discs soaked with 10 µL of Eucalyptus essential oil (mixed with
5% of DMSO), Eucalyptus honey, or the mixture of Eucalyptus essential oil and honey were
deposited on each plate. Chloramphenicol (30 µg) was used as positive control for bacteria,
and nystatin (100 I.U.) was used as positive control for yeast and fungi, while DMSO (10 µL;
5%) was used as negative control. The plates were incubated at the following growth
conditions: 37◦C for 24 h, 25 ◦C for 48 h, and 25 ◦C for 72 h, for bacteria, yeast, and fungi,
respectively. After incubation, the inhibitory diameters were measured in millimeters, and
the results were expressed as means ± standard deviation of three replicates.

2.7.4. Determination of Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) corresponds to the minimum concen-
tration of a sample that is able to inhibit the growth of microorganisms. In this study, the
determination of MIC against bacteria and yeast was performed according to the protocol
previously described [32] with some modification. Mueller–Hinton broth (Biokar, Beauvais,
France) and Sabouraud broth (Biokar, Beauvais, France) media were used for bacteria and
yeast, respectively. The incubation was conducted at 37 ◦C for 24 h for bacteria and at 25 ◦C
for 48 h for yeast. However, the determination of MIC against the fungi strain was con-
ducted using the gradient plate method according to the protocol previously described [33].
Chloramphenicol was used as positive control for bacteria, while nystatin was used for
yeast and fungi.
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2.7.5. Determination of Minimum Bactericidal Concentration

Minimum bactericidal concentration (MBC) corresponds to the minimum concen-
tration of a sample that can kill the microorganism. The same microdilution experiment
derived from the determination of MIC was used. After the incubation, 10 µL of each
tube that did not present visible growth was sub-cultured on Tryptone Soy Agar (Biokar,
Beauvais, France) and incubated at 37 ◦C for 24 h, and the lowest concentration that did
not present any growth on media was considered as the MBC [34].

2.8. Statistical Analysis

All experiments were conducted in triplicate, and the obtained results are expressed as
mean± SD. Data were analyzed using SPSS software version 21, and comparisons between
means were done using one-way ANOVA, followed by Tukey test. Differences between
means were considered significant when p < 0.05.

3. Results
3.1. Physicochemical Properties of E. globulus Honey Samples

The physicochemical characteristics of E. globulus honey samples tested in this study
are summarized in Table 1. As can be seen, the collected samples of honey have an extra
light amber color, a moisture rate of 11.63± 1.19 %, and a pH value of 4.01± 0.02, essentially
due to free acidity (23.48 ± 0.04 meq/kg) and lactone acidity (3.41 ± 0.01 meq/kg). The
honey samples were also characterized by an electrical conductivity of 0.49 ± 0.03 ms/cm
and a density of 1.40 ± 0.02 g/mL.

Table 1. Physicochemical characteristics of E. globulus honey.

Parameter Description

Color Extra Light Amber

Moisture (%) 11.63 ± 1.19

pH 4.01 ± 0.02

Free acidity (meq/kg) 23.48 ± 0.04

HMF (mg/kg) 11.24 ± 0.05

Lactone acidity (meq/kg) 3.41 ± 0.01

Electrical conductivity (ms/cm) 0.49 ± 0.03

Density (g/mL) 1.40 ± 0.02

Ashes (%) 0.37 ± 0.01

3.2. Chemical Composition of Eucalyptus globulus Essential Oil

As shown in Figure 1 and Table 2, the major bioactive compound detected in EGEO
was eucalyptol (1,8-cineole) (90.14%). Other well-known bioactive compounds, such as α-
and β-pinene (3.85% and 0.62%, respectively), γ-terpinene (2.39%), α-phellandrene (0.96%),
β-myrcene (0.58%), and camphene (0.48%), were also detected.
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7 β-pinene 0.62
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3.3. In Vitro Antioxidant Activity

Medicinal plants are a reserve of natural bioactive substances possessing several an-
tioxidant properties in different biological systems. In the present study, the antioxidant
effects of EGEO, E. globulus honey, and their mixture were, evaluated using three meth-
ods, namely DPPH, reducing power, and β-carotene/linoleic acid assays. The results are
shown in Table 3, and the IC50 values were calculated to compare these results to those
of BHA, which was used as a reference antioxidant. According to the recorded results,
all samples had the capacity to reduce the stable violet DPPH radical to yellow DPPH-
H, with the 50% reduction values IC50 = 0.37 ± 0.06 mg/mL, IC50 = 0.28 ± 0.12 mg/mL,
and IC50 =0.19 ± 0.08 mg/mL for EGEO, E. globulus honey, and their mixture, respectively.
However, when compared to the pure reference antioxidant BHA (0.5 ± 0.01 mg/mL),
all the tested samples showed a lower antioxidant activity. Furthermore, all the as-
sessed samples were able to reduce the ferulic ions in the reducing power assay, with
IC50 = 0.29 ± 0.03 mg/mL, IC50 = 0.17 ± 0.06 mg/mL, and 0.08 ± 0.01 mg/mL for EGEO,
E. globulus honey, and their mixture, respectively. However, these values were less impor-
tant when compared to the pure reference antioxidant BHA (0.03 ± 0.05 mg/mL).

Table 3. The antioxidant activity of EGEO, E. globulus honey, and their mixture (IC50 in µg/mL).

Samples DPPH RP LP

Essential oil 0.37 ± 0.06 ns 0.29 ± 0.03 *** 0.17 ± 0.01 **

Honey 0.28 ± 0.12 * 0.17 ± 0.06 * 0.11 ± 0.02 ns

Mixture 0.19 ± 0.08 ** 0.08 ± 0.01 ns 0.07 ± 0.05 ns

BHA 0.5 ± 0.01 0.05 ± 0.03 0.05 ± 0.03
Values are mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, and ns = not significant compared to BHA.
DPPH: 2,2-diphényl 1-picrylhydrazyle; RP: Reducing Power; LP: Inhibition of Lipid Peroxidation.

The inhibition of the lipid peroxidation activity was assayed by the β-carotene-
bleaching test. The activity of the samples was found to be dose-dependent, with IC50
values of 0.17 ± 0.01 mg/mL, 0.11 ± 0.02 mg/mL, and 0.07 ± 0.05 mg/mL for the tested
EGEO, E. globulus honey, and their mixture, respectively. These values were also higher than
that of the standard BHA (0.05 ± 0.03 mg/mL). Compared to the DPPH scavenging effect
and the reducing power, EGEO was more active in the inhibition of the lipid peroxidation,
presumably due to the high specificity of the test for lipophilic compounds.

3.4. In Vitro Anti-Inflammatory and Dermatoprotective Activities

Inflammation is a natural reaction of vascular tissues to a causative agent responsible
for the activation of phospholipase A2 and, subsequently, the production of arachidonic acid
and inflammatory mediators, accelerating the movement of leukocytes to the inflammation
site [35]. In this study, we investigated the anti-inflammatory and dermatoprotective
activity of EGEO and E. globulus honey as well as their combination using the 5-LOX and
tyrosinase enzyme inhibition assay. The obtained results are represented in Table 4.

Table 4. In vitro anti-inflammatory and dermatoprotective activity.

Assay EGEO
(IC50 µg/mL)

E. globulus Honey
(IC50 µg/mL)

EGEO/Honey Mixture
(IC50 µg/mL)

Quercetin
(IC50 µg/mL)

5-Lipoxygenase 0.88 ± 0.01 **** 4.23 ± 0.07 **** 1.02 ± 0.03 **** 0.09 ± 0.05

Tyrosinase 38.21 ± 0.13 **** 79.13 ± 0.05 **** 41.32 ± 0.01 **** 45.68 ± 0.02

Values are mean ± SEM (n = 3). **** p < 0.0001.

Concerning the in vitro test, the highest activity was recorded with EGEO
(IC50 = 0.88 ± 0.01 µg/mL) compared to honey (IC50 = 4.23 ± 0.07 µg/mL), while their com-
bination showed a synergistic effect (IC50 = 1.02 ± 0.03 µg/mL). These values were highly re-
markable compared to the reference compound, namely, quercetin (IC50 = 0.09 ± 0.05 µg/mL).
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The dermatoprotective activity of EGEO and E. globulus honey as well as their mixture
was investigated by testing their inhibitory effect on tyrosinase (an enzyme activating the
oxidation of tyrosine, leading to melanin secretion).

The results showed that EGEO exhibited the best activity (IC50 = 38.21 ± 0.13 µg/mL)
compared to honey (IC50 = 79.13 ± 0.05 µg/mL), while the combination between them pro-
vided a significant synergistic effect with an IC50 of 41.32 ± 0.01 µg/mL. These results were
promising compared to quercetin (IC50 = 45.68± 0.02 µg/mL) used as a standard molecule.

3.5. In Vivo Anti-Inflammatory Activity

The anti-inflammation effect is a crucial physiological defensive mechanism against
several complicated diseases, such as diabetes, cancer, and autoimmune and neurodegener-
ative disorders [36]. It has been shown that the use of synthetic anti-inflammatory drugs
causes several side effects on the human body. This problem has increased the interest in
searching for new alternatives, especially from natural products. The latter are considered
an important source of bioactive molecules with anti-inflammatory activity [8]. Natural
products, such as honey and essential oils, are one of the best targets for these molecules
since they do not produce any side effects. Indeed, the effects of E. globulus essential oil,
honey, and their mixture at 50 and 100 mg/kg (test doses) on carrageenan-induced acute
inflammation, estimated by the increased paw volume of the rats at three different time
periods (1, 3, and 6 h), are presented in Table 5. The results showed that the injection of
carrageenan into the subplantar tissue of the control groups of rats induced edema devel-
opment, which peaked at 1.63 mL in paw volume after 6 h of the experimental induced
paw edema. The latter confirmed that the experimental carrageenan injection provoked
a local and acute inflammatory reaction [37]. In this model, EGEO at 50 and 100 mg/kg
p.o. exhibited maximum anti-inflammatory activity, with 59%, 25%, and 69.13% edema
inhibition after 1 h, 3 h, and 6 h, respectively. Indeed, after 6 h, EGEOnat 100 mg/kg showed
an inhibition of 69.13%, which was more important than that observed with indomethacin
at 10 mg/kg, p.o. (64.19%). Moreover, the effect of honey on carrageenan-induced rat
paw edema was dose-dependent from the first to sixth hours after carrageenan injection,
with a peak effect of 61.72% produced at 100 mg/kg after 6 h. The combination of EGEO
and honey showed considerable anti-inflammatory activity, with an inhibition of 30.76%,
59.42%, and 71.60% produced at 1 h, 3 h, and 6 h, respectively. The results were com-
parable with the reduction produced by 10 mg/kg of indomethacin, a standard drug, at
1 h, 3 h, and 6 h, which presented inflammation inhibition values of 48.07%, 57.97%, and
64.19%, respectively.

Table 5. Inhibition percentage of the left hind paw volume in rats treated with EGEO, E. globulus
honey, and their mixture.

Drugs Dose (mg/kg) Carrageenan-Induced Hind Paw Edema Volume (mL mean s.e.m.) and % of Inhibition

T0 1 h % inh 3 h %inh 6 h % inh

Control - 0.82 1.34 1.51 1.63

EGEO
50 0.79 1.22 17.30 1.18 43.47 1.12 59.25

100 0.73 1.13 23.07 1.04 55.07 0.98 69.13

E. globulus honey 50 0.82 1.26 15.38 1.22 42.02 1.20 53.08

100 0.83 1.25 19.23 1.20 46.37 1.14 61.72

EGEO and E. globulus
honey mixture (1/1)

50 0.80 1.18 26.92 1.15 49.27 1.12 60.49

100 0.84 1.20 30.76 1.12 59.42 1.07 71.60

Indomethacin 10 0.84 1.11 48.07 1.13 57.97 1.13 64.19
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3.6. Antimicrobial Activity

The antimicrobial activity of EGEO and E. globulus honey has been considered to be
one of their most relevant biological properties [38]. In this study, the antimicrobial effect
of EGEO, E. globulus honey, and their mixture was determined against six bacterial species,
one yeast, and two fungal strains by the disc diffusion and microdilution methods. The
results compared to those of chloramphenicol and nystatin (used as positive controls) are
summarized in Tables 6 and 7.

Table 6. Mean zones of inhibition of E. globulus EO, E. globulus honey, and mixture (mean of three
replicates ± standard deviations).

Microorganisms
Samples Controls

EGEO E. globulus Honey Mixture Chloramphenicol Nystatin

E. coli ATCC 25922 17.4 ± 0.1 **** 10.0 ± 0.1 **** 13.3 ± 0.1 **** 22.4 ± 0.0 nt

P. mirabilis ATCC 25933 16.9 ± 0.1 **** 9.8 ± 0.1 **** 13.0 ± 0.1 **** 22.4 ± 0.1 nt

S. typhimurium ATCC 700408 14.1 ± 0.1 **** 8.0 ± 0.0 **** 10.4 ± 0.1 **** 13.2 ± 0.1 nt

B. subtilis ATCC 6633 21.1 ± 0.1 **** 11.1 ± 0.2 **** 14.5 ± 0.2 **** 16.0 ± 0.1 nt

S. aureus ATCC 29213 20.4 ± 0.2 **** 10.6 ± 0.1 **** 14.9 ± 0.1 **** 25.2 ± 0.1 nt

L. monocytogenes ATCC 13932 21.4 ± 0.1 **** 11.0 ± 0.1 **** 15.1 ± 0.1 **** 28.9 ± 0.2 nt

Candida albicans 14.8 ± 0.1 **** 6.0 ± 0.0 **** 9.8 ± 0.1 **** NT 29.0 ± 0.1

Trichophyton rubrum 12.9 ± 0.1 **** 6.0 ± 0.0 **** 9.4 ± 0.1 **** NT 25.7 ± 0.1

Aspergillus niger 16.9 ± 3.2 *** 6.0 ± 0.0 **** 8.8 ± 0.2 **** NT 26.4 ± 0.1

Values are mean ± SEM (n = 3). *** p < 0.001, **** p < 0.0001; NT: not tested.

Table 7. MIC and MBC of EGEO, E. globulus honey, and their mixture in percentage (v/v).

Microorganisms

Samples % (v/v) Controls (µg/mL)

EGEO E. globulus Honey Mixture Chloramphenicol Nystatin

MIC MBC MIC MBC MIC MBC MIC MIC

E. coli ATCC 25922 1 1 8 >8 2 4 4 NT

P. mirabilis ATCC 25933 1 1 8 >8 2 4 4 NT

S. typhimurium ATCC 700408 2 2 >8 >8 8 8 64 NT

B. subtilis ATCC 6633 0.5 0.5 4 8 1 2 32 NT

S. aureus ATCC 29213 0.5 0.5 4 8 1 2 4 NT

L. monocytogenes ATCC 13932 0.5 0.5 4 8 1 2 2 NT

Candida albicans 2 NT >8 NT 8 NT NT 4

Trichophyton rubrum 4 NT >8 NT 8 NT NT 16

Aspergillus niger 4 NT >8 NT 8 NT NT 16

NT: not tested.

The antibacterial activity of E. globulus honey using the disc diffusion method showed
a remarkable activity against the tested bacteria, with inhibition zones ranging from
8.0 ± 0.0 mm to 11.1 ± 0.2, and against yeast and fungal strains with an inhibitory diameter
of 6.0 ± 0.0 mm. The largest bacterial inhibitory zone for E. globulus honey was observed
against Gram-positive bacteria. Thus, L. monocytogenes was the most sensitive bacterial
strain, while S. typhimurium was the most resistant compared to other species. Concerning
the standard agents, chloramphenicol showed inhibitory zones ranging from 16.0± 0.1 mm
to 28.9 ± 0.2 mm and nystatin from 25.7 ± 0.1 mm and 29.0 ± 0.1 mm. El-Borai et al. [39]
evaluated the antibacterial activity of E. globulus honey and showed larger inhibitory zones
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compared to our study [39]. In fact, the reported inhibitory zones were 13.67 mm and
35.67 mm against E. coli and P. mirabilis, respectively.

The minimum inhibitory concentrations and the minimum bactericidal concentrations
are cited by most researchers as a measure of the antibacterial performance of a product. In
this study, the MIC and MBC values fluctuated between 4 and 8%.

The tested essential oil of Eucalyptus in the agar plates against the studied Gram-
negative and Gram-positive bacterial strains showed inhibitory diameters that ranged
from 14.1 ± 0.1 mm to 21.4 ± 0.1 mm. The smallest inhibitory zone was obtained against
S. typhimurium (14.1± 0.1 mm), while the largest one was observed against L. monocytogenes
(21.4 ± 0.1 mm). Generally, larger inhibitory zone diameters correlated with lower MIC
values. EGEO showed a strong antimicrobial effect against the majority of the selected
microorganisms. MIC values ranged between 0.5% and 2%, with the highest activity
against B. subtilis, S. aureus, and L. monocytogenes, while the lowest effect was observed
against P. mirabilis and E. coli. EGEO also exhibited strong activity against yeast and fungal
strains, with inhibitory zones that ranged from 12.9 ± 0.1 mm to 16.9 ± 3.2 mm and MIC
values that varied from 2% to 4%. These results confirmed the potential application of
Eucalyptus globulus essential oil in the food matrices and pharmaceutical industries, which
may be used as an alternative antifungal and antibacterial agent for the treatment of several
infectious diseases [40]. Furthermore, the combination of honey and essential oil reduced
the inhibitory zones and MICs of the essential oil for all strains. The weakest synergism was
obtained with the mixture against S. typhimurium, with an inhibitory zone of 10.4 ± 0.1 mm
and MIC value of 8%. However, L. monocytogenes showed a much greater inhibitory zone
(15.1 ± 0.1 mm) and a lower MIC value (2%).

4. Discussion

Here, we reported the biological effects of EGEO and E. globulus honey, as well as the
association between these two natural products. Following in vitro and in vivo approaches,
remarkable results were obtained and significantly revealed the importance of honey and
EO of E. globulus as natural sources of biologically bioactive compounds.

Firstly, the essential physicochemical characteristics of E. globulus honey, such as color,
moisture rate, pH, electrical conductivity, and density, were determined. The results of
these analyses showed some differences with other samples of E. globulus honey provided
from other regions [22,23]. Certainly, the physicochemical characteristics of honey depend
mainly on the total composition of honey, which also depends on the geographical origin of
the samples. Indeed, the literature has shown an important variability of honey composition
and, therefore, the physicochemical characteristics according to different regions [41].

The phytochemical investigations of EGEO using GC-MS analysis showed the presence
of 1,8-cineole as the main component. These findings corroborate importantly with those
obtained by several research studies investigating the chemical composition of E. globulus,
with great similarity in the majority of the compounds identified [42–47]. However, some
differences should be noted between the chemical compounds revealed in this study and
those identified in other regions [48,49]. The difference can be explained by several factors
that influence the synthesis and the secretion of EO compounds in aromatic plants.

Using three complementary methods, the EO and honey of E. globulus showed im-
portant antioxidant effects. Compared to previous studies, the IC50 values of the honey
sample tested in the present study were found to be lower than that of Egyptian honey
(37.62 mg/mL, 2.67 mg/mL, and 19.46 mg/mL for DPPH, RP (reducing power), and
β-carotene tests, respectively) [39], Brazilian honey (25.4 mg/mL for DPPH) [50], and
honey from Turkey (24.43 ± 1.54 mg/mL for DPPH) [51], suggesting the high quality of
Moroccan Eucalyptus honey, as represented by their high antioxidant potentials. Further-
more, the essential oil in the present study showed stronger antioxidant activity compared
to the results reported for the essential oil of Algerian E. globulus leaves with an IC50 of
33.33 ± 0.55 mg/mL, 115.39 ± 1.45 mg/mL, and 6.753 ± 0.39 mg/mL for DPPH, RP, and
LP, respectively [45]. Previous studies indicated that the antioxidant potential of honey
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is due to the presence of bioactive compounds, such as polyphenols and flavonoids, and
varies widely depending on floral source and geographical origin [52,53]. Moreover, it
has been previously reported that 1,8-cineole exhibits various degrees of reducing power,
radical scavenging, and chelating in addition to its DNA-protection capacity [46]. Thus, the
strong antioxidant activity of eucalyptus essential oils could be mainly due to the presence
of 1,8-cineole in a high quantity (90.14%). In addition, the antioxidant activity of EOs was
attributed also to their terpenes content, such as α-pinene, β-pinene, β-myrcene, and γ-
terpinene, which have been known to have good antioxidant properties [16]. According to
these results, the combination between the honey and essential oil of Eucalyptus presented
the best antioxidant capacity and also had the capacity to inhibit lipid peroxidation, which
may be due to the synergistic effects of their compounds. These results give this mixture an
important potential in combating oxidative damage and in preventing the pathogenesis of
many diseases caused by reactive oxygen species, such as cancer, coronary disease, and
neurological degeneration, as well as in food conservation, since the unwanted side effects
of synthetic antioxidants are widely known, namely, liver damage and carcinogenesis [54].

The anti-inflammatory activity was determined using in vitro and in vivo tests. The
in vitro effect revealed an important inhibition of 5-LOX. Using the same assay, other works
have already investigated the 5-LOX inhibitory activity of E. globulus EO and showed IC50
values of 0.16 ± 0.07 mg/mL and 58 ± 1.4 µg/mL [55] [56]. Moreover, a methanolic extract
of E. globulus showed an inhibition of 78.9% [57]. This has also been confirmed by other
in vitro methods. Indeed, Vigo et al. [58] evaluated the effect of this plant on nitric oxide
(NO) production in the murine macrophage J774 A.1 cell line [58]. In fact, NO is implicated
in several inflammatory pathologies. In addition, a dose-dependent inhibition of protein
denaturation was obtained with E. globulus EOs and extracts using egg and bovine serum
albumin methods [59,60].

Moreover, both the EO and honey of E. globulus showed remarkable anti-inflammatory
activities. These effects could be attributed to the presence of chemical constituents, such
as flavonoids, in honey, which has been widely reported to inhibit the cyclooxygenase and
lipoxygenase pathways of arachidonate metabolism [61]. They have also been shown to
inhibit the release of proinflammatory cytokines TNF-α and IL−1β, as well as to down-
regulate the expression of inducible nitric oxide synthase (iNOS) and the production of
ROS. However, other studies have previously shown that the monoterpene components of
E. globulus EO, such as 1,8-cineole, are potent inhibitors of inflammatory mediators (cy-
tokines) and down-regulators of the production of leukotriene B2, prostaglandin E2, and
other arachidonic acid metabolites in human monocytes [62]. In addition, several inves-
tigators reported that α-pinene exhibits anti-inflammatory activity through numerous
mechanisms, such as a decrease in expression levels of proinflammatory cytokines, TNF-α
and IL−1β, and cyclooxygenase [63,64].

On the other hand, dermato-protection was investigated by the inhibitory effect of
tyrosinase and showed interesting results. The outcomes of this finding were in agreement
with those obtained by Sugimoto et al. [65], who noted a remarkable inhibitory activity
of E. globulus leaves hydro-alcoholic extract (IC50 = 0.39 mg/mL). In a very recent study,
Moreira et al. [66] investigated the protective effect of the essential oil and hydro-distillation
residual water extract of E. globulus leaves against skin damage. Indeed, they observed a
reduction in age-related markers of senescence, such as the upregulation of type I collagen
and the activation of matrix metalloproteinases and β-galactosidase. Inhibition of melanin
and tyrosinase production has also been noted. In parallel, all these findings have been
confirmed by in vivo studies following various experimental protocols. In 2011, Bhatt and
colleagues tested the effectiveness of eucalyptus EO in controlling acne via the inhibition
of sebum synthesis from the sebaceous glands [67]. Using a model of rat sebaceous
glands, a decrease in the size of these latter was noticed, and consequently, acne spreading
was inhibited.

On the other hand, several researchers have evaluated the dermatoprotective potential
of E. globulus by evaluating its wound repair capacity [19,68]. Indeed, Tomen and colleagues
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showed a significant wound-healing effect with E. globulus fruit EO in rats using incision
and excision wound models [19]. In another recent study, a second-degree wound was
induced in rats and coated with tissue prepared from E. globulus leaf extracts. Wound
closure measurement showed that the extracts of this plant improve wound healing [68].

Infectious diseases caused by different microorganisms such as bacteria and fungi
mainly contribute as risk factors in the genesis of some complex pathologies, such as cancer,
chronic inflammation, and diabetes. Moreover, the identification of bioactive compounds
with antimicrobial effects is considered a promising way to reduce and prevent complex
and systematic pathologies. In this way, the EO and honey of E. globulus were tested for
their antimicrobial properties against some bacterial and fungal strains. As findings, signif-
icant results were revealed at low concentrations, and a synergistic action was also found
between the EO and honey of E. globulus. Several reports have assessed and confirmed the
in vitro antibacterial, anti-candida, and antifungal potential of the essential oil and honey
of E. globulus [23,40,46,69–71]. These studies reported that the antibacterial activity of
honey is related to the polyphenol compounds, hydrogen peroxide content, peptide Bee
defensin−1, and methylglyoxal (MGO), as well as its osmotic properties, its acidity, HMF,
low pH, and other physicochemical parameters [23]. Moreover, the authors demonstrated
that this activity varies according to botanical and geographical origin as well as climatic
conditions [39]. On the other hand, a number of researchers have shown that the antimi-
crobial activity of Eucalyptus EO are attributed to the oxygenated monoterpenes, such as
1,8-cineole, α-pinene, and β-pinene, which are well-known constituents with pronounced
antimicrobial activities [72]. These compounds have been shown to disintegrate the outer
membrane of bacteria, releasing lipopolysaccharides and increasing the permeability of the
cytoplasmic membrane to ATP [71].

5. Conclusions

The investigation of some biological activities of EGEO, honey, and their mixture
confirmed the pharmacological potential of this plant. The strong antioxidant, anti-
inflammatory, and dermatoprotective effects make the latter a promising target for al-
ternative drugs against degenerative diseases. In addition, the bactericidal, fungicidal, and
candidacidal activities of E. globulus shown in this work confirm the antimicrobial potential
of this plant.
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