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ARTICLE INFO ABSTRACT

Keywords: Bacterial resistance is a serious health problem, which is mostly caused by the inappropriate use of antibiotics.
Antibacterial activity The emergence of strains resistant to these drugs results in difficulties in the treatment of bacterial infections.
Mor}oFer})ene Therefore, it has been a trend to investigate new alternatives against microbial resistance such as the use of natural
:;:;‘;;ﬁ products and their major compounds. The monoterpene carvacrol which is mostly extracted from essential oils has

been pointed as a promisor. In the search for better results in terms of pharmaceutical applications of associations
and complexes, f-cyclodextrin has been promising when complexed with isolated compounds. This study aimed
to evaluate the antibacterial activity of the compound carvacrol, pure and complexed with g-cyclodextrin, against
the strains of Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli. The antibacterial activity assay
was performed using the broth microdilution method, determining the minimum inhibitory concentration (MIC),
and from the subinhibitory concentration value (MIC/8) was evaluated the modifier activity of the antibiotic ac-
tion. The reading of the tests was carried out using sodium resazurin and expressed by geometric mean. Carvacrol
showed significant results against standard bacteria: S. aureus with a MIC of 81 ug/mL, and P. aeruginosa with a
MIC of 161 ug/mL. Also, a MIC of 128 ug/mL for the multidrug-resistant strain of P. aeruginosa. Regarding the
modifier effect on antibiotic action when associated with gentamicin, complexed carvacrol showed synergism
against E. coli, with a reduction in the MIC from 25 ug/mL to 5 ug/mL. Carvacrol demonstrated relevant clinical
antibacterial activity, for both gram-positive and gram-negative bacteria, and a synergistic effect when associated
with gentamicin. Therefore, these results showed to be promising in fighting bacterial resistance.

1. Introduction Essential oils are secondary metabolites extracted from different
parts of medicinal plants. They have in their composition a set of chem-
ical compounds, mainly terpenes, and these compounds can act indi-

vidually or synergistically to improve the therapeutic efficacy of other

Bacterial resistance to conventional antibiotic drugs is a matter of
worldwide concern. In this context, the search for new antimicrobial

agents that can help or enhance the effect of the conventional drugs
already used in the treatment of bacterial infections has been the sub-
ject of research. Natural products, mostly of vegetal origin, are of-
ten investigated in an attempt to discover new pharmacological prop-
erties, which can represent a better option for controlling microbial
resistance [1-3].
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drugs, thus being very important in pharmacological studies [4]. There
is a wide interest in the use of the major compounds of essential oils,
due to their antimicrobial and antioxidant properties [5-7].

Isolated compounds from natural products can display significant
and promising antimicrobial activities, due to their biochemical fea-
tures, or have them expressed when in combination with other ther-
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Table 1

Determination of the minimum inhibitory concentration (MIC xg/mL).
Bacteria S.A ATCC 25,923 P.A ATCC 9027 E.C ATCC 25,922 S.A10 P.A 24 E.C 06
Carvacrol 81 161 256 256 128 256
Carvacrol /B-CD > 1024 > 1024 > 1024 > 1024 > 1024 > 1024
p-cyclodextrin > 1024 > 1024 > 1024 > 1024 > 1024 > 1024

Abbreviations: S.A: Staphylococcus aureus; P.A: Pseudomonas aeruginosa, E.C: E. coli, Carvacrol /#- CD: Car-

vacrol - cyclodextrin complexes.

apeutic antibiotics drugs. Also, it must be considered that the molecu-
lar diversity of plant-derived compounds is greater than that originated
from synthetic standard antibiotics [1,8,9].

Carvacrol is an active pharmaceutical monoterpene, and a primary
compound in several essential oils, being one of the most active antiox-
idants [10,11]. Therefore, the interest in conducting the present study
is based on the pharmacological activities already reported in previous
studies, in which carvacrol demonstrated antimicrobial [12], antioxi-
dant [13], antinociceptive [14], and anti-inflammatory activities [15],
thus presenting interesting bioactivity for use in the pharmaceutical in-
dustry.

This study aimed to evaluate the antibacterial activity of carvacrol
isolated and in complexes forms, determining the minimum inhibitory
concentration (MIC), both isolated or complexed with standard antibi-
otics.

2. Results and discussion
2.1. Antibacterial activity

The minimum inhibitory concentration (MIC) values showed that
most of the substances tested did not display direct antibacterial ac-
tivity on the strains evaluated. MIC values were greater than or equal
to 1.024 ug/mlL, for both, standard and multiresistant bacteria. This
concentration is considered clinically irrelevant. However, isolated car-
vacrol showed significant results against the standard bacteria S. au-
reus ATCC 25,923 (MIC of 81 ug/mL), P. aeruginosa ATCC 9027 (MIC
of 161 ug/mL), and the multiresistant strain P. aeruginosa 24 (MIC of
128 ug/mL). Against other strains, E. coli ATCC 25,922, E. coli 06 and S.
aureus 10, carvacrol displayed a MIC of 256 ug/mlL, as shown in Table 1.

Therefore, these results corroborate the findings described in the lit-
erature regarding the antibacterial effect of carvacrol [16-19].It has
been reported antibacterial activity of essential oils against clinically
relevant pathogenic agents, this being linked to the antibacterial activ-
ity of their major compounds.

The lowest MIC presented was observed for the bacteria S. aureus
ATCC 25,923, corroborating previous findings regarding the antibacte-
rial activity of the essential oils of Origanum vulgare and Lippia sidoides
[20-23]. The compound carvacrol is reported to be more effective
against gram-positive bacteria than gram-negative [24,25]. This effect
against gram-positive bacteria is due to the differences in the structure
of the cell wall and membrane of these types of bacteria, which makes
gram-positive species more sensitive to the action of compounds present
in the essential oils [26]. On the other hand, gram-negative bacteria
display cell membranes with a differentiated nature which restricts the
absorption of molecules moving into the cells through porin channels
[27].

Regarding carvacrol in complexed form, and pure p-Cyclodextrin,
they did not show any detectable antimicrobial effect (MIC >
1.024 ug/mlL) for the bacteria strains tested. Similar results were found
concerning the non-antimicrobial activity of p-cyclodextrin against the
strains of S. aureus, P. aeruginosa and E. coli [28,29]. However, it has
been reported that g-cyclodextrin can increase solubility, and improve
adherence to the bacterial cell wall [30,31]. This differentiation can
be associated with the fact that the complexation of compounds results
in structural changes in the molecules, and also in different physico-

chemical properties, which explains the different results involving the
complexes [28].

2.2. Modifier effect on antibiotic action

Under the current scenario of increasing antibiotic resistance, it has
been a trend in the development of studies combining synthetic drugs
with natural products, aiming to understand their combined actions,
which can potentialize antibiotic activity or reduce microbial resistance
[1].

Carvacrol/f-CD demonstrated antibacterial synergism against E. coli
06, with a reduction in MIC from 25 ug/mL to 5 ug/mL, when asso-
ciated with gentamicin Fig. 1. This effect may be due to the lipophilic
nature of terpenes which increases the influx of antibiotics into the cell
by changing the permeability of the cell membrane [32,33]. The study of
La Storia et al. [34] indeed proved that carvacrol affects the membrane
of bacteria. According to Xu et al. [19], the antibacterial activity against
E. coli 06 is attributed to the ability of this compound to permeabilize
and depolarize its cytoplasmic membrane.

The association of carvacrol with gentamicin against P. aeruginosa
24 and S. aureus 10 was expressed by an antagonistic effect, with a high
increase in the MIC Fig. 1. This result was characterized by a decrease in
the biological activity of the combined constituents [35]. Freitas et al.
[36] evaluated the antimicrobial activity of the compound carvacrol in
association with gentamicin against the strains of S. aureus ATCC 25,923
and P. aeruginosa ATCC 15,442, and the results showed no difference
compared to the control, which was evidenced by the absence of syner-
gism or antagonism against the tested strains.

Carvacrol/p-CD complexes, as well as p-CD isolated, did not show
any synergic effect when compared to the control, except for E. coli 06
Fig. 1. This effect observed in both carvacrol/f-CD and $-CD may be
due to the alterations developed in these compounds when they were
complexed, being an indication that the complexation process can al-
ter the structure and physical-chemical interactions between compound-
antibiotic [28,29].

According to Fig. 2, the results observed for P. aeruginosa 24 proved
to be antagonistic, that is, this association of carvacrol complex and
the isolated g-CD with norfloxacin led to an increase in the MIC from
6.34 ug/mL to 128 ug/ml, 40.37 ug/mL and 64 ug/mL respectively.
These results indicated that §-CD did not improve antibiotic activity,
similar results were reported in other investigations by Freitas [8] and
Oliveira et al. [29].

The association between carvacrol with norfloxacin against S. aureus
10 also demonstrated antagonism, evidenced by the increase in the MIC
from 161 ug/mlL to 322.54 ug/mL. Bahmani et al. [37] evaluated car-
vacrol in association with norfloxacin against the strain S. aureus ATCC
12,600, and the results were not different from the observed for the
control, characterized by the absence of synergism against the tested
strain. Evaluating the complexed carvacrol and isolated $-CD in associ-
ation with the antibiotic, both displayed a reduction in the MIC from
161 pg/mL to 128 ug/mL. When comparing only the results of iso-
lated g-CD, it corroborates with the findings reported by Oliveira et al.
[29] and Costa et al. [9].

Evaluating the effects against E. coli 06, the combination of sub-
stances combined with norfloxacin was antagonistic, however, when
we compared the isolated carvacrol to the complexed one, we observed
a decrease in the MIC from 102 ug/mL to 50.79 ug/mL, respectively
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Fig. 1. Modulation effect of carvacrol, com-
plex: carvacrol/f-CD, and f-cyclodextrin: g-CD
in association with gentamicin against Pseu-
domonas aeruginosa 24, Staphylococcus aureus
10 and Escherichia coli 06. Control refers to
antibiotic-gentamicin. **** value statistically
significant when p < 0.0001; not statistically
significant when p > 0.05.
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Fig. 2. This decrease in the complexed substance is related to the ac-
tion of carvacrol in increasing the permeability of the outer membrane
of gram-negative bacteria, also the increase in the interaction capacity
of p-cyclodextrin [34,38,39]. When analyzing isolated carvacrol, the re-
sults corroborate the study by Lima et al. [18] in which they evaluated
carvacrol bacteriostatic action against E. coli ESBL strains, where the
MIC was found to be 128 ug/mL against the strains C-18, C-20, C-21,
C-24, C-25 and 24.

Regarding the antagonistic effect of the substances when associated
with the antibiotics, it can be explained by the binding of the compound
in the place where the antibiotic would bind, thus having a possible site
competition. Also, there is the possibility of chelation of the antibiotic
by the compound, which would lead to a decrease in the spectrum of
action of the drug [1,29].

Carvacrol in association with imipenem tested against E. coli 06 also
showed antagonism, with an increase in the MIC from 6.85 ug/mL
to 16 ug/mL Fig. 3. While against other bacteria and comparisons, it
did not show any significant activity (p>0.05). This is the first study
reporting the antimicrobial activity of carvacrol complexed with -
cyclodextrin for improving the antibiotic action, which was based on
statistical comparisons of the antagonistic or synergistic activities. How-
ever, there are other studies regarding the antimicrobial activity of car-
vacrol, such as the inhibition of biofilm formation [40] and the evalua-
tion of the antibacterial efficacy by the disk-diffusion method [41].

3. Material and methods
3.1. Antibiotics and chemicals

The antibiotics used in the test were gentamicin, norfloxacin and
imipenem (Sigma Co., St. Louis, USA). These antibiotics were dissolved
in sterilized distilled water at a concentration of 1.024 ug/mlL. Regard-
ing the compounds used in the test, they were weighed 10 mg and sub-
sequently dissolved in 1 mL of dimethylsulfoxide (DMSO) and sterilized
distilled water to reach the concentration of 1.024 ug/mL. Test read-
ings were proceeded using sodium resazurin reagent (Sigma - Aldrich,
St. Louis, MO), which was used as a colorimetric indicator of bacterial
growth by redox.

Carvacrol was provided by the Laboratory of Pharmacology and
Molecular Chemistry (LFQM) of the Universidade Regional do Cariri
(URCA). p-cyclodextrin was obtained from Sigma-Aldrich® (USA), and
the carvacrol/g-cyclodextrin complex was prepared at the Pharmacy
Laboratory of the Universidade Federal de Sergipe (UFS).

3.2. Microbiological culture media

During the tests, the following microbiological culture media were
used: heart infusion agar (HIA, Difco laboratories Ltda.) prepared ac-
cording to the manufacturer; and brain heart infusion broth (BHI Acu-



A.R.P. da Silva, M.d.S. Costa, N.J.S. Aratijo et al.

Advances in Sample Preparation 7 (2023) 100072

Fig. 3. Modulation effect of carvacrol, com-

plex: carvacrol/p-CD, and p-cyclodextrin: f-

Imipenem CD in association with imipenem against Pseu-
; domonas aeruginosa 24, Staphylococcus aureus

Cravacrol + Imipenem 10 and Escherichia coli 06. Control refers to
Carvacrol/-CD + Imipenem  the antibiotic-imipenem. **** value statistically
significant when p < 0.0001; not statistically

- + i
p-CD + Imipenem significant when p > 0.05.

Statistical Significance

p<0,05=*
p<0,01="*
p < 0,001 = ***

p <0,0001 = ****

j *kkk
£ 20-
) (]
3 ’—‘
G el i
s 16 [
k]
c 104
(3]
(]
=
g 5 TT
= 1
£ m I
g o >
° A\
o '(\06 X M 00
\)Q\ 'b\) ‘(‘\\0
G & ¢
@ o &
. O o
«° \° ¢
&° ‘(\“
) \4
Q‘.’G 9‘@

media Manufacturers Inc.), which was prepared at the concentration of
10%. The bacterial strains that were kept under refrigeration at 4 °C
before the tests, were previously cultivated in HIA. Subsequently, they
were incubated in a bacteriological incubator at the temperature of 37
°C for 24 h before the beginning of the experiments.

3.3. Microbial strains

The microorganisms used in the tests came from the Laboratory of
Microbiology and Molecular Biology (LMBM) of the Universidade Re-
gional do Cariri (URCA). The standard strains used were: Escherichia coli
ATCC 25,922, Pseudomonas aeruginosa ATCC 9027, Staphylococcus au-
reus ATCC 25,923; and the multiresistant strains: E. coli 06, Pseudomonas
aeruginosa 24 and Staphylococcus aureus 10.

3.4. Determination of the minimum inhibitory concentration (MIC)

The minimum inhibitory concentration (MIC) test was performed us-
ing the CLSI broth microdilution method [42] with modifications. Us-
ing a nickel-chromium inoculation loop, the bacterial strains were sus-
pended in test tubes containing 3 mL of sterile saline solution (0.9%).
For the standardization of the prepared inoculums, they were compared
using the Mcfarland scale (10> CFU).

Following, eppendorfs® containing 1.350 uL of liquid BHI culture
medium and 150 pL of bacterial inoculum were prepared, resulting in
a final volume of 1.5 mlL, subsequently, 96-well microdilution plates
were filled with 100 pL. Serial microdilutions were performed, where
100 L of each solution was added in the first well was diluted up to the
penultimate well 1:1, and the last well of each plate was used as control
for microbial growth. And a control was also performed to verify the
sterility of the liquid BHI culture medium. Compound concentrations
ranged from 512 pg/mL to 4 ug/ml.

The plates were incubated in a microbial incubator for 24 h at a
temperature of 37 °C. After this period, MIC readings were performed,
where 20 pL of sodium resazurin solution was added to the wells of
the plate, the readings were performed one hour later. Based on the
oxidation-reduction reaction at room temperature, it was observed the
changes in color from blue to pink, as indicative of bacterial growth. MIC
was defined as the lowest concentration capable of inhibiting microbial
growth. The tests were performed only once in triplicate.

3.5. Evaluation of modifier effect on antibiotic action

To verify the effect of the compounds combined with antibiotics
against multidrug-resistant bacteria, it was used the method proposed
by Coutinho et al. [43], where the compounds tested were evaluated in
subinhibitory concentration (MIC/8). These tests were also performed
in triplicate.

Eppendorfs containing carvacrol, carvacrol/f-CD and f-cyclodextrin
at concentrations of 16 ug/mL, 32 pg/mL and 128 ng/mL were pre-
pared. And suspensions of 10° CFU/mL of the microorganisms were
deposited together with liquid BHI culture medium. Control was pre-
pared for the antibiotics (gentamicin, norfloxacin and imipenem) with
the same amount of bacterial inoculum corresponding to the 10% vol-
ume of the eppendorf and 1350 pL of BHI medium. 96-well microdilu-
tion plates were filled with 100 pL of the prepared solutions. Then 100
uL of each antibiotic was added at concentration of 1024 xg/mL and se-
rial microdilutions were performed at 1:1 ratio, ranging from 512 ug/mL
in the first well to 0.5 xg/mL in the penultimate well, with the last well
of each plate being reserved for the positive control of the test.

3.6. Statistical analyses

The tests were performed in triplicates, and the statistical analyzes
were run using the two-way ANOVA test, followed by the post hoc Bon-
ferroni test, where the results were considered significant when p { 0.05,
p < 0,0001, and not significant when p ) 0.05. The results were expressed
as mean + standard deviation, using the GraphPad Prisma software, ver-
sion 5.0.

4. Conclusions

Based on the results of this trial, isolated carvacrol showed di-
rect antibacterial activity against both gram-positive and gram-negative
strains, however, the complex carvacrol/g-cyclodextrin and isolated -
cyclodextrin did not show any direct antibacterial activity against the
strains tested. However, when the complex and p-cyclodextrin were
tested in association with gentamicin, they showed a synergistic effect
against E. coli 06. The modifier effect on the antibiotic action by the sub-
stances tested in association with norfloxacin and imipenem showed an
antagonistic or no effect against the strains tested. Isolated carvacrol dis-
played a promising effect on antibacterial activity. Complexed carvacrol
and isolated p-cyclodextrin showed promising activities in association
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with antibiotics against E. coli. These results were promising regarding
fighting bacterial resistance, however, further studies are needed to bet-
ter elucidate the mechanism of action of these compounds tested.
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