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Abstract Objective: The present study aimed to evaluate the antibacterial effect and inhibitory
capacity against NorA, TetK and MepA efflux pump of Staphylococcus aureus multiresistant by
in vitro and in silico approach of o, B and é-damascone compounds.

Results: The compounds o, B and §-damascone showed a clinically relevant effect against S. aur-
eus ATCC 6538 standard strain. A modulating effect was also observed in association with antibi-
otics against MDR strains. Regarding the inhibition of the efflux pump, the compounds showed a
modulating effect with antibiotics, against SA-1199, SA-1199B, SA IS-58 and K2068. Only o-
damascone demonstrated an efflux pump inhibitory effect. Regarding ADME properties, o, 8
and 6-damascone showed similar physicochemical properties with good pharmacokinetic character-
istics, such as lipophilicity, oral bioavailability and low toxicity. In addition, they exhibited the
binding energy and Ligand Efficiency (LE) —81.17 (5.4), —77.48(-5.4) and —64.55 (-5.1), which
shows good interactions with the critical residues of the MepA receptor.

Conclusions: From the results it is concluded that the compounds o, B and 6-damascone do not
have antibacterial activity, but show a modulating effect in association with antibiotics, as well as
not showing direct activity on the efflux pump, but they do have a modulating effect with antibiotics
and with EtBr (o and B-damascone).
© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The discovery of antibiotics helps in the treatment and control of
infections. However, infections are still one of the biggest causes of
mortality. This is due to the emergence of new diseases, the recur-
rence of diseases that are already under control, as well as microbial
resistance. (Kapoor et al., 2017). Microbial resistance is related to
microorganisms such as bacteria, fungi, viruses, and parasites. This
phenomenon occurs when existing growth in the presence of drugs
that would generally have deleterious effects on these microorgan-
isms. This is due to different resistance mechanisms: modification
of the drug target, efflux pump, hydrolysis or enzymatic degradation,
and impermeability (Founou et al., 2017). With regard to resistant
bacteria, the Pseudomonas aeruginosa (PA) which is commensal,
gram-negative and can become an opportunistic pathogen when there
are favorable factors, such as failure of tissue barriers or weakness in
the immune system (Lee and Zhang, 2015). Escherichia coli (EC) is
gram-negative and responsible for complications in the gastrointesti-
nal tract, potentially leading to death (Yingst et al., 2006) as well as
urinary tract infections (UTI) (Rayasam et al., 2019). Staphylococcus
aureus (SA), is gram-positive, which is present in the human micro-
biota as a commensal (Lee et al., 2018). However, they can lead to
serious infections such as: osteoarticular, skin and soft tissue infec-
tions, bacteremia and infective endocarditis (dos Santos et al.,
2007; Tong et al., 2015).

Regarding the mechanisms that can lead to resistance in bacteria,
the efflux pump are pointed out, which reduces the intracellular con-
centration of antibiotics (Piddock, 2006) and occurs in gram-positive
and gram-negative bacteria (Kumar and Pooja Patial, 2016). They
are classified into five families: major facilitator superfamily (MSF),
resistance nodulation and cell division (RND), ATP binding cassette
(ABC), small multidrug resistance family (family-SMR) e multidrug
and toxic compound extrusion family (MATE) (Piddock, 2006;
Schindler et al., 2013a).

The bacteria resistance in Gram-positive bacteria can be found by
the expression of Efflux pumps present in chromosomes or plasmids.
The most common efflux pumps found in chromosomes of this bacte-
ria class are NorA, NorB, NorC, MdeA, SepA, MepA, and SdrM, and
pumps transfected by plasmids are: qacA /B, qacG, qacH, qacJ and

smr (Hassanzadeh et al., 2020, 2017). While for Gram-negative bacte-
ria, we can mention AcrAB-TolC, MexAB-OprM (Pages et al., 2005)
and NorM (Rouquette-loughlin et al., 2003) as the most prevalent
efflux pumps that relation to multiresistant phenotypic.

In the search for possible antimicrobial agents with a broad spec-
trum of activity, there are products of natural origin (da Silva
Santos et al., 2017), and secondary metabolites are included because
they often act with interaction mechanism, defense and biological
properties (Shitan, 2016; Wink, 2010). In this sense, norisopreoids
are a class of aromatic compounds, derived from carotenoids, which
is composed of ionones and damascones (Litzenburger and
Bernhardt, 2016). These have thirteen carbons, and are present in
the constitution of the aroma of teas, grapes, roses, tobacco and wine,
in addition to flavors and fragrances, being very important in indus-
trial chemical products (Serra, 2015).

Damascones were discovered in the work of (Demole et al., 1970))
(Demole et al., 1970) in the oil of the Bulgarian rose (Rosa damascena
Mill), which are known as rose ketones, with applications in the fra-
grance and cosmetics industry (Gliszczynska et al., 2016). Chemically,
they are isomers of ionones. However, according to the position of the
double bond, there are several other isomers, from which the o, f and
d-damascone come with greater economic importance (Surburg and
Panten, 2016).

Regarding biological activities, according to research conducted by
the Research Institute for Fragrance Materials Inc (RIFM), o-
damascone showed no mutagenic activity against E. coli and Sal-
monella Typhimurium strains (Lapczynski et al., 2007). B-damascone
has been shown in in vitro studies to reduce quinone reductase (IP-
10) (Gerhduser et al., 2009), interferon-gamma and pro-
inflammatory cytokines (Mueller et al., 2013). There are few studies
reported in the literature on 6-damascone and its biological activities.
It is reported that it has toxic potential when orally administered to
albino rats (Moran et al., 1980); however, when tested on humans in
topical applications, there were no sensitization reactions (Lalko
et al., 2007).

Accordingly, in silico analyses are used to identify absorption, dis-
tribution, metabolism and excretion (ADME) properties, as one of the
first processes in the discovery of new potentially therapeutic com-
pounds (ALGHAMDI et al., 2020).
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Therefore, the present study aimed to evaluate the antibacterial,
inhibitory effect of the efflux pump (NorA, TetK and MepA) of Sta-
phylococcus aureus and to evaluate in silico ADME properties of o, 8
and d-damascone compounds.

2. Materials and methods

2.1. Bacterial strains

For the antibacterial activity assays with the standard and
multidrug-resistant strains, Staphylococcus aureus (SA-10 and
SA ATCC 6538), Escherichia coli (EC-06 and EC ATCC
25922) and Pseudomonas aeruginosa (PA 24 and PA ATCC
9027) bacterial strains were used. Staphylococcus aureus strains
used for efflux pump inhibition assays were: SA 1199, AS
1199B (NorA), SA IS-58 (TetK) and SA K2068 (MepA). All
strains were initially maintained on blood agar to prove strain
type (Laboratorios Difco Ltda., Brazil), then transferred to the
stock. They were kept in two stocks: one in Heart Infusion
Agar slants (HIA, Difco) at 4 °C, and the other kept in glyc-
erol in a —80 °C freezer.

2.2. Drugs

The substances o-damascone (43052-87-5), B-damascone
(23726-91-2) and 6-damascone (57378—68-4), Ethidium bro-
mide (EtBr) were obtained from Sigma Aldrich. For tests with
standard and multiresistant strains, antibiotics were used:
ampicillin, sulbactam, gentamicin and ciprofloxacin. For the
efflux pump inhibition tests, norfloxacin, Carbonyl Cyanide
ChloroPhenyl-hydrazone (CCCP) and tetracycline were used.

2.3. Evaluation of antibacterial activity

2.3.1. Determination of minimum inhibitory concentration
(MIC) and evaluation of modulating activity

Tests to determine MIC and to evaluate whether the sub-
stances modified the action of antibiotics against resistant
and multidrug-resistant bacteria, the method proposed by
(Coutinho et al., 2008) was used. All experiments were per-
formed in triplicate.

2.4. Determination of effux pump inhibition ( EPI)

To evaluate efflux pump inhibition, the minimum inhibitory
concentration assay of all substances (a-damascone, -
damascone, and 6-damascone) was performed, as well as ver-
ified the MIC of ethidium bromide and with the antibiotics
to confirm the level of resistance corroborating the presence
of the pump. The concentrations ranged from 1024 pg/mL
to 0.5 pg/mL.

2.4.1. Efflux pump inhibition by a modulating effect

For these experiments, the subinhibitory concentrations
(MIC/8) of the test substances and the efflux pump inhibitors
(EPIs) were used. In the test, 150 pL of the inoculum plus sub-
stance at subinhibitory concentration (MIC/8) were placed,
and the volume of the Eppendorf tube was made up to
1.5 mL. For the control, the same inoculum volume of the test
was placed and the volume of the eppendorf was made up to

1.5 mL. They were then transferred to 96-well microdilution
plates with vertical distribution, characterized by the addition
of 100 puL of the Eppendorftube content to each well. After this
step, microdilution of ethidium bromide or antibiotic was per-
formed, with 100 pL in this medium until the penultimate well
(1:1). In the last well, it was not added because it was the
growth control. The concentrations ranged from 1024 pg/mL
to 0.5 ug/mL. After 24 h, the plates were read by visualizing
the color change of the medium characterized by the addition
of 20 pL resazurin. The reading was determined by the color
change of the culture medium from blue to red, indicating
the presence of bacterial growth and the permanence in blue,
the absence of growth. The reduction in MIC of ethidium bro-
mide or specific antibiotic, in strains carrying an efflux pump,
is an indication of efflux pump inhibition. All experiments
were performed in triplicate ((Tintino et al., 2016).

2.4.2. Evaluation of MepA inhibition by visualization of
Sfluorescence intensity in the UV transilluminator

For this assay, the S. aureus K-2068 strain was seeded in a BHI
Agar culture medium, 24 h before the experiment, at 37 °C.
After that time, the test conditions were set where ethidium
bromide (EtBr) was added in subinhibitory concentration to
all plates except the plate with K-2068 alone without sub-
stances. The standard efflux pump inhibitor CCCP was used
as a positive control. The three test plates contained o-, B-
and 6-damascone in subinhibitory concentrations. Six plates
were prepared, namely: control containing only the strain on
BHI Agar; negative control with strain in culture medium con-
taining only EtBr; positive control containing the strain + the
CCCP inhibitor + EtBr; plates with the test containing the
strain, the o-, -, and d-damascone + EtBr, on each plate.
The substances were added to the plate concomitantly with
BHI Agar in its liquid state, and homogenization was per-
formed in a standard way for all plates. Then, the culture med-
ium was allowed to cool and solidify before repeating and
sowing again on the newly prepared plates. After sowing K-
2068, the plates were kept in an oven for 24 h at 37 °C. Finally,
the reading was performed on a UV Transilluminator of
plates, and images were acquired with the same magnification
and camera settings to compare EtBr fluorescence emission
visually (Martins et al., 2010). The fluorescence intensity was
measured using Image J software (National Institute of Mental
Health, Bethesda, MD, USA).

2.4.3. Cell viability assay

Cell viability was evaluated by using an MTT assay. The dam-
ascone compounds were plated overnight in 96-well plates at
1 x 10* per well. The cells were treated with 0.1 % DMSO
for 24 h, and then 20 nL. MTT solution (5 mg/mL) was added
into each well and incubated for 4 h. The culture supernatant
was discarded, and then 100 n. DMSO was added into each
well. After mixing well, OD absorbance was recorded at
490 nm by a microplate reader.

2.5. Statistical analysis

The results of the experiments were performed in triplicate and
expressed as geometric mean, using two-way analysis of vari-
ance (ANOVA), followed by Bonferroni post-hoc test, using
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GraphPad 6.0 software. In all analyses, statistical significance
level was set at 5 % (p < 0.05).

2.6. Molecular modeling study at the MepA binding site

A molecular docking procedure was executed using the Mole-
gro Virtual Docker (MVD) program. The 3D structure and
identification of potential efflux binding pockets of MepA
are based on the concordance of study by (de Morais
Oliveira-Tintino et al., 2021) (de Morais Oliveira-Tintino
et al., 2021), and all damascene (o, and &) structures were
obtained from PubChem in sdf format.

2.7. In silico ADME prediction

To calculate the physicochemical properties of the o-, - and 8-
damascone compounds, the SwissADME tool, provided by the
Swiss Bioinformatics Institute (SIB), was used (Daina et al.,
2017).

3. Results

3.1. Determination of Minimum inhibitory concentration (MIC)

The results in Table 1 show that a, B and §-damascone present
MIC of 512, 512 and 812.75 pg/mL, respectively, compared in
the strain SA ATCC, while in relation to the other SA-10, EC
ATCC, EC —-06, PA ATCC and PA-24, exhibited a
MIC > 1024 pg/mL.

3.2. Evaluation of modulating activity

The action of ampicillin, when associated with a- and -DA,
was modulated against SA-10 (Fig. 1A), with MICs of
161.26 and 203.18 pg/mL, respectively. Unlike the control
(ampicillin), which had a MIC of 256 pg/mL. However, B-
DA associated with ampicillin showed antagonism, leading
to an increase in MIC from 256 to 645.08 pg/mL. Regarding
the other strains, the association of ampicillin with the tested
compounds did not show significant results.

Fig. 1B shows that the association of f-DA with ampicillin
and sulbactam modulated its effect against SA-10, with a MIC
equal to 3.17 pg/mL, while the control (ampicillin + sulbac
tam) inhibited the cellular growth of the pathogen with 6
0.34 pg/ml. Against the EC-06 strain, antagonism was
observed in relation to the association of o and 6-DA, where
there was an increase in the MIC value from 64 pg/mL to
80.63 and 101.594 png/mL, respectively. However, when ampi-
cillin and sulbactam were associated with a- and 8-DA, it was

observed modulation of their effects against PA-24, inhibiting
it with MIC equal to 10.07 pg/mL for both, while the control
(ampicillin + sulbactam) presented a MIC equal to 16 pg/mL.

The action of gentamicin was potentiated when combined
with the compounds and against all the tested strains
(Fig. 2A). Regarding SA-10, the association of gentamicin
with o, & and B-DA showed an reduction of 20.15; 16 and
5.03 upg/mL, respectively, whereas the antibiotic control
showed MIC equal to 50.79 pg/mL. However, when tested
against strain EC-06, gentamicin in association with o, 6 and
B-DA, showed inhibition at 20.15 for o-damascone and
32 pg/mL, for § and B-DA. It is worth noting that the control
(gentamicin) inhibited at 40.31 pg/mL. In the evaluation
against the PA-24 strain, gentamicin associated with o, & and
B-DA, showed inhibition at 8 pg/mL for the association with
the three compounds.

Fig. 2B shows that the association of ciprofloxacin or cipro-
floxacin hydrochloride with o and -DA led to a reduction in
MIC of 256 pg/mL for both, while the control (ciprofloxacin)
had a MIC of 322.53 pg/mL against SA-10. In relation to
strains EC-06 and PA-24, o and 8-DA associated with cipro-
floxacin did not show significant activity. However, pB-
damascone presented antagonism against all strains tested,
leading to an increase in MIC from 322.54 ug/mL to 512 pg/
mL, compared to SA-10, from 2.51 pg/mL to 8 pg/mL against
EC-06 and from 8 pg/mL to 16 pg/mL against PA-24.

The results (Table 2) showed that only &-damascone
demonstrated clinically relevant results against SA 1199, SA
1199B and SA K-2068 strains, producing MIC values of 256,
512 and 512 pg/mL, respectively, while the other tested com-
pounds showed MIC > 1024 pg/mL.

3.2.1. Efflux pump inhibition by a modulating effect

3.2.1.1. Inhibition of the NorA efflux pump. In the evaluation of
efflux pump inhibition against the SA-1199 strain, regarding
the combination of the tested compounds with norfloxacin,
only a- and B-DA showed modulating effect, reducing the
MIC from 4 pg/mL to 2 pg/mL. With regard to 1199B, all
compounds, except a-DA, led to a reduction in MIC, which
was from 128 pg/mL to 64 pg/mL, showing modulating effect
(Fig. 3A).

However, when the compounds were combined at subin-
hibitory concentrations with ethidium bromide, no compound
showed significant MIC reduction against strains SA-1199 and
SA-1199B (Fig. 3B).

3.2.1.2. Inhibition of the TetK efflux pump. In Fig. 4, when the
compounds were combined with tetracycline, only B-DA
showed modulating effect with the antibiotic by reducing the
MIC values from 128 pg/mL to 64 ng/mL for the first two sub-

Table 1 Minimum inhibitory concentration of o, B and & damascone against strains of Staphylococcus aureus, Escherichia coli and

Pseudomonas aeruginosa.

SA ATCC 6538 SA-10 EC ATCC25922 EC-06 PA ATCC 9027 PA-24
o-damascone S12*% £+ 0,577 > 1024 £+ 0,577 > 1024 + 0,577 > 1024 £ 0,577 > 1024 £+ 0,577 > 1024 £ 0,577
p-damascone 812,75*% £ 0,86 > 1024 £+ 0,577 > 1024 £+ 0,577 > 1024 £ 0,577 > 1024 £+ 0,577 > 1024 £ 0,577
d-damascone S12*% £+ 0,577 > 1024 £+ 0,577 > 1024 + 0,577 > 1024 £ 0,577 > 1024 £+ 0,577 > 1024 £ 0,577

Values represent geometric mean + S.E.P.M. (standard error of the mean). *clinically relevant statistical value ( < 1024).
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Ampicillin
E=¥ o-damascone + Ampicillin
1 §-damascone + Ampicillin

B-damascone + Ampicillin

Ampicillin (Amp) + Sulbactam
BH  o-damascone + Amp + Sulbactam

B-damascone + Amp + Sulbactam

=] §-damascone + Amp + Sulbactam

PA-24

Capacity of a, B and d-damascone in inhibiting cell growth of Staphylococcus aureus (SA-10), Escherichia coli (EC-06) and

Pseudomonas aeruginosa (PA-24) strains in association with ampicillin (a), ampicillin and sulbactam (b). Values represent the geometric
mean = S.E.P.M. (standard error of the mean). Two-way ANOVA, followed by Tukey’s test. A: Associated with Ampicillin; B:
Associated with Ampicillin and Sulbactam. *p < 0.05 vs control; ****: p < 0.0001 vs control; Amp: Ampicillin; ns: not significant *:

modulating effect and #: antagonism.

stances. However, when combined with ethidium bromide, no
compound showed modulating effect (Fig. 4B) against the
multidrug-resistant strain SA IS-58.

3.2.1.3. Inhibition of the MepA efflux pump. Against SA K-
2068, when they were combined with ciprofloxacin and ethid-
ium bromide, only B-DA showed a modulating effect, reducing
the MIC for both combinations. The association of ciproflox-
acin with B-DA induced a reduction in MIC from 64 pg/mL to
34 pg/mL. Ethidium bromide, in association with o and B-DA,
had a decrease in MIC value from 256 pg/mL to 128 pg/mL
(Fig. 5). Fig. 6A demonstrates the accumulation of ethidium
bromide in the bacteria. This fluorescence color is proportional
to an increase in the accumulation of bromide ethidium

observed in bacteria. The major fluorescence intensity (intense
orange/red color) was observed with CCCP a positive control
and classical efflux pump inhibitor, indicating the assay’s
reproducibility (Fig. 6B). The addition of o-, d-, and f-
damascone demonstrated a significant difference in this inten-
sity compared to the plate containing only EtBr, corroborating
the hypothesis that damascone reduces the efficacy of the
efflux pump.

3.3. Molecular docking

The o, p and 6-damascone compounds exhibited the binding
energy and Ligand Efficiency (LE) —81.17 (5.4), —77.48(-5.4)
and —64.55 (-5.1), respectively, energy which shows good
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Capacity of o, f and 8-DA in inhibiting the growth of SA-10, EC-06 and PA-24 strains in association with either gentamicin (a) or

ciprofloxacin (b). Values represent the geometric mean £+ S.E.P.M. (standard error of the mean). Two-way ANOVA, followed by Tukey’s
test. *p < 0.05 vs control; ****: p < 0.0001 vs control and #: antagonism.

Table 2 Minimum Inhibitory Concentration of o, f and ¢ -damascone in inhibiting the growth of resistant Staphylococcus aureus

strains carrying the efflux pumps NorA, TetK and MepA.

SA 1199 SA 1199B SA IS-58 SA K-2068
o-damascone > 1024 £+ 0,577 > 1024 £+ 0,577 > 1024 £ 0,577 > 1024 £ 0,577
p-damascone > 1024 £+ 0,86 > 1024 + 0,577 > 1024 £ 0,577 > 1024 £ 0,577
d-damascone 256 + 0,577* S12% £+ 0,577 > 1024 £+ 0,577

S512% £+ 0,577

Values represent geometric mean + S.E.P.M. (standard error of the mean). *clinically relevant statistical va lue (< 1024).

interactions with the critical residues of the MepA receptor.
The results show that the interaction with residue in the active
site is similar for: Cys294; GIn284; Glu287; Glu295; Gly377,
11e290; Leu374; Met291; Phe373 and Thr376 referring to the
receptor. The maps demonstrate that the alkyl, © -alkyl, hydro-
gen type Van der Waals hydrophobic interaction with the
Cys294 residue (Fig. 7B, 7C and 7D) for the derivatives indi-

cate similar modes and corroborate with similarity of the
physicochemical properties resulting in acceptable pharma-
cophore models (Fig. 7A). However, o and [ -damascone
demonstrate a greater number of Van der Waals bonds ensur-
ing a better geometric fit within the active site (Fig. 7B and
7C). Based on the observations present in the inhibitor activ-
ity, Fig. 6, there is concrete evidence to support that hydrogen
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mean). Two-way ANOVA, followed by Tukey’s test. A:Associated with antibiotic; B:Associated with ethidium bromide. ****p < 0.0001
vs control; CCCP: carbonylcyanide-m-chlorophenylhydrazone; EtBr: ethidium bromide; norflo: norfloxacin.

bonding contributes to more efficient orientation with the
receptor binding pocket.

3.4. In silico ADME prediction

The compounds o, B and d-damascone show great similarity
concerning their physicochemical properties (Fig. 8). However,
the fat solubility evaluated from log P o/w = 3.17, 3.34 and
3.10 shows significant differences that can be attributed to
their demonstrated antibacterial and modulating properties.
It was interesting to note that the results of the SWISS
ADME predictor values for LogP, molar refractivity and the
total polar surface area of these molecules were in excellent
agreement with the rules, such as Lipinski, Ghose, Veber, Egan
that are used to predict examples of substances with therapeu-
tic potential (Table 3). Thus, the selected properties are well
known and directly promote the influence of cellular perme-

ation, bioavailability, and metabolism. The results showed that
the high gastrointestinal (GI) absorption and blood—brain bar-
rier permeant does not inhibit cytochromes CYP1A2,
CYP2C19, CYP2C9, CYP2D6 and CYP3A4 or act as a P-gp
substrate, with the exception of 8-damascone which has the
possibility of acting as a CYP2C9 inhibitor. Together, the evi-
dence of good pharmacokinetic characteristics, such as
lipophilicity, oral bioavailability, and low toxicity, highlight
these molecules as good candidates for the development of
new therapeutic agents.

4. Discussion

The present study reports, for the first time, the antibacterial
activity of a, B and 6 -DA and its potential to inhibit the efflux
pump, in addition to demonstrating that their pharmacoki-
netic and physicochemical properties. This investigation
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XEIEX

Hl tetracycline or ethidium bromide
B8 CCCP + Tetra or EtBr

B2 a-damascone + Tetra or EtBr
O B-damascone + Tetra or EtBr

ekl 8-damascone + Tetra or EtBr

SA IS-58 + EtBr

Minimum inhibitory concentration (pg/mL)

Fig. 4 Capacity of a, B and 3-DA in inhibiting the TetK efflux pump, in association with tetracycline or ethidium bromide, against the
multidrug-resistant SA strain IS-58. Values represent the geometric mean + S.E.P.M. (standard error of the mean). Two-way ANOVA,
followed by Tukey’s test. A: Associated with antibiotic; B: Associated with ethidium bromide. ****p < 0.0001 vs control; CCCP:
carbonylcyanide-m-chlorophenylhydrazone; EtBr: ethidium bromide; Tetra: tetracycline.

b

Hl ciprofloxacin or ethidium bromide
&8 CCCP + Cipro or EtBr

B2 a-damascone + Cipro or EtBr
@ B-damascone + Cipro or EtBr
&-damascone + Cipro or EtBr

¥

Minimum inhibitory concentration (ng/mL)

SA K-2068 + Cipro

SA K-2068 + EtBr

Fig.5 Capacity of o, f and & -DA in inhibiting the MepA efflux pump, in association with ciprofloxacin and ethidium bromide, against
the multidrug-resistant strain SA K-2068. Values represent the geometric mean + S.E.P.M. (standard error of the mean). Two-way
ANOVA, followed by Tukey’s test. A: Associated with antibiotic; B: Associated with ethidium bromide. ****p < 0.0001 vs control,
CCCP: carbonylcyanide-m-chlorophenylhydrazone; Cipro: ciprofloxacin; EtBr: ethidium bromide.

showed the possible interaction mechanism using in silico
models.

In the association of compounds to ampicillin, a- and §-DA
(Fig. 1A) reduced the MIC against SA-10 strain (p < 0.0001 vs
ampicillin). And when associated with ampicillin/sulbactam
(Fig. 1B), they showed MIC reduction against the PA-24 strain
(p < 0.0001 vs ampicillin + sulbactam), which is a gram-
negative bacterium. These bacteria are more resistant because
they have an outer membrane formed by a phospholipid
bilayer attached to an inner membrane by lipopolysaccharides
(Antunes et al., 2017). Ampicillin works by inhibiting bacterial
wall synthesis by binding to penicillin-binding proteins (PBPs),
which are enzymes that act in the formation of the bacterial
cell wall (Rafailidis et al., 2007). Thus, the results suggest that
o- and 8-DA act to increase the potential for inhibiting the syn-
thesis of the bacterial wall, as they potentiated the action of
ampicillin.

In this context, sulbactam is an inhibitor of B-lactamase
enzyme, which in association with ampicillin, acts protecting
it against hydrolysis caused by this enzyme (Rafailidis et al.,
2007). In the present study, a modulating effect was observed
regarding the interaction between ampicillin, sulbactam and
B-damascone (Fig. 1B). The results suggest that f-DA may
possibly be acting against hydrolysis by B-lactamase and con-
sequently enhancing the activity of ampicillin/sulbactam. Like-
wise, o and 8-DA in association with ampicillin/sulbactam
may be acting to increase their capacity to penetrate the phos-
pholipid bilayer of gram-negative bacteria, such as P.
aeruginosa.

The association of gentamicin (Fig. 2A) with all tested com-
pounds (o, B and 6 -DA) caused a modulating effect against all
strains (p < 0.001 vs gentamicin). Gentamicin, belongs to the
class of aminoglycosides that act by binding to certain bacte-
rial ribosomal proteins, impairing their protein synthesis
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Staphylococcus aureus
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Staphylococcus aureus
K2068 - with EtBr

Staphylococcus aureus
K2068 - with EtBr + CCCP
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K2068 - with EtBr + «-damacone

B) 1254
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N
36+
24+
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% of flurescence

Staphylococcus aureus k2068

Fig. 6

Staphylococcus aureus
K2068 - with EtBr + }-damacone

Staphyiococcus aureus
K2068 - with EtBr + y-damacone
El Growth Control
E Growth Control+EtBr
B Growth Control+EtBr+CCCP
BEA Control Growth+EtBr+a-damascone
IEE Control Growth+EtBr+B-damascone
B Control Growth+EtBr+y-damascone

Inhibiting of the MepA efflux pump by CCCP, o,  and 5 -DA. A) Observed fluorescence of plate in the transillumination. B)

Percentage of fluorescence. Values represent the mean + SD. (standard error of triplicate). One-way ANOVA, followed by Tukey’s test.
##4kp < 0.0001 vs growth control and ##p < 0.001 vs growth control + EtBr; CCCP: carbonylcyanide-m-chlorophenylhydrazone; DA:

Damascone; EtBr: ethidium bromide.

(Donnenberg, 2015; Monteiro et al., 2015). This study suggests
that the evaluated compounds have a modulating effect
against Gram-positive and Gram-negative bacterial strains.

In the study, as for the compounds associated with cipro-
floxacin (Fig. 2B), only a- and 3-DA (p < 0.0001 vs ciproflox-
acin) showed a modulating effect against SA-10. Ciprofloxacin
belongs to the second-generation fluoroquinolones class, and
its action is through the binding of two of the four topoiso-
merases of bacteria (Adefurin et al., 2011).

In this study, antagonism of the compounds o and &-
damascone was observed, when associated with ampicillin,
against the SA-10 strain and of B-damascone when associated
with ampicillin + sulbactam, against the EC-06 strain and
when associated with ciprofloxacin, against to all strains
tested.

Regarding the mechanisms that lead to antagonism, there is
still little knowledge. However, the antagonism can be attribu-
ted to a combination of bactericidal and bacteriostatic agents,
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Fig. 8 ADME properties of a, B, and 8-DA. FLEX: flexibility INSATU: unsaturation INSOLU: insolubility; LogP: lipophilicity;

POLAR: polarity and SIZE molecular size.

compounds that act on the same target as the microorganism,
and chemical interactions between the compounds, which can
be direct or indirect (Goni et al., 2009). Thus, it is suggested
that the compounds under study that showed antagonism
against the different strains tested may be acting on the same
target of the microorganism or causing this effect due to chem-
ical interactions in association with antibiotics.

Due to the emergence of multi-drug resistant bacteria,
antimicrobial treatment has become increasingly challenging.
Among the main resistance mechanisms, there is the efflux
pump, which prevents the accumulation of antibiotics inside
the cell (Marquez, 2005; Pereira Carneiro et al., 2019).

The NorA efflux pump transporter of S. aureus confers
resistance to several compounds, including fluoroquinolones
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Table 3 Toxicity and ADME analysis of the o, B e 6-DA.

Pharmacokinetics
Compound Alpha Beta Delta
GI absorption High High High
BBB permeant Yes Yes Yes
P-gp substrate No No No
CYPI1A2 inhibitor No No No
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No Yes
CYP2D6 inhibitor No No No
C inhibitor No No No
Log K, (skin —5.17 cm/s —5.00 cm/s —5.05 cm/s
permeation)
Drug-likeness
Alpha Beta Delta
Lipinski Yes; 0 violation Yes; 0 violation Yes; 0 violation
Ghose Yes Yes Yes
Veber Yes Yes Yes
Egan Yes Yes Yes
Muegge No; 2 violations: MW < 200, No; 2 violations: MW < 200, No; 2 violations: MW < 200,
Heteroatoms < 2 Heteroatoms < 2 Heteroatoms < 2
Bioavailability Score  0.55 0.55 0.55

GI: gastrintestinal; BBB: Blood-brain barrier; MW:molecular weight; CYP1A2: Citocromo P450 1A2; CYP2C19: Citocromo P450 2C19;
CYP2C9: Citocromo P450 2C9; CYP2D6: Citocromo P450 2D6; CYP2D6: Citocromo P40 2D6.

and the dye ethidium bromide (EtBr), increasing bacterial
pathogenicity and, therefore, sparking greater interest in new
methods capable of inhibit the pump (Roy et al., 2013). In
the present study, in association with norfloxacin (Fig. 3A),
a- and 6-DA show effect against SA-1199 (p < 0.0001 vs nor-
floxacin), while against SA-1199B, significant effects were
obtained by B- and d-damascone. However, none of the com-
pounds has been shown to interfere with the EtBr efflux mech-
anism (Fig. 3B). Thus, it cannot be affirmed or suggested that
they have the capacity to inhibit the NorA efflux pump (Davies
and Wright, 1997).

The tetK gene is located in the plasmid of S.aureus, and it is
involved in the mechanisms that confer resistance to tetracy-
cline (Schmitz et al., 2001). In the present study, when associ-
ated with tetracycline, the compound B-damascone showed
modulating effect against the IS-58 strain (p < 0.0001 vs tetra-
cycline). However, although the compounds show no direct
action on the NorA or Tetk pump, due to their fat-soluble
properties demonstrated in Fig. 4, it is suggested that they
may interact in the cell membrane causing an alteration in
the transport capacity promoting increased influx of EtBr
and antibiotic into the bacterial cell; similar results have
already been observed in the literature (Andrade et al.,
2017), since this pump presents susceptibility to modifications
in its membrane (Tintino et al., 2016).

The MepA protein belongs to the MATE family (Kaatz
et al., 20006), exclusive to prokaryotes, and confers resistance
to aminoglycosides and fluoroquinolones (Lynch, 2006). The
results showed that, in the association of o, f and &-
damascone with ciprofloxacin, only f-DA showed a modulat-
ing effect (p < 0.0001 vs ciprofloxacin). However, o and B-DA
showed MIC reduction with EtBr (p < 0.0001 vs EtBr). This
demonstrates the possibility of interference in the operation of
the efflux pump, which can be explained by the molecular
interactions shown in Fig. 7. Although this is the first work

that describes the action of o, B and 8-damascone on the mech-
anism of bacterial resistance by an efflux pump, others in the
literature have already demonstrated that essential oils, safrole
and chalcones can interfere with this pump (Almeida et al.,
2020; Rezende-Junior et al., 2020).

EtBr is a dye that emits fluorescence only when intercalated
into DNA; the more EtBr is intercalated and trapped in the
intracellular environment, the more fluorescence emission will
be observed. Otherwise, the lower the intracellular concentra-
tion of EtBr, the lower the amount intercalated in DNA and
the lower its staining intensity in the UV Transilluminator
(Martins et al., 2010; Olmsted and Kearns, 1977). Efflux
pumps help reduce the intracellular concentration of EtBr as
this is a substrate for efflux pumps. As K-2068 carries the
MepA efflux pump, normal pump actuation results in bromide
extrusion and little fluorescence emission (Blair et al., 2016;
Gibbons et al., 2003). On the other hand, inhibition of this
efflux pump will cause retention of EtBr and a consequent
increase in this fluorescence in the plate, as observed in the pre-
sent study. Therefore, these results are correlated with other
data obtained in this work, suggesting that these compounds
are possible inhibitors of the MepA efflux pump (Fig. 6).

The bioavailability radars shown (Fig. 8) represent a quick
assessment of the similarities among the compounds. In it, six
considerable physico-chemical properties that are determinant
in pharmacokinetics are presented: lipophilicity, size, polarity,
solubility, flexibility and saturation. In this context, potential
therapeutic agents generally do not advance to the stages of
clinical trials, due to flaws in the properties of absorption, dis-
tribution, metabolism and elimination (ADME) (Khan et al.,
2018). Therefore, these maps demonstrate the capacity of a
substance to be considered as a possible candidate drug, that
is, one of the first steps carried out (Murugavel et al., 2020).
Regarding a, B and 8-DA, they differ with respect to the posi-
tion of the ring double bond, resulting in the different proper-
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ties when it comes to their use in aromatic and fragrance prod-
ucts (Surburg and Panten, 2016), but which interfere with the
lipophilicity (LogP) and consequently the interaction energy
with the receptor. Several in silico studies have shown that
hydrophobic regions present at the interaction site of efflux
pumps of the MATE family, such as NorA and MepA, are
determinants for binding stabilization (Oliveira Brito Pereira
Bezerra Martins et al., 2020; Rezende-Junior et al., 2020;
Schindler et al., 2013b). Furthermore, the damascone deriva-
tives (o, B and 8-DA) passed the ADMET screens, demonstrat-
ing low probability of drug interactions or toxic adverse
effects. Furthermore, the o,  and 6-DA compounds exhibit
characteristics of drug-like molecules causing no violations of
the Lipinski (Pfizer) filters (Egan et al., 2000; Ghose et al.,
1999; Muegge et al., 2001; Pollastri, 2010; Veber et al., 2002).

5. Conclusion

From the results obtained, it is concluded that the compounds o,  and
d-damascone, have direct action against the Gram-positive strain SA
ATCC 6538. They also showed modulating activity when associated
with some antibiotics.

Regarding the inhibition of the efflux pump, the compounds
showed a modulating effect with norfloxacin, against SA-1199 (o
and §-damascone) and SA-1199B (B and d-damascone), with tretracy-
cline and ciprofloxacin (- damascone) against SA 1S-58 and K2068.
Furthermore, the o and B-damascone compounds showed a modulat-
ing effect with EtBr against the SA-K2068 strain.

The in silico results showed pharmacokinetic viability necessary for
good absorption and low toxicity potential, as for the docking study,
related to pharmacodynamics, indicates the derivatives have promising
biological activity with favorable binding energy to interact with the
proton pump.
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