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ARTICLE INFO ABSTRACT
Keywords: Background: Aloysia gratissima (Verbenaceae), popularly known as bee-brush or whitebrush, has been widely
Aloysia gratissima used in Brazilian folk medicine as analgesic, expectorant and antimicrobial. Phytochemical studies have iden-

p-caryophyllene
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In vitro study

tified p-caryophyllene as one of the major components of the essential oil of this plant. This bioactive sesqui-
terpene has been shown to have anti-inflammatory and antibacterial activities.

Purpose: The present study aimed to characterize the chemical profile and evaluate the antibacterial and
antibiotic-enhancing activities of the essential oil obtained from Aloysia gratissima (EOAG) and f-caryophyllene.
Methods: The phytochemical analysis was performed by gas chromatography coupled to mass spectrometry (GC-
MS). The antibacterial activity against Pseudomonas aeruginosa 24, Staphylococcus aureus 10, and Escherichia coli
06 was assessed by determining the minimum inhibitory concentration (MIC) using the broth microdilution
method. The potentiation of the antibiotic activity by the EOAG and the f-caryophyllene was performed using
the MIC evaluation of the antibiotic alone or in association with the essential oil and its main compound. To
evaluate the minimum reduction of the drug concentration necessary, the Dose Reduction Index (DRI) was
calculated.

Results: A reduction in the MIC of the antibiotics against strains treated simultaneously with the essential oil or
p-caryophyllene was observed. The GC-MS analysis of the EOAG identified 30 compounds, including p-car-
yophyllene as the major component. Both OEAG and B-caryophyllene presented antibacterial activity against
S. aureus, in addition to potentiating the action of norfloxacin against S. aureus, P. aeruginosa, and E. coli.
Conclusions: These substances also reversed the antibiotic resistance to gentamicin and erythromycin against of
S. aureus and P. aeruginosa, respectively.

Abbreviations: analysis of variance, ANOVA; Colony forming unit, CFU; essential oil from Aloysia gratissima, EOAG; flame ionization detector, FID; gas chro-
matography coupled to mass spectrometry, GC-MS; Minimal Inhibitory Concentration, MIC; multi-drug resistant, MDR.
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Fig. 1. Chemical structure of B-cariophyllene.
Introduction

Aloysia gratissima (Gillies & Hook.) Tronc. (Verbenaceae) is a plant
popularly known as “erva santa” (holy herb). This species is widely used
in Brazilian traditional medicine for the treatment of respiratory,
digestive (Souza and Wiest, 2007) and central nervous system diseases
(Silva et al., 2006; Zeni and Bosio, 2011). Studies have demonstrated
that the essential oil of A. gratissima has unique pharmacological prop-
erties, including antimicrobial (Santos et al., 2015), leishmanicidal
(Garcia et al., 2018), anticancer (Yang et al., 2016), sedative (Gole-
niowski et al., 2006) and larvicidal (Silva et al., 2014). In addition, due
to the high content of compounds such as p-caryophyllene, spatulenol,
B-pinene, the EOAG has been widely used in the composition of per-
fumes, foods, and beverages (Yadegarinia et al., 2006).

Previous research has identified B-caryophyllene in the essential oils
of various plant species such as cloves, cinnamon, ginger, basil (Kum-
phune et al, 2011). This sesquiterpene was found to present
anti-inflammatory, antioxidant, and antibacterial activities (Dahham
et al.,, 2015; Dorman and Deans, 2000; Rodriguez et al., 2012).
Accordingly, studies have demonstrated that many essential oils con-
taining p-caryophyllene presented antibacterial effects against both
Gram-positive and Gram-negative strains (Neta et al., 2017; Maia et al.,
2010).

Bacterial resistance has become a global public health problem
(Grillo et al., 2013). Studies have reported the emergence of multi-drug
resistant (MDR) strains of clinically important bacteria such as S. aureus,
Klebsiella pneumoniae, P. aeruginosa and Escherichia coli (Alarco, 2014;
Korb et al., 2013; Pierozan et al., 2009), which has significantly
hampered the treatment of infections with conventional antibiotics
(Lima et al., 2015). Staphylococcus aureus is a Gram-positive bacterium
with significant impact on public health (Foster et al., 2014). Evidence
has indicated that S. aureus can encode proteins associated with the
development of resistance to fluoroquinolones, penicillins, and cepha-
losporins. On the other hand, E. coli (Trabulsi and Alterthum, 2015) and
Pseudomonas aeruginosa (Sterhling et al., 2010) are Gram-negative bac-
teria with remarkable pathogenicity and demonstrated resistance to
antibiotics.

Antibiotic resistance occurs mainly through mutations in the bacte-
rial chromosome or through the acquisition of plasmids or transposons
containing resistance genes (Andersen, 2015). These phenomena can
lead to the development of resistance mechanisms such as the acquisi-
tion of antibiotic-inactivating enzymes; decreased membrane perme-
ability to an antibiotic; acquired changes in the target sites of an
antibiotic and expression of efflux pumps, leading to antibiotic extrusion
(Trabulsi and Alterthum, 2015).

Previous research has demonstrated that the essential oil, as well as
the constituents previously identified in A. gratissima, have promising
antimicrobial properties (Trovati et al., 2009) and therefore have the
potential to be used in the development of new drugs useful in
combating infections by resistant bacterial strains (Brito and Cordeiro,
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Table 1.
Origin and antibiotic resistance profile of the strains.

Bacterial Origin Resistance Profile

strain

S. aureus 10 Rectum Amc, Amox, Amp, Asb, Azy, Ca Cef, Cf, Cip, Cla,

swab Clin, Eri, Lev, Mox, Oxa, Pen

E. coli 06 Urine Asb, Ca, Cep, Cfo, Cmp, Cro
P. aeruginosa Nasal Ami, Cip, Com, Ctz, Imi, Lev, Mer, Ptz
24 discharge

Legend: Amc - Amoxicillin + Clavulanic Acid, Ami - Amikacin, Amox - Amoxi-
cillin, Amp - Ampicillin, Asb - Ampicillin + Sulbactam, Azi - Azithromycin, Ca -
Cefadroxil; Cep - Cephalexin, Cfo - Cefoxitin, Cip - Ciprofloxacin, Cla - Clari-
thromycin, Clin - Clindamycin, Cmp —Cefepime, Cro- Ceftriaxone, Ctz - Cefta-
zidime, Ery - Erythromycin, Imi - Imipenem, Mer - Levofloxin, Oxa - Oxacillin,
Pen - Penicillin and Ptz - Piperacillin.

2012; Rice, 2008).

By this fact, the aim of this work was to characterize the chemical
profile and evaluate the antibacterial and the potentiating-antibiotic
activity of, erythromycin and gentamycin alone and in association
with the essential oil of Aloysia gratissima (EOAG) and its major com-
pound p-caryophyllene (Fig. 1).

Materials and methods
Botanical material

The essential oil was extracted from terminal branches of plants
collected in Atlantic Forest Areas in the states of Parand and Santa
Catarina, Southern Brazil, at September/2016, at the geographical
coordenates: S 25° 19.862" W 49° 48.338’. A voucher specimen was
prepared and registered at the herbaria of the following institutions:
Faculdades Integradas Espirita (registry number 8.822) and Royal Bot-
anic Gardens (Kew, England). Terminal branches and inflorescences
were randomly collected from at least 10 individual plants and dried
with an electric dryer at 40 °C for 24 h.

Essential oil extraction and phytochemical analysis

The essential oil of A. gratissima was extracted by hydrodistillation in
a Clevenger type apparatus. Briefly, each 50 g of dried leaves were
crushed and subjected to three cycles of extraction with 1 1 of distilled
water at boiling temperature for 2 h (Wasicky, 1963). After extraction,
the essential oil was collected and stored under refrigeration (-4 °C) for
preservation. The yield of the essential oil on a dry basis was expressed
as a percentage of the total weight of the dry leaves used in the
extraction.

The chemical composition of the essential oil was determined by gas
chromatography coupled to mass spectrometry (CG-MS). Briefly, the
essential oil was diluted in dichloromethane (1: 100) and injected with a
1: 20 flow rate in an Agilent 6890 chromatograph (Palo Alto, CA, USA)
coupled to an Agilent 5973N selective mass detector, operated at 250 °C.
The separation of the constituents was performed in a HP-5MS capillary
column (5% -phenyl-95% -dimethylpolysiloxane, 30 m x 0.25 mm x
0.25 pm). For quantification, the diluted samples were injected into an
Agilent 7890A chromatograph equipped with a flame ionization detec-
tor (FID), operated at 280 °C. The percentage composition was assessed
using the electronic integration of the FID signal by dividing the area of
each component by the total area.

The identification of the chemical constituents was obtained by
comparing their mass spectra with the standards reported in the litera-
ture (Nist, 2016) and also by comparing their linear retention indexes,
calculated from the injection of a homologous series of hydrocarbons
(C7 - C26) with the literature data (Adams, 2007).
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Bacterial cultures

The multidrug-resistant strains Pseudomonas aeruginosa 24, Staphy-
lococcus aureus 10 and E. coli 06 were used in the antibacterial tests. The
origin and resistance profile of these strains is shown in Table 1, as re-
ported in the study of Bezerra et al. (2017).

All strains were initially kept on blood agar (Difco Laboratories Ltda.,
Sao Paulo, Brazil) and maintained in Heart Infusion Agar (HIA, Difco
Laboratories) at 4 °C. Samples were transferred from the solid medium
to test tubes containing sterile saline, and turbidity was assessed using a
value of 0.5 on the McFarland scale, corresponding to 10° CFU.

Drugs

Norfloxacin, gentamicin and erythromycin were used for evaluating
the effects of their in vitro combinations with the natural products on
antibiotic resistance. These antibiotics, as well as the sesquiterpene
B-caryophyllene were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All drugs were dissolved in DMSO and diluted in water to 1024
ug/ml and serially diluted in test tubes.

Determination of minimum inhibitory concentration (MIC)

The MIC was determined using the broth microdilution method
(CLSI, 2009). Bacterial cultures kept on agar under refrigeration at 4 °C
were cultured in brain and heart infusion (BHI) broth and incubated at
37 °C for 24 h. Then, each inoculum was prepared using 900 pl of 10%
BHI medium and 100 pl of the bacterial solution prepared as described
above. Next, 100 pl of inoculum in medium was placed in wells on a
96-well plate followed by addition of 100 pl of the test substance and
sequentially diluted, ranging the concentration on the wells between
1024 — 8 pg/mlL, and incubation at 37 °C for 24 h. Growth control
(medium + inoculum) were included in the last wells of the plate
(NCCLS, 2003). After incubation, 20 ul of a 0,01% sodium resazurin
solution in saline (p/v) was added to each well, followed by an addi-
tional 1 h incubation period at room temperature. A change in the color
of the solution (from blue to red), due to the reduction of resazurin, was
used as an indicator of bacterial growth. The MIC was defined as the
lowest concentration capable of a complete bacterial growth inhibition.
All experiments were carried out in triplicate for all bacterial strains.

Analysis of antibiotic resistance modulation by the EOAG and
p-caryophyllene

The antibiotic-enhancing activity of the EOAG and f-caryophyllene
was assessed by calculating the MICs of the fluoroquinolone antibiotics
norfloxacin and ciprofloxacin (Sigma-Aldrich) against resistant strains
of P. aeruginosa, E. coli, and S. aureus in the presence or absence of the
essential oil or the isolated compound at concentrations equivalent to
their MIC/8 (Coutinho et al., 2008; Tintino et al., 2018).

Each bacterial inoculum was prepared as previously described, and
the EOAG and f-caryophyllene were added at concentrations equivalent
to their MIC/8. Next, 100 pl of inoculum in medium was placed in wells
on a 96-well plate followed by addition of 100 pl of the test substance at
concentrations ranging from 1024 to 0.5 pg/ml, and incubation at 37 °C
for 24 h. Positive controls (medium + inoculum) were included in the
last wells of the plate. The MIC of each antibiotic was determined as
described above. All experiments were carried out in triplicate for all
bacterial strains.

Analysis of the combination effect

To evaluate how many times the drug dosis can be reduced when
associated with the natural products in comparision with the drugs
alone, the Dose reduction Index was calculated (Chou and Chou, 1988).
This index is importante, mainly inn possible clinical situations due the
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Table 2

GC-MS profile of the EOAG.
Retention Index Compound %
937 Alpha-pinene 6.2
979 Beta-pinene 7.2
991 Myrcene 0.5
1030 Limonene 0.9
1098 Linalool 0.4
1139 Nopinone+trans-pinocarveol 1.3
1145 Trans-verbenol 1.5
1163 Pinocarvone 1.2
1194 Myrthenol 1.5
1336 Delta-elemene 0.5
1417 (E)-beta- caryophyllene 17.3
1433 Trans-alpha-bergamotene 1.1
1441 (Z)-beta-bergamotene 3.3
1449 Alfa-humulene 1.3
1456 (E)-beta-farnesene + alpha-aromadendrene 0.8
1477 Gama-muurolene 5.3
1492 Bicyclogemacrene 7.3
1505 Beta-bisabolene 0.5
1509 Beta-curcumene + cubebol 0.8
1519 Delta-cadinene 0.6
1541 Cis-sesquisabinene hydrate 1.1
1565 (E)-nerolidol 9.7
1575 Spathulenol 3.8
1578 Caryophyllene oxide 5.9
1586 Globulol 0.7
1603 Ledol + rosifoliol 1.3
1636 Epi-alpha-cadinol 2.2
1649 Alpha-cadinol 1.2
1666 Epi-beta-bisabolol 1.1
2175 Sandaracopimaral 5.3
TOTAL 91.8%

possibility to reduces the dosis, mantaining the therapeutic efficiency of
the drug, determining the potentiation of the drug (Fid et al., 2012). The
DRI can be calculated using the follow formulae, replacing ICs by MIC:

DRI = ICs cytotoxic drug alone/ ICsq cytotoxic drug in combination

Statistical analysis

Data are expressed as arithmetic means + standard deviation and
were analyzed by analysis of variance (ANOVA), followed by Bonfer-
roni’s post-test using GraphPad Prism software version 7.0. Statistical
significance was considered when p <0.05.

Results and discussion
Chemical composition of the essential oil of Aloysia gratissima

The extraction of the EOAG by hydrodistillation presented a yield of
0,33%, considering the dry weight of the botanical material. The
phytochemical analysis of the EOAG identified 91.8% of the total con-
stituents, revealing the presence of 30 different compounds, including
B-caryophyllene (17.3%) nerolidol (9.7%) and bicyclogermacrene
(7.3%), p-pinene (7.2%), o-pinene (6.2%) and caryophyllene oxide
(5.9%) as major constituents (Table 2).

The present study characterized the chemical profile and in vitro
antibacterial activity of A. gratissima. The GC-MS analysis identified the
presence of 30 different constituents in the essential oil of this species,
including B-caryophyllene as a major constituent. Accordingly, a study
by Trovati et al. (2009) identified the presence of 14 constituents in the
essential oil of the same species, including p-caryophyllene as one of the
main components (Santos et al., 2015).

In addition, Dambolena et al. (2010) identified p-elemene (35.7%) as
the main compound, followed by the f-caryophyllene (28%). On the
other hand, Bersan et al. (2014) reported that E-pinocamphone
(16.07%) was found as the predominant compound in the essential oil of
A. gratissima, while p-caryophyllene was not identified among the
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Table 3
Minimum Inhibitory Concentrations (MICs) of the EOAG and B-caryophyllene.

Bacterial Strain EOAG MIC (pg/mL) p-caryophyllene MIC (pg/mL)

Escherichia coli 6 > 1024 > 1024
Staphylococcus aureus 10 32 32
Pseudomonas aeruginosa 24 > 1024 > 1024

constituents. These differences are justified by evidence demonstrating
that the chemical composition of a given species may vary according to
the method of extraction and collection, as well as the influence of
seasonal factors (Figueiredo et al., 1997; Santos et al., 2013).

Antibacterial activities of the EOAG and S-caryophyllene each alone

The antibacterial activity analysis demonstrated that both EOAG and
its major compound p-caryophyllene presented MIC values equivalent to
32 pg/ml against S. aureus (Table 3). However, the EOAG and the
sesquiterpene presented MIC values above 1024 pg/ml against E. coli
and P. aeruginosa. These findings indicate that both natural samples
showed antibacterial activities against Gram-positive but not against
Gram-negative bacteria.

This finding is in accordance to the work of Pérez-Zamora et al.
(2018), who demonstrated that an essential oil obtained from
A. gratissima, containing f-caryophyllene as a major compound,
exhibited antibacterial activity against S. aureus.

Accordingly, essential oils of species of the same genus, such as
A. polystachya and A. sellowii showed potent antibacterial actions against
S. aureus, which may be related to the presence of p-caryophyllene.
According to Dahham et al. (2015), this compound is active against both
Gram-negative and Gram-positive bacteria. In addition, Maia et al.
(2010) demonstrated that the essential oils of Vernonia remotiflora and
V. braziliana, which had approximately 40% of p-caryophyllene in their
composition, had antibacterial action against both Gram-negative and
Gram-positive bacteria, including S. aureus.

Antibiotic-enhancing effects of the EOAG and f-caryophyllene

Following the antibacterial activity analysis, this study investigated
the potential of the essential oil and its major compound to potentiate
the activity of conventional antibiotics against resistant strains of
S. aureus, E. coli and P. aeruginosa (Fig. 2). The DRI was calculated and
the results are described in the Table 4.

The in vitro treatment with the EOAG potentiated (p < 0.0001) the
activity of norfloxacin against all bacterial strains analyzed in this study.
Of note, the essential oil caused a 6-fold reduction in the MIC of the
antibiotic against resistant strains of S. aureus. The same combination of
substances resulted in remarkable modification of the antibiotic action,

1050
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inhibiting bacterial growth in E. coli cultures, in which the MIC was
reduced from 32 pg/ml to 1.58 pg/mL, with a reduction of 20 times.
Against P. aeruginosa cultures, the combination between EOAG and
antibiotics (norfloxacin) caused a 8-fold (Table 4) reduction in the MIC,
indicating potentiation of antibiotic activity. On the other hand, the
essential oil did not cause significant changes in the activity of genta-
micin and erythromycin against the bacterial strains investigated in the
study. These findings suggest that the EOAG selectively modulates the
resistance to different classes of antibiotics. Even with this interesting
result, this combination must be evaluated carefully due the fact of
studies with essential oils must consider the existence of some other
compounds in the composition that could affect the antibiotic effect.
The present study demonstrated that both the EOAG and p-car-
yophyllene increased the antibacterial activity of norfloxacin against
multidrug resistant bacteria. This finding is corroborated by a previous
study showing that the essential oil of Lippia menosides, which has a
chemical composition similar to A. gratissima, potentiated the action of
ampicillin and cephalothin against S. aureus (Guimaraes et al., 2014). In
the present work these substances have potentiated the effect of anti-
biotics against Gram-negative bacteria, studies with E. coli demonstrated
variable results from the combination with conventional antibiotics

Table 4

MIC values (pg/mL) of the antibiotic alone and associated with the p-car-
yophyllene and EOAG. The Dose Reduction Index (DRI) of the antibiotics after
associationa (DRI B-c e DRI EOAG). Results represented the media + standard
deviation.

E. coli
MIC Ant MIC AB-c MICAEOAG DRI DRI
p-c EOAG
Gentamycin 512+1 512+1 512+1 1 1
Erythromycin 1024 +1 1024 +1 1024 +1 1 1
Norfloxacin 32+1 1.25 + 1,49 1.58 £1 25.6 20.25
S.aureus
Gentamycin 256 +£1 10159 + 322.79 £ 2.51 0.79
1.49 1.49
Erythromycin 8 +1 20.15 + 50.79 + 0.39 0.15
2.22 2.22
Norfloxacin 64 + 1 50.79 + 10.07 + 1.26 6.35
1.49 1.49
P. aeruginosa
Gentamycin 80.63 + 161.26 + 203.28 + 0.5 0.39
1.49 1.49 1.49
Erythromycin 128 +1 101.59 + 128 +£1 1.25 1
1.49
Norfloxacin 12.69 + 4+1 1.58 + 2.22 3.17 8.03
1.49

Ant - Antibiotic alone
AB-c — Antibiotic associated with p-caryophyllene

AEOAG - Antibiotic associated with EOAG

1000
950

900
600

400
200

MIC (pg/mL)

40
20

faasd

3] fra]
27

S. aureus

E. (Iroli

ey

o

skok

P. aeruginosa

* p < 0.0001 indicates significant differences between groups.

BONRE

Gentamycin
Gentamycin + EOAG
Erythromycin
Erythromycin + EOAG

Norfloxacin
Norfloxacin + EOAG

Fig. 2. Modulation of antibiotic resistance by the EOAG in association with norfloxacin, gentamicin or erythromycin against MDR of E. coli, S. aureus and P.
aeruginosa.
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EE Gentamycin
Gentamycin + [3-caryophyllene
Erythromycin
I Erythromycin + B-caryophyllene
Il Norfloxacin

Norfloxacin + B-caryophyllene

Fig. 3. Modulation of antibiotic resistance by f-caryophyllene in association with norfloxacin, gentamicin or erythromycin against MDR of E. coli, S. aureus and P.

aeruginosa. **** p < 0.0001 indicates significant differences between groups.

(Oliveira et al., 2006). Accordingly, Goren et al. (2011) demonstrated
that p-caryophyllene potentiated the action of sulfamethoxazole in a
disk diffusion model.

To analyze whether the antibacterial action of the EOAG would be
associated with the activity of its major compound f-caryophyllene, this
study investigated the effects of the combination of this compound with
conventional antibiotics under the same experimental conditions pre-
viously described (Fig. 3). Like the EOAG, the pure compound potenti-
ated the antibiotic activity of norfloxacin against all bacterial strains.
However, p-caryophyllene was found to increase the antibacterial ac-
tivity of erythromycin and gentamicin against P. aeruginosa and S.
aureus, respectively. Considering the comparable antibiotic-enhancing
activity between the essential oil and the pure compound, it is sug-
gested that the modulating effects of the EOAG on antibiotic resistance
result, at least partially, from the action of its major constituent
B-caryophyllene.

On the other hand, a study by Aguiar et al., (2015) demonstrated that
the EO of Lantana caatingensis (Verbenaceae), which has p-car-
yophyllene as the major component, differentially modulated the ac-
tivity of aminoglycoside antibiotics against S. aureus and E. coli. In this
context, the association with gentamicina have no potentiating effect in
the reduction of the antibiotic MIC against both strains. However, the
association caused a 75% reduction in the MIC of amikacin against
S. aureus. In addition, the association with neomycin caused a 50%
reduction in the MIC of this antibiotic against E. coli, providing evidence
of the existence of a link between the presence of p-caryophyllene as a
major constituent, and the antibiotic-enhancing properties of this
species.

Dahham et al. (2015), studying the action of f-caryophyllene against
Gram-positive and Gram-negative bacteria, demonstrated that this
compound has potent activity against strains of S. aureus, with MIC
values ranging between 3 and 4 pM. The authors also suggested that
B-caryophyllene antibacterial activity may be due to interference with
antioxidant mechanisms.

However, evidence suggests that lipophilic terpenes can alter the
permeability of the bacterial cell membrane, causing damage resulting
from the loss of K ions and electrolyte imbalance (Pinto, 2014), leading
to the loss of fundamental cellular components such as proteins and
lipids (Oliveira et al., 2006; Mahizan et al., 2019).

Conclusion

EOAG as well as its major constituent f-caryophyllene showed
antibacterial activity on their own and enhanced the antibiotic activity
when tested in combinations. The EOAg and the B-caryophyllene
demonstrated clinically relevant antibacterial activity against S. aureus,
as na antibiotic-potentiating activity against all assayed bacterial
strains.

In conclusion, both EOAG and f-caryophyllene have a notable

potential for the development of new therapies against bacterial resis-
tance, mainly due the possibility to reduce the MIC of the antibiotics
when acting in association with the EOAG and specially with the
B-caryophyllene. However, further research is needed to characterize
the mechanisms of action of these substances in the model used in the
present study.
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