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Article history: Introduction: The rapid emergence of multidrug-resistant bacteria has demanded the discovery of new
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bacterial resistance, the present study aimed to evaluate the antibacterial activity of compounds allylben-

zene and allylanisol against the Staphylococcus aureus strain SA-K4414, which carries genes encoding the
B-lactamase and QacA/B proteins.
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Methods: The Minimum Inhibitory Concentrations (MICs) were determined by the broth microdilution
method. The expression of B-lactamase was verified through the association of the inhibitor sulbactam
with the antibiotic ampicillin, while its inhibition was analyzed through the reduction of the penicillin
MIC in the presence of phenolic compounds. The efflux pump inhibition was analyzed by the reduction
in the MIC of the pump substrate ethidium bromide. The toxicity against Drosophila melanogaster was

assessed by evaluating mortality and negative geotaxis through the fumigation method.

Results: The results demonstrated that the phenylpropanoids failed to show relevant direct antibacterial
activity, with MIC values above 1024 pg/mL. The association of allylbenzene and allylanisole with peni-
cillin potentiated its antibacterial effect, reducing the antibiotic MIC (512 pg/mL) to 128 pg/mL and
256 pg/mlL, respectively. The compounds also reduced the MIC of EtBr, indicating a possible inhibitory
effect against the B-lactamase enzyme and the QacA/B efflux protein. Regarding toxicity, allylbenzene
(after 12 h) and allylanisole (after 3 h) presented ECsy of 19.21 pL/mL and 11.07 pL/mL, respectively.

Abbreviations: MRSA, Methicillin-Resistant S. aureus; PMF, Proton-motive force; MFS, Major Facilitator Superfamily; EPIs, efflux pump inhibitors; EtBr, ethidium bromide;
CCCP, Carbonyl cyanide 3-chlorophenylhydrazone; CPMZ, chlorpromazine; DMSO, dimethyl sulfoxide.
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These compounds also caused damage to the locomotor system of flies, which was potentiated following

increasing concentrations and exposure period.

Conclusion: It is concluded that the compounds allylbenzene and allylanisole can inhibit the resistance

mechanisms mediated by the B-lactamase enzyme and the efflux protein QacA/B. However, due to the

significant toxicity observed, further research is required to assess the safety of these compounds.

© 2022 The Author(s). 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

Staphylococcus aureus is a major pathogen associated with seri-
ous infections. This bacterium has notable virulence factors that
contribute to the development of manifestations such as toxic
shock syndrome, food poisoning, and soft tissue wound infections
(Olatunji et al., 2020). In recent decades, great concern has been
raised in the hospital environment regarding this microorganism,
due to its ability to acquire resistance to several antimicrobials,
as observed in infections caused by the Methicillin-Resistant S. aur-
eus (MRSA) (Tsai et al., 2020), which demonstrates the need to
search for new antibacterial compounds.

In this context, medicinal plants are promising sources of bioac-
tive molecules, chemically and structurally diverse, with multiple
pharmacological properties (Fernandez et al., 2021; Rodrigues
et al., 2016). Importantly, in addition to having direct antibacterial
activity, these secondary metabolites have demonstrated the abil-
ity to potentiate the activity of antibiotics, acting as bacterial resis-
tance modulators (Cappiello et al., 2020).

Allylbenzene is a phenylpropanoid present in several species of
medicinal plants, being widely used as components of insecticides,
food additives and drugs (Delaforge et al., 1980). On the other
hand, the phenylpropanoid allylanilose is found in the composition
of essential oils and plant extracts have proven antibacterial,
antioxidant, and anti-inflammatory activity (Alves Janior et al.,
2020).

Antibiotic resistance in S. aureus strains is mediated by several
mechanisms, which include alteration of extracellular membrane
permeability, production of enzymes (such as B-lactamases),
change of drug target, and active efflux of the antibiotic (Blair
et al., 2015). Among these mechanisms, the enzymatic degradation
by B-lactamases is a remarkable mechanism associated with bacte-
rial resistance to B-lactam antibiotics such as penicillin. These
enzymes act by degrading the B-lactam ring through hydrolytic
catalysis, thus decreasing the effective concentration of the antibi-
otic, which results in the loss of the antibacterial effect (ur Rahman
et al., 2018).

The active extrusion of antibiotics mediated by efflux pumps
(EPs) is also a significant mechanism of bacterial resistance. These
membrane proteins are physiologically responsible for the elimi-
nation of harmful substances, which is achieved through primary
transport with the expenditure of ATP, or secondary transport
using the proton-motive force (PMF). However, overexpression of
these proteins has a significant impact on multidrug resistance,
as it impairs the intracellular activity of antibiotics (Troncoso
et al,, 2017).

The QacA/B efflux protein, expressed by the strain SA-K4414 of
S. aureus, belongs to the Major Facilitator Superfamily (MFS) of
transporters, which have a plasmid-encoded transcription. The
transcription of this protein is regulated by the QacR suppressor,
which is responsible for the extrusion of hydrophobic drugs such
as tetracycline and other structurally distinct substances. Accord-
ingly, the QacA/B efflux protein can be classified as an MDR EP
(Chatterjee et al., 2016).

Considering the importance of investigating new compounds to
combat bacterial resistance, this research aimed to investigate the
activity of phenylpropanoids against an SA-K4414 strain express-
ing simultaneously the p-lactamase and QacA/B genes, as well as
to evaluate their toxicity using the D. melanogaster model.

2. Methodology
2.1. Bacterial strain

The antibacterial tests were performed using the SA-K4414
strain of S. aureus, which presents resistance to p-lactam antibi-
otics and ethidium bromide mediated by the expression of B-
lactamase and QacA/B, respectively. This strain was provided by
Prof. Glenn Kaatz (Wayne State University) and maintained in a
blood-agar culture medium (Difco laboratories Ltda., Brazil). Prior
to the experiments, the cells were grown in Heart Infusion Agar
(HIA, Difco) for 24 h at 36 °C.

2.2. Culture media

The tests were performed using 10% Brain Heart Infusion (BHI,
Acumedia Manufacturers Inc.) and Heart Infusion Agar (HIA, Difco-
laboratories Ltda.) prepared according to the manufacturer’s
instructions and.

2.3. Chemicals

Antibiotics (penicillin and ampicillin + sulbactam), ethidium
bromide (EtBr), and m-Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), as well as allylbenzene and ally-
lanisole, were obtained from Sigma Aldrich Co. Ltd., while chlor-
promazine (CPMZ) was obtained from the Aché laboratory. The
antibiotics, as well as the phenylpropanoids, were dissolved in
Dimethylsulfoxide (DMSO) and sterile water to a concentration
of 1024 pg/mL. CPMZ and EtBr were dissolved in sterile distilled
water, while CCCP was dissolved in methanol/water (1:3, v/v). All
substances were diluted to a concentration of 1024 pg/mL.

2.4. Minimum inhibitory concentration determination (Mic)

The MIC was determined by the broth microdilution method.
Following an incubation period of 24 h, stock samples of strains
were transferred to test tubes containing 6 mL of sterile saline
solution, and the inoculum was prepared by adjusting the turbidity
according to the 0.5 value on the McFarland scale, which corre-
sponds to 108 CFU. Then, 160 pL of the bacterial inoculum was
transferred to eppendorf® tubes containing 1440 uL of BHI. Subse-
quently, the wells on a microdilution plate were filled with 100 puL
of the adjusted inoculum solution. The Phenylpropanoids (100 pL)
were then added to these wells at concentrations ranging from
512 pg/mL to 0.5 pg/mL. The plates were incubated in the oven
at 36 °C for 24 h. After this period, the wells were added with
20 pL resazurin and the readings were determined by observing
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the change in the color of the medium. The MIC was defined as the
lowest concentration capable of completely inhibiting bacterial
growth (CLSI, 2015).

2.5. Analisis of B-lactamase activity

The analysis of B-lactamase activity was determined by estab-
lishing the decrease in the MIC of ampicillin following its combina-
tion (1/1) with sulbactam (a B-lactamase inhibitor). According to
this method, a three-fold decrease in the MIC of ampicillin follow-
ing the combination with the B-lactamase inhibitor indicates the
presence and activity of the resistance enzyme. In this test, CPMZ
and CCCP were used as control drugs to verify the activation of
efflux mechanisms (CLSI, 2015).

2.6. Evaluation of B-lactamase activity inhibition

To evaluate B-lactamase activity inhibition, we analyzed the
ability of allylbenzene and allylanisole (tested at sub-inhibitory
concentrations, MIC/8), to decrease the MIC of penicillin against
the SA-K4414 strain. Briefly, 170 pL of bacterial inoculum sus-
pended in sterile saline solution was added to test tubes containing
the phenylpropanoids diluted in BHI medium at a concentration of
128 pg/mL and a final volume of 1700 pL. This solution was trans-
ferred to the wells on a microdilution plate, followed by the addi-
tion of penicillin (100 pL) at concentrations ranging from 512 pg/
mL to 0.5 pg/mL. After 24 h, the readings were performed as pre-
viously described (CLSI, 2015).

2.7. Evaluation of efflux pump inibition

Efflux pump (QacA/B) inhibition was determined by evaluating
the ability of allylbenzene and allylanisole (at the concentrations
equivalent to their MIC/8), to decrease the MIC of EtBr against
the SA-K4414 strain (CLSI, 2015). As for the analysis p-lactamase
activity inhibition, 170 pL of bacterial inoculum suspended in ster-
ile saline solution was added to test tubes containing the phenyl-
propanoids diluted in BHI medium at a concentration of 128 pg/
mL and a final volume of 1700 pL. This solution was transferred
to the wells on a microdilution plate, followed by the addition of
penicillin (100 pL) at concentrations ranging from 512 pg/mL to
0.5 pg/mL. After 24 h, the readings were performed as previously
described. The control drugs CCCP and CPMZ were used as stan-
dard EP inhibitors at the concentrations of 1.41 pg/mL and
128 pg/mlL, respectively, which correspond to their MIC/8.

2.8. Toxicological evaluation

2.8.1. Drosophila melanogaster culture

The Harwich strain of Drosophila melanogaster was obtained
from the National Species Stock Center (Bowling Green, OH). The
flies were bred according to a previously described methodology
(Da Cunha et al., 2015). The medium was prepared in glass contain-
ers containing 83% corn mass, 4% sugar, 4% freeze-dried milk, 4%
soy bran, 4% wheat bran, and 1% salt in a final volume of 340 mL.
The mixture was cooked and then, 1 g of Nipagin (Methylparaben)
was added. After cooling in the growth flasks, 1 mL of a solution
containing Saccharomyces cerevisiae was added. The flies were kept
at a temperature of 25 °C = 1 °C and a relative humidity of 60% in a
BOD oven with a 12:12 h light-dark cycle.

2.8.2. Mortality determination

Adult flies (male and female) were placed in 130 mL glass con-
tainers (6 cm high and 6.5 cm in diameter), with a filter paper on
the top. The compounds were added to the filter paper and volati-
lized using the fumigation technique. In the control group, 1 mL of
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a 20% sucrose solution in distilled water was added to the filter
paper. For the test groups, in addition to the sucrose solution, dif-
ferent concentrations of allylbenzene (1 mg/mL, 5 mg/mL, and
10 mg/mL) and allylanisole (1 mg/mL, 2 mg/mL, and 3 mg/mL)
were added. These procedures were carried out at a controlled
temperature (25 °C £ 1 °C) and 60% relative humidity in a BOD oven
with a light: dark cycle of 12:12 h. The experiments were carried
out in triplicates where each “n” was composed of two containers,
containing 20 flies (male and female) each. Readings for verifica-
tion of mortality were taken after 1, 3, 5, and 7 h in the allylanisole
group, and after 3, 6, 9, 12, 24, 36, and 48 h in the allylbenzene
group (Da Cunha et al., 2015).

2.8.3. Negative geotaxis assay

This test was used to assess possible locomotor damage caused
by the treatment with the phenylpropanoids, as established by
Coulom and Birman (2004). Therefore, each group of live flies
was exposed to the compounds, and the analyzes were performed
at the same time intervals described in the previous session. Then,
the flies were driven to the bottom of the containers and after one
minute, the number of flies that reached 4 cm in height of the con-
tainer was counted. Every analysis was repeated twice at one-
minute intervals.

2.9. Statistical analysis

The test results were expressed as the geometric mean. Statisti-
cal hypothesis analysis will be applied using Two-Way ANOVA, fol-
lowed by Bonferroni’'s post hoc test, any discrepancies were
submitted to Student’s T test to validate the result using the Graph-
Pad Prism 7.0 software.

3. Results and discussion
3.1. Allylbenzene e allylanisole present weak antibacterial effects

The antibacterial analysis revealed that both phenylpropanoids
evaluated in this study had MIC values above 1024 pg/mL, while
the standard antibiotic penicillin had a MIC of 512 pg/mL. These
results indicate that allylbenzene and allylanisole do not have clin-
ically relevant antibacterial activity. The findings of the present
study corroborate with Muniz et al. (2021), in which allylbenzene
and allylanisole obtained a MIC > 1024 against S. aureus strains
1199 and 1199B, carrying the NorA Efflux pump. However, the
antibacterial properties of phenylpropanoids have been reported
in the literature (Nogueira et al., 2021). With synthetic polyphenols
showed significant antibacterial activity, which was attributed to
the inhibition of ATP synthase.

3.2. Assessment of B-lactamase activity

The results of the present study demonstrated that the combi-
nation of sulbactam and ampicillin caused an approximately 5-
fold reduction in the MIC of the antibiotic (645.08 pg/mL to
80.63 pg/mL) against the SA-K4414 strain of S. aureus, indicating
that this strain presents bacterial resistance mediated by the enzy-
matic activity of p-lactamase. On the other hand, the association of
ampicillin with CMPZ had no significant effect on the MIC, how-
ever, when ampicillin was associated with CCCP, there was a
potentiation of the antibiotic, verified through the reduction of
the MIC of the association (T-student test; p = 0 0.0109) (Fig. 1).

As demonstrated in the present study, the SA-K4414 strain
showed greater resistance to penicillin through the expression of
B-lactamases enzymes, however the results also demonstrate the
expression of the QacA/B efflux pump. Studies report that resis-
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Fig. 1. Assessment of B-lactamase activity in S. aureus strain K4414.The values represent the geometric means + S.E.M. (standard error of mean).

tance to B-lactam in Gram-positive bacteria occurs through the
acquisition of “replacement” Penicillin-Binding Proteins (PBPs)
that are intrinsically less reactive to a B-lactam site, often with
restricted access to active PBP, or revert to PBPs that remodel the
biosynthesis of peptidoglycan in a manner that avoids the B-
lactam mimicry of the peptide-d-Al-d-Terminus Ala, otherwise
used in the PBP-dependent cross-linking of peptidoglycan. In S.
aureus both B-lactamase and PBP2a expression are induced by
exposure to pB-lactams (Llarrull et al., 2010).

However, S. aureus strains carry resistance plasmids, which may
express a single resistance determinant, or, in the case of multidrug
resistance plasmids, carry multiple resistance determinants
(Orlovic et al., 2016). In fact, wild-type S. aureus strains generally
have multiple resistance mechanisms due to their ability to share
different phenotypic and genotypic characteristics associated with
multidrug resistance, which is favored by the existence of regula-
tory systems that modulate gene expression according to substrate
specificity (Uddin and Ahn, 2017). In the present study, penicillin
resistance is mainly conferred by p-lactamases, whose expression
is regulated by genes such as BlaZ, blaRI and bla (Khan, 2020).

3.3. Inhibition of B-lactamase activity by allylanisole and allylbenzene

As observed in Fig. 2, the combination of the phenylpropanoids
with penicillin reduced the MIC of this antibiotic from 512 pg/mL
to 256 pg/mL and 128 pg/mL, respectively. According to these
results, the phenylpropanoids potentiated the antibacterial effect
of penicillin, suggesting that they can act as potential inhibitors
of the resistance mechanism mediated by the enzymatic activity
of pB-lactamases.

Recent research has identified natural products with significant
inhibitory activity against bacterial strains carrying the B-
lactamase gene, including phenylpropanoids such as catechin gal-
late, epicatechin gallate, and epigallocatechin gallate, which
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Fig. 2. Inhibition of B-lactamase activity by phenylpropanoids allylbenzene and
allylanisole in association with penicillin. The values represent the geometric
means * S.E.M. (standard error of mean).

demonstrated potent inhibition of the p-lactamase activity
(Elfaky et al., 2020).

Trabelsi et al. (2020) identified in the essential oil of the Punica
granatum phenylpropanoids that showed synergistic antibacterial
effects in association with the B-lactam antibiotic amoxicillin in
S. aureus cultures, reducing the antibiotic MIC from 512 mg/mL
to 64 mg/mL. The authors proposed that phenylpropanoids can
cause changes in the bacterial membrane permeabilization as well
as enzymatic inhibition, resulting in a potentiated antibiotic activ-
ity. Another study by Scherf et al. (2020), demonstrated that the
combination of terpinolene with oxacillin against the S. aureus
strain K4100 reduced the antibiotic MIC from 161.26 pg/mL to
71.83 pg/mL, indicating enhanced antibiotic activity, possibly due
to p-lactamase inhibition.

Phenylpropanoids such as Verbascoside, forsythoside B, arenar-
ioside showed antibacterial activity against a methicillin-resistant
strain of S. aureus (MRSA) with a MIC of 128 pg/mL (Didry et al.,
1999). The antibacterial action of compounds of the phenyl-
propanoid class is associated with the inhibition of the synthesis
of elements that are directly related to the functioning of the
plasma membrane, causing cell damage to the membrane, and
modifying its selective permeability (Nogueira et al., 2021). This
occurs because the hydrocarbon portion of the compounds of the
phenylpropanoid class have high affinity with the lipid region of
plasma membranes, since they are essentially lipophilic substances
(Saad et al., 2013). These studies corroborate with the present
work, indicating a possible way of action of allylbenzene and ally-
lanisole, by compromising the integrity of the bacterial membrane,
however, more studies will be necessary to verify the possible
mechanisms of action of these substances.

3.4. Inhibition of the Qaca/B efflux pump by the phenolic compounds

In this study, we demonstrated that the combination with the
standard inhibitors CMPZ and CCCP resulted in a reduction in the
of EtBr from 512 pg/mL to 256 pg/mL and 17 pg/mL respectively,
proving the importance of the efflux mechanism mediated by
QacA/B in the bacterial resistance of S. aureus strain K4414
(Fig. 3). Accordingly, the association with allylanisole and allylben-
zene reduced the MIC of EtBr from 512 pg/mL to 406 pg/mL and
256 ng/mlL, respectively. These findings suggest that both phenyl-
propanoids may act as inhibitors of the QacA/B efflux pump.

Multi-resistance efflux pumps (MDR) are found in all bacterial
species, conferring levels of resistance to almost all antibiotics in
clinical use (Lamut et al., 2019). Consequently, several scientific
studies have been carried out, with the aim of providing alterna-
tives to inhibit this resistance mechanism.

In the study carried out by Muniz et al. (2021), it was observed
that the association of 4-allyl-2,6-dimethoxyphenol, eugenol, and
isoeugenol potentiated the activity of the antibiotic norfloxacin
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Fig. 3. Inhibition of the QacA/B efflux pump by the phenylpropanoids allylbenzene
and alylanisole in association with EtBr against the MDR strain SA-K4414 of S.
aureus. The values represent the geometric means + S.E.M. (standard error of mean).

against the SA 1199B strain of S. aureus, which expresses the NorA
efflux protein. Research carried out by dos Santos Barbosa et al.
(2021) using thymol and carvacrol demonstrated that the associa-
tion of these compounds with norfloxacin showed a synergistic
effect against the strains SA-1199 (wild type) and SA-1199B,
reducing the MIC of the antibiotic from 64 pg/mL to 32 pg/mL.
Also, a study by dos Santos et al. (2018), suggested that that the
phenylpropanoids caffeic acid and gallic acid can inhibit the NorA
efflux protein expressed by the S. aureus strain 1199B, corroborat-
ing the findings of the present research since both studies investi-
gated compounds belonging to the same chemical class against
efflux proteins of the same family as that described in this study.

The mechanism of action of phenylpropanoids as EP inhibitors
is still poorly understood. Nevertheless, Tintino et al. (2017) sug-
gested that the action of tannic acid against the TetK protein strain
expressed by the IS-58 strain of S. aureus involves a mechanism
that depends on iron chelation, which prevents the use of this
ion as a cofactor to maintain the strength of the proton matrix
force (PMF) of this efflux pump.

The ethidium bromide assay demonstrated that the association
of this substrate with phenylpropanoids resulted in a potentiated
antibacterial effect, which indicates an increase in the intracellular
concentration and, therefore, inhibition of the QacA/B EP. With the
above-described results, it is possible to observe that the phenyl-
propanoids allylanilose and allylbenzene showed significant mod-
ulatory activity, reducing the MIC of the standard inhibitor
sulbactam and the EP substrate EtBr, suggesting that these phenyl-
propanoids could be inhibiting either gene expression or the activ-
ity of B-lactamase and QacA/B. However, further research needs to
be carried out to better investigate the molecular mechanisms
underlying the pharmacological effects described in this study.

3.5. Effects on mortality and negative geotaxy in the Drosophila
melanogaster model

The analysis of mortality in D. melanogaster cultures revealed
that allylbenzene had an LCsy of 19.2 pL/mL while allylanisole
had an LCsg of 11.07 pL/mL (not shown). It is noteworthy that these
values were determined at different exposure times, corresponding
to 12 h and 3 h, respectively, and therefore, are not directly
comparable.

The highest tested concentration of allylbenzene (10 pL/mL)
showed significant mortality from the third hour of exposure. On
the other hand, the concentration of 1 pL/mL did not induce signif-
icant mortality (Fig. 4). Therefore, we can state that the mortality
rate related to this compound increases in a concentration-
dependent manner.

About the effect of allylanisole on D. melanogaster mortality, all
tested concentrations caused significant mortality after the third
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Fig. 4. D. melanogaster mortality following exposure to allylbenzene.

hour of exposure (Fig. 5), showing a time- and concentration-
dependent toxicity.

Drosophila melanogaster is an alternative eukaryotic model that
has been widely used to verify the toxicity of substances due to its
characteristics that favor its use, among which we can mention its
sensitivity to low concentrations of substances, its easy mainte-
nance in the laboratory, the reproductive period is short, and the
number of offspring is high (Tiwari et al., 2011).

In the literature, there are several studies that associate the
antibacterial activity and the toxicity of substances using D. mela-
nogaster because of the factors mentioned above (Bezerra et al.,
2022; Kvitek et al., 2011). Behavioral assays such as the verification
of mortality and negative geotaxis are indicators of toxicity of
chemical substances, as they show physiological changes because
of the behavior being integrated into the subcellular and cellular
processes of these organisms (Eom et al., 2017).

Associated with these behavioral tests, biochemical tests can be
performed to verify the physiological changes triggered by the sub-
stances in this alternative model. In this study, biochemical tests
were not performed due to limitations in technical facilities, but
in the literature, oxidative stress is identified as the main factor
that is correlated with toxicity, which triggers an imbalance in
the oxidant and antioxidant system of these organisms (Oboh
et al., 2021).

Despite their importance in the industrial context, evidence has
indicated that phenolic compounds can be significantly toxic to
eukaryotic cells and, therefore, toxicological studies are essential
to establish the risks associated with the use of these compounds.
Thus, the Drosophila melanogaster model has been shown an excel-
lent tool for the investigation of genetic mechanisms and toxicity
profiles of substances for human use and environmental exposure
(Talyn et al., 2019).
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Fig. 5. D. melanogaster mortality following exposure to allylanisole.
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Fig. 6. Effects of allylbenzene on the locomotor capacity of D. melanogaster.

Ebadollahi (2020) carried out research with the essential oil
obtained from the medicinal species Satureja hortensis, which has
estragole (synonym allylanisole) as a major constituent. It was
demonstrated that this compound also presented significant toxic-
ity against Rhyzopertha dominica after a 72-h exposure period.
However, the authors assumed the high toxicity resulted from
the synergistic interactions between the main constituent estra-
gole and other phenylpropanoids identified in the plant.

Accordingly, the negative geotaxis test revealed that both com-
pounds caused damage to the flies’ locomotor system. The highest
concentration of allylbenzene impaired locomotion from the first
reading to the third hour of exposure, while the intermediate con-
centration only affected the locomotion from the sixth hour of
exposure. On the other hand, the lowest concentration showed
no considerable toxicity (Fig. 6).

These findings are in agreement with those observed by Silveira
et al. (2020), who demonstrated that the phenylpropanoids thymol
and carvacrol caused damage to the locomotor system of adult D.
melanogaster flies at the highest concentration used from the third
hour but did not cause significant changes when tested at the low-
est concentrations.

On the other hand, allylanilose impaired the locomotion of flies
from the first hour at all tested concentrations, with a maximum
effect at the concentration of 2 pL/mL. However, statistical signif-
icance was demonstrated only from the third hour of exposure
(Fig. 7).

In a study by Bezerra et al. (2021), the isolated compound estra-
gole showed toxicity to the locomotor system of adult D. melanoga-
ster flies after the first hour of exposure at all tested
concentrations. Evidence indicates that chemical compounds and
secondary metabolites of medicinal plants affect the locomotor
system mainly through mechanisms that lead to the reduction of
acetylcholinesterase (AChE), resulting in prolonged neuronal acti-
vation and death (Hu et al., 2019).

In the present study, it was observed that both phenyl-
propanoids presented significant toxicity. Although these sub-
stances are structurally related, they differ in the presence of
some functional groups such as the carbonyl group, present in ally-
benzene, but absent in aylanisole. However, from a chemical point
of view, the presence of a carbonyl group usually confers toxic and
mutagenic activity to many compounds (Semchyshyn, 2014).

4. Conclusion

The present research showed that the phenylpropanoids allyl-
benzene and allylanisole did not present direct antibacterial activ-
ity against the K4414 strain of S. aureus, however they potentiated
the antibacterial effect of penicillin, which is supposedly associated
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Fig. 7. Effects of allylanilose on the locomotor capacity of D. melanogaster.

with the ability of phenylpropanoids to inhibit the enzymatic
activity of p- lactamases. It was also possible to observe that the
compounds used reduced the MIC of the standard substrate (EtBr),
indicating that they probably also act as inhibitors of the QacA/B
efflux protein. On the other hand, toxicity tests in a model of D.
melanogaster revealed that both compounds present significant
toxicity, causing both mortality and locomotor damage in these
organisms. These data stimulate further studies to elucidate the
molecular mechanisms of interaction with bacterial targets associ-
ated with antibiotic resistance, as well as to characterize the toxi-
cological profile of these compounds in eukaryotic cells.
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