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ARTICLE INFO ABSTRACT

Keywords: The expression of many virulence genes in bacteria is regulated by quorum sensing (QS), and the
GFP exPreSSio“' inhibition of this mechanism has been intensely investigated. N-acetylcysteine (NAC) has good
Molecular docking antibacterial activity and is able to interfere with biofilm-related respiratory infections, but little
gﬁﬁ:ﬁii‘l ids is known whether this compound has an effect on bacterial QS communication. This work aimed
Synergisnf to evaluate the potential of NAC as a QS inhibitor (QSI) in Pseudomonas aeruginosa PAO1 through
Tobramyecin in silico and in vitro analyses, as well as in combination with the antibiotic tobramycin. Initially, a

molecular docking analysis was performed between the QS regulatory proteins, LasR and RhIR, of
P. aeruginosa with NAC, 3-oxo-C12-HSL, C4-HSL, and furanone C30. The NAC sub-inhibitory
concentration was determined by growth curves. Then, we performed in vitro tests using the
QS reporter strains P. aeruginosa lasB-gfp and rhlA-gfp, as well as the expression of QS-related
phenotypes. Finally, the synergistic effect of NAC with the antibiotic tobramycin was calcu-
lated by fractional inhibitory concentrations index (FIC;) and investigated against bacterial
growth, pigment production, and biofilm formation. In the molecular docking study, NAC bound
to LasR and RhIR proteins in a similar manner to the AHL cognate, suggesting that it may be able
to bind to QS receptor proteins in vivo. In the biosensor assay, the GFP signal was turned down in
the presence of NAC at 1000, 500, 250, and 125 uM for lasB-gfp and rhiA-gfp (p < 0.05), sug-
gesting a QS inhibitory effect. Pyocyanin and rhamnolipids decreased (p < 0.05) up to 34 and
37%, respectively, in the presence of NAC at 125 pM. Swarming and swimming motilities were
inhibited (p < 0.05) by NAC at 250 to 10000 pM. Additionally, 2500 and 10000 pM of NAC
reduced biofilm formation. NAC-tobramycin combination showed synergistic effect with FIC; of
0.8, and the best combination was 2500-1.07 pM, inhibiting biofilm formation up to 60%, besides
reducing pyocyanin and pyoverdine production. Confocal microscopy images revealed a stronger,
dense, and compact biofilm of P. aeruginosa PAO1 control, while the biofilm treated with NAC-
tobramycin became thinner and more dispersed. Overall, NAC at low concentrations showed
promising anti-QS properties against P. aeruginosa PAO1, adding to its already known effect as an
antibacterial and antibiofilm agent.
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1. Introduction

Bacteria have sophisticated communication systems that enable them to send and receive chemical messages to and from other
bacteria [1]. This mechanism is known as quorum sensing (QS), which is based on the production, secretion, and response to extra-
cellular signaling molecules called autoinducers (Als), whose concentration correlate with the populations’ cell density [1-3]. QS is
stimulated through the recognition of a threshold concentration of Als, which allows communication between cells, leading to the
expression of specific target genes [4,5]. Therefore, this communication enables bacteria to monitor the environment and act as a
group, which facilitates population-dependent adaptive behavior, such as bioluminescence, surface motility, biofilm formation,
production of toxins, sporulation, conjugative DNA transfer, among others [6-9].

The Als are chemically diverse molecules and conventionally separated into three major groups. First, N-acyl-homoserine lactone
(AHL, or AI-1) is a well-known QS system, used by Proteobacteria. Second, a group of molecules derived from 4,5-dihydroxy-2,3-pen-
tanedione (DPD), commonly referred to as Al-2, is found in both Gram-positive and Gram-negative bacteria, and is thought to be a type
of interspecies communication mechanism [10,11]. Third, the oligopeptides or auto-inducing peptides (AIPs) are usually secreted by
ABC-type carrier proteins and used as signaling molecules by Gram-positive bacteria [3,12]. Additionally, there are several other types
of molecules that can also be used as signal molecules among bacteria [3].

Pseudomonas aeruginosa is an opportunistic human pathogen, especially dangerous to cystic fibrosis patients and burn infections
[13]. This bacterium expresses many virulence genes through QS regulation, and has become the main model in bacterial
anti-virulence strategy studies [14]. The complexity of QS systems in this microorganism is one of the main factors responsible for its
selective adaptation and environmental versatility [15].

The QS network of P. aeruginosa consists of four interconnected systems, namely las, rhl, pgs, and igs, organized in a hierarchical
manner. Two synthase/receptor pairs Lasl/LasR and RhlI/RhIR, are central to the QS network. Lasl resides at the top of the hierarchy,
synthesizing the AHL called N-3-oxo-dodecanoyl-i-homoserine lactone (3-oxo-C12-HSL), which binds to LasR and directs the
expression of various genes. Likewise, Rhll produces N-butyryl-.-homoserine lactone (C4-HSL) that binds to its RhIR cognate tran-
scription regulator, activating a suit of other genes [5,16,17].

The P. aeruginosa pathogenicity depends on the ability of this bacterium to produce many virulence factors, such as rhamnolipids
and pyocyanin, that are under the direct regulation of the QS system by RhIR-RhII [14,18]. Rhamnolipids are glycolipids that have
strong surfactant abilities and play a key role in microbial motility and biofilm development on host surfaces under stressful conditions
[15,19,20]. Pyocyanin is a blue pigment and redox-active molecule belonging to the class of phenazines, which is crucial for
P. aeruginosa virulence, as it is toxic to host cells [21,22].

Since the expression of many virulence factors in bacteria is regulated by QS, there is an increased interest in finding QS inhibitors
(QSI). Besides, the emergence of multi-drug resistant bacteria is very worrisome and the use of antibiotics are not always effective in
eradicating them and their biofilm [23]. Thus, new non-antibiotic therapies are urgently needed to treat infections and stop the spread
of resistant bacteria [24]. Anti-virulence approaches have been widely studied as they can interrupt a pathogen’s virulence by
inhibiting the production or activity of virulence factors without interfering in bacterial growth and presenting a lower selective
pressure against resistance [5,25]. This is one of the reasons to study antimicrobial agents at low concentrations or even to repurpose
non-antibiotic drugs as it has been demonstrated with aspirin [26] and ibuprofen [20], both inhibiting QS-regulated phenotypes in
P. aeruginosa.

N-acetylcysteine (NAC), the N-acetyl derivative of the natural amino acid L-cysteine, is a safe and inexpensive medication
commercially accessible since the 1960s. It has been used directly or in combination with other medications for treatment of various
diseases like chronic bronchitis, asthma and as a mucolytic agent. Besides, NAC acts directly as a scavenger of free radicals, being
considered a powerful antioxidant, as demonstrated by several in vitro and in vivo studies conducted in animals and humans [27,28]. In
vitro studies have indicated that NAC has good antibacterial properties against Gram-positive and Gram-negative bacteria, and is able
to interfere with biofilms-related respiratory infections and for eradicating mature biofilms in the environment [23,29]. Nonetheless,
there are no studies demonstrating whether NAC has an effect on bacterial QS communication.

Thus, this work aimed to evaluate the potential of NAC as a QSI in P. aeruginosa PAO1 through in silico analyses by molecular
docking and in vitro analyses of QS-regulated phenotypes. In addition, we also evaluated the combined effect of NAC and the antibiotic
tobramycin on growth and biofilm formation.

2. Material and methods
2.1. Insilico analyses — Molecular modeling and molecular docking of LasR and RhIR proteins of P. aeruginosa PAO1

The molecular docking was performed with LasR and RhIR QS transcriptional regulators of P. aeruginosa PAO1.

The crystallized three-dimensional (3D) structure of LasR protein of P. aeruginosa PAO1 with different ligands were obtained in the
RCSB Protein Data Bank (https://www.resb.org/; PDB ID: 2UVO0, 6D6A, 6D6L, 6D60, and 6D6P) [30,31].

The 3D structure of the RhIR protein was not found in any of the databases. Thus, the RhIR protein structure was predicted
computationally by molecular modeling. The primary amino acid sequence of RhIR protein was retrieved from UniProtKB database
(https://www.uniprot.org/; accession number: P54292). This sequence was used to model the 3D structure using the SWISS-MODEL
server (https://swissmodel.expasy.org/interactive) [32] where the templates used were the crystallized 3D structures of the Escher-
ichia coli 0157:H7 SdiA protein with different ligands (PDB ID: 4Y15 and 4Y17). The quality analysis of the predicted models was
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performed using GMQE (Global Model Quality Estimate), QMEAN Z-score, and QMEANDisCo scores on the SWISS-MODEL server [33,
34]. The 3D structures were validated by using the Ramachandran plot analysis [35], Verify3D [36], and ERRAT [37] on the SAVES
server (https://saves.mbi.ucla.edu).

The molecular docking was performed between LasR and RhIR proteins and their respective AHL cognates, namely 3-oxo-C12-HSL
(N-(3-oxododecanoyl)-L.-homoserine lactone; OdDHL; PubChem CID: 32469421) and C4-HSL (N-butyrylhomoserine lactone; BHL;
PubChem CID: 443433); besides furanone C30 ((Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone; PubChem CID: 10131246) and
NAC (N-acetylcysteine; PubChem CID: 12035). The “Dock Ligands™ tool of the CLC Drug Discovery Workbench 4.0 software (https://
www.qiagenbioinformatics.com/) was used, with 1,000 interactions for each compound and the conformation of the compounds was
changed during the docking via rotation around flexible bonds. The five best docking scores of each compound were selected, allowing
the inspection of the binding sites of LasR and RhIR proteins, according to Almeida et al. [38,39].

2.2. Bacterial strains and preparation of compounds

P. aeruginosa PAO1 was used as a wild-type strain. The reporter strains P. aeruginosa lasB-gfp and P. aeruginosa rhlA-gfp were used for
testing NAC as a potential QSI [40]. Both cultures were grown in Luria Bertani (LB) broth at 37 °C.

The compound NAC (Sigma-Aldrich, China) was prepared to obtain stock solutions at 0.1 and 1 M. Furanone C30 (Sigma-Aldrich,
Brazil) was prepared to obtain a stock solution at 0.1 M. Antibiotic tobramycin (Sigma-Aldrich, USA) was prepared to obtain a stock
solution at 1 mg/mL (2139 pM). All compounds were dissolved in sterile distilled water and stored at —20 °C.

2.3. Antibacterial activity — Minimal inhibitory concentration (MIC)

The minimal inhibitory concentration (MIC) of NAC was determined using the broth microdilution method in a 96-well microplate
[41,42]. NAC was applied in serial dilutions ranging from 800 to 25000 pM in LB broth and subsequently, bacterial solution was
inoculated (1 x 10° CFU/mL), totaling 100 pL in each well. Optical density at 595 nm (OD 595 nm) was determined every 2 h, during a
total time of 24 h in a spectrophotometer (Multiskan FC, Thermo Fisher Scientific). The MIC value was the lowest concentration of NAC
in which there was no bacterial growth, as observed on the growth curves. All QS assays were performed at sub-inhibitory concen-
trations (sub-MICs) to ensure that the compound did not interfere in bacterial growth, as recommended by Defoirdt et al. [43].

2.4. Anti-QS activity

2.4.1. Biosensor assay

The evaluation of NAC as a potential QSI was performed by measuring the expression of green fluorescent protein (GFP) in monitor
strains, according to Bjarnsholt et al. (2010). BT-medium (composed of B media (1 mM MgCl,, 0.1 mM CaCl,, and 0.01 mM FeCl3) with
10% A10 (20 g/L (NH4)2SO4, 60 g/L NagHPOy4, 30 g/L KH2PO4, and 30 g/L NaCl), 0.025% thiamine, 0.5% glucose, and 0.5% casamino
acid; detailed in Bjarnsholt et al. [40]) and NAC were added to each well of microplate to obtain final concentrations ranging from 125
to 1000 pM. Overnight cultures of P. aeruginosa lasB-gfp or P. aeruginosa rhlA-gfp (1 x 10° CFU/mL) were added, reaching 100 pL in
each well. The bacterial growth (OD 450 nm) and GFP expression (excitation/emission wavelength 485/535 nm, respectively) were
measured on a multi-mode microplate reader (Synergy H1, Biotek) at 34 °C, every 15 min for 15 h [40]. GFP expression was measured
in relative fluorescence units, normalized by dividing the GFP value to the corresponding OD 450 nm value measured at that time point
(RFU = GFP/OD 450 nm). The fluorescence peak of the control, i.e., the maximum GFP value, was compared with the peaks of NAC or
furanone C30 treatments.

2.4.2. Pyocyanin assay

For pyocyanin assay, P. aeruginosa PAO1 was grown in King-A broth (20 g/L peptone, 12 g/L glycerol, 10 g/L K2SO4, 1.4 g/L MgCly)
supplemented with 125, 250, and 500 pM of NAC at 37 °C and 250 rpm for 24 h. Supernatants were collected by centrifuging cultures
at 10,000 g for 10 min (Sigma Laborzentrifugen, Germany), pyocyanin was extracted with chloroform followed by 0.2 N of hydro-
chloric acid (HCI) and quantified spectrophotometrically at 520 nm [18,44,45]. Results were expressed as percentages (%) of pyo-
cyanin production, comparing absorbance measurements for treatments with NAC and the untreated control, which was considered
100%.

2.4.3. Rhamnolipids assay

For rhamnolipids assay, P. aeruginosa PAO1 was grown in LB broth supplemented with 125, 250, and 500 pM of NAC at 37 °C for 24
h. The supernatant was collected by centrifuging cultures at 10,000 g for 10 min and acidified with 1 N of HCI to pH 2. Then, 100 pL
were transferred to a 96-well microplate and absorbance was measured at 570 nm [45,46]. Results were expressed as percentages (%)
of rhamnolipids production, comparing absorbance measurements for treatments with NAC and the untreated control, which was
considered 100%.

2.4.4. Swarming and swimming motilities

For the swarming assay, 2 pL of an overnight culture of P. aeruginosa PAO1 was inoculated at the center of the swarming agar
medium (LB broth with 0.5% (w/v) casamino acids, 0.8% (w/v) glucose, and 0.5% (w/v) agar) with different concentrations of NAC
ranging from O to 10000 pM [47,48]. For the swimming assay, 2 pL of an overnight culture of P. aeruginosa PAO1 was inoculated at the
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center of semi-solid LB agar 0.3% (w/v) with different concentrations of NAC ranging from 0 to 10000 pM [42,49]. The swarming and
swimming plates were then incubated by 24 h at 37 °C and the motilities diameters were measured and compared with untreated
control plates.

2.5. Drug synergy experiments and fractional inhibitory concentration (FIC)

The interaction of NAC with antibiotic tobramycin was investigated by the checkerboard method using 96-well microplates with
slight modifications [50,51]. Tobramycin was applied horizontally ranging from 0.53 to 4.28 pM (0.25 to 2 pg/mL) and NAC was
applied vertically ranging from 625 to 10000 pM to obtain mixtures of these compounds plus LB broth. Subsequently, bacterial so-
lution at 1 x 10°® CFU/mL was inoculated, totaling 200 pL in each well. The microplate was incubated at 37 °C for 24 h. The growth
based on visible turbidity and pigments production, such as pyocyanin and pyoverdine, were used for interpreting the results.

The MIC of tobramycin was determined by the broth microdilution method in a 96-well microplate, ranging from 0.25 to 20 pg/mL
(0.53 to 42 pM) as described in item 2.3.

The fractional inhibitory concentrations (FIC) and FIC index (FIC;) were calculated from the following formulas:

FIC; = FICyac + FICrobramycin

Where,

MICNAC in combination | MICTobramycin in combination

FICnac = ———AC in combination,
b MICNAC alone

FIC ‘obramycin —
Tobramy MICTohramycin alone

FIC; values were interpreted as follows: FIC; < 0.5 as synergistic; 0.5 < FIC; < 1.0 as synergistic to additive; 1.0 < FIC; < 4.0 as
indifferent; and FIC; > 4.0 as antagonistic [51,52].

2.6. Effect of NAC-tobramycin combination on P. aeruginosa PAO1 biofilm formation

Biofilm studies were carried out in 96-well microplates in LB broth containing combinations of NAC (0 to 10000 pM) and tobra-
mycin (0 to 4.28 pM), according to Quecan et al. [53]. After incubation at 37 °C for 24 h, the planktonic cells were removed, the
adherent biofilm was washed with saline solution 0.85% (w/v) and fixed with methanol (99%) for 15 min, following removal of the
solvent. Then, 200 pL of crystal violet solution 0.3% (w/v) were added to each well for 5 min, following removal with sterile water.
Finally, the crystal violet bound to the biofilm was extracted with glacial acetic acid 33% (v/v) and the OD 595 nm was measured using
the spectrophotometer. Percentage (%) inhibition of biofilm formation was calculated in comparison with control. The synergism was
calculated in a SynergyFinder software 3.0 [54].

Confocal laser scanning microscopy (CLSM) was performed with the best combination of NAC-tobramycin, according to Pack-
iavathy et al. [49] with modifications. In a 24-well plate containing a glass coverslip, a total volume of 1000 pL of LB broth, NAC,
tobramycin, and bacterial solution at 1 x 10® CFU/mL were added to each well. After 24 h at 37 °C, the supernatants were discarded
and the wells were rinsed four times with phosphate-buffered saline (PBS) 1X. Then, 200 pL of 4% p-formaldehyde solution in PBS was
added to each well and kept for 30 min at room temperature to fix the biofilm on the glass coverslips. Supernatants were discarded and
the glass coverslips were rinsed five times with PBS. The glass coverslips were then soaked in 0.2% bovine serum albumin (BSA)
solution in PBS for 30 min, in order to block nonspecific staining. After washing three more times with PBS, glass coverslips were fixed
on glass slides with Mowiol (Calbiochem) added with 4’,6-diamidino-2-phenylindole (DAPI) dye at a final concentration of 1:1000.
Finally, glass coverslips were visualized in the CLSM at 630x magnification (Confocal Leica TCS SP 8, microscope Leica DMi 8,
Software Leica LAS X).

2.7. Statistical analysis

The in vitro assays of anti-QS activity were performed in three replicates and evaluated by analysis of variance (ANOVA) following
Dunnett’s test (p < 0.05) in Sisvar software version 5.7 [55].

3. Results and discussion
3.1. NAC binds in silico to LasR and RhIR proteins of P. aeruginosa PAO1

Molecular modeling was used to predict the 3D structure of RhIR protein of P. aeruginosa PAO1. This process is considered to be the
most accurate of the computational structure prediction methods, and has many applications in drug discovery [56].

In the present work, the verification and validation results of the 3D generated structures RhIR named 4Y15-PAO1 and 4Y17-PAO1
revealed that they are reliable (Figs. S1 and S2). The Ramachandran plot analysis showed that more than 96% of the residues of both
structures were in favored regions. In addition, both structures had more than 91% of the amino acid residues with scores greater than
or equal to 0.2 in the Verify3D, indicating a compatibility between an atomic model (3D) with its own amino acid sequence (1D).
Finally, both structures showed a threshold higher than the cut off of 91% in ERRAT overall quality factor (Figs. S1 and S2). Similar
results for RhIR protein obtained by homology modeling are reported [57-59].
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Molecular docking was performed between different structures of LasR and RhIR proteins of P. aeruginosa PAO1 with four com-
pounds: 3-0x0-C12-HSL (Fig. 1A), an AHL synthesized by LasI, which binds to LasR [60]; C4-HSL (Fig. 2A), an AHL synthesized by RhlI,
which binds to RhIR [14,61]; NAC (Figs. 1B and 2B), the compound in study, and furanone C30 (Figs. 1C and 2C), a known QSI [62].
This analysis is important to identify a possible QS inhibition, and a possible mechanism, by interference in LuxR-type transcriptional
regulators, i.e., LasR and RhIR proteins. The binding affinities and binding amino acid residues are shown in Table 1, Figs. 1 and 2.

The molecular docking assay generates a score which mimics the potential energy change when the protein and the compound
interact. The score is based on hydrogen bonds, metal ions and steric interactions, in which lower scores (more negative) correspond to
higher binding affinities [39], as it can be observed in Table 1.

The different results obtained for each compound can be explained by the conformational changes of LasR and RhIR proteins when
complexed with different compounds, as well as by the structural differences of these compounds. Nonetheless, all compounds were
well buried in the active binding pocket of both proteins (Figs. 1G-I and 2G-I), remaining completely inside the pocket (Figs. 1J-L and
2J-L).

For the LasR protein, 3-oxo-C12-HSL showed the highest binding affinities for all analyzed structures (Table 1). Although NAC did
not show binding scores as high as those of this AHL, the values were close to those obtained for furanone C30. Furthermore, NAC
binding sites were similar to those of 3-oxo-C12-HSL, such as Y56, W60, Y64, D73, T75, and S129 (Table 1, Fig. 1D and E).

Similar results were observed for RhIR protein (Table 1). The C4-HSL also shows the best score, while NAC and furanone C30
presented similar scores. In addition, the binding sites of NAC and C4-HSL were exactly the same for 4Y17 structure, such as Y64, W68,
and D81 (Fig. 2D and E). The lack of hydrogen bond in furanone C30 indicates the importance of steric interaction in molecular
docking, since the steric interaction is the result of the combination of non-polar interactions, non-polar-polar contacts, and the
repulsive contacts (Fig. 2F).

These results indicates that NAC and cognate AHLs potentially compete for binding to the same amino acid residues in both proteins
and suggest that NAC may be able to bind to LasR and RhIR proteins equally or better than a known QSI molecule, in this case, furanone
C30.

Halogenated furanones produced by the marine red algae Delisea pulchra are a well-known group of anti-QS compounds [62].
Furanone C30 is effective at reducing QS-regulated phenotypes and consequently has been used as positive control for QS inhibition in

A

3-0x0-C12-HSL
(3246941)

NAC
(12035)

Furanone C30
(10131246)

Fig. 1. Molecular docking of 2UVO structure of LasR protein with 3-0x0-C12-HSL (A), NAC (B), and furanone C30 (C). Backbone representation with
hydrogen bond between the amino acid residues and compounds (D to F), surface and backbone representation (G to I) and surface representation
showing the compound completely buried in the active binding pocket (J to L). Backbone representation of LasR protein in gray; black arrow
indicates the binding site; blue dashed line indicates hydrogen bond. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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NAC C4-HSL
(12035) (443433)

Furanone C30
(10131246)

Fig. 2. Molecular docking of 4Y17 structure of RhIR protein with C4-HSL (A), NAC (B), and furanone C30 (C). Backbone representation with
hydrogen bond between the amino acid residues and compounds (D to F), surface and backbone representation (G to I) and surface representation
showing the compound completely buried in the active binding pocket (J to L). Backbone representation of RhIR protein in gray; black arrow
indicates the binding site; blue dashed line indicates hydrogen bond. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 1
Results of molecular docking of different structures of LasR and RhIR proteins of P. aeruginosa PAO1 with 3-oxo-C12-HSL, C4-HSL, NAC, and furanone
C30.

Protein - structure Molecule Binding residue Hydrogen bond score Steric interaction score Score total Rank
LasR - 2UV0 3-0x0-C12-HSL Y56, W60, Y64, D73, S129 -10.12 —77.05 —81.77 1
NAC Y56, Y64, D73, T75, T115, S129 -13.11 —28.49 —39.91 2
Furanone C30 T75, T115, S129 —6.00 —31.95 —37.95 3
LasR - 6D6A 3-0x0-C12-HSL Y56, Y64, T75, S129 —8.00 —72.68 —76.01 1
NAC Y56, D73, T75, T115, S129 —15.10 —26.76 —39.89 2
Furanone C30 T75, T115, S129 —6.00 —32.08 —38.08 3
LasR - 6D6L 3-0x0-C12-HSL Y56 -3.37 —78.54 —-75.73 1
NAC W60, D73, T75, T115, S129 -13.99 —29.64 —41.96 3
Furanone C30 T75, T115, S129 —7.34 —38.45 —45.78 2
LasR - 6D60 3-0x0-C12-HSL Y56, W60, S129 —6.90 —74.04 —-76.36 1
NAC Y56, W60, T75, T115, S129 —11.68 —33.49 —43.03 3
Furanone C30 T75, T115, S129 -7.71 —38.71 —46.42 2
LasR - 6D6P 3-o0x0-C12-HSL Y56, D73 —5.08 —78.74 -77.73 1
NAC W60, D73, T75, T115 —9.19 —34.57 —42.22 3
Furanone C30 T75, T115, S129 —6.90 —38.05 —44.95 2
RhIR - 4Y15-PAO1 C4-HSL Y64 —4.00 —-41.17 —43.90 1
NAC D81, Y64, Y72, S135 —8.00 —25.84 —32.36 3
Furanone C30 No binding 0.00 —33.90 —33.90 2
RhIR - 4Y17-PAO1 C4-HSL Y64, W68, D81 —6.79 —39.91 —45.54 1
NAC Y64, W68, D81 —8.93 —29.07 —36.65 2
Furanone C30 No binding 0.00 —34.81 —34.81 3
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many experiments, including inhibition of violacein production, biofilm formation and swarming motility [53,63]. Concerning the QS
inhibition mechanism, Paczkowski et al. [48] showed that furanones function non-competitively by destabilizing LasR protein and
promoting its degradation. Unfortunately, furanones exhibit toxicity to human cells and their use is not suitable in human hosts as
therapeutic agents [48,64,65].

3.2. Sub-MICs of NAC inhibit QS systems of P. aeruginosa

The growth curves of P. aeruginosa PAO1 showed that 25000 pM of NAC completely inhibited the bacterial growth (Fig. 3A).
Concentrations lower than 12500 pM, i.e., 6200, 3100, 1500, and 800 pM did not influence the growth of this bacterium at the
evaluated condition. Hence, these concentrations were used in the QS inhibition tests to ensure that NAC did not interfere in bacterial
growth in the QS related bioassays.

The use of reporter strains is an important asset to evaluate whether a compound potentially inhibits QS. For this assay, we used
P. aeruginosa PAO1 harboring either a lasB-gfp or a rhlA-gfp fusion, which produce a modified and unstable version of GFP, as a QS
reporter. So, expression of gfp gives rise to a burst of fluorescence when lasB or rhlA is induced, which are QS-regulated genes. This
system is very sensitive, and the GFP signal is turned down in the presence of a QSI [40].

In the present study, the fluorescence peak of untreated control was compared with other peaks. The GFP signal was reduced (p <
0.05) in the presence of 50 uM of furanone C30 by 76% for lasB-gfp and 60% for rhlA-gfp. NAC also significantly inhibited (p < 0.05)
both QS systems. For lasB expression, the best inhibitory concentrations were 500 M (88%) and 1000 pM (85%). For rhlA expression,
the best inhibitory concentrations were 250 pM (17%) and 125 pM (16%), compared to the fluorescence peak of the untreated control
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Fig. 3. Growth curves of P. aeruginosa PAO1 with concentrations ranging from 800 to 25000 pM of NAC in LB broth at 37 °C for 24 h (A). Dose-
response curves of P. aeruginosa lasB-gfp (B) and rhlA-gfp (C) monitor strains treated with concentrations ranging from 125 to 1000 pM of NAC and
50 pM of furanone C30. Data shown as mean values + standard error of three replicates and data shown as mean values of three replicates.



E.M.F. Lima et al. Heliyon 9 (2023) e14152

(Fig. 3B and C). Thus, we expected that NAC would have a greater effect in inhibiting phenotypes regulated by the las system in this
assay. However, since the QS network is robust and interconnected in P. aeruginosa, an interference with LasI/LasR, which is at the top
of the hierarchical network, will likely influence the expression of the other systems and their respective virulence factors. This is the
case for pyocyanin and rhamnolipids, which are regulated by RhlI/RhIR and will be discussed below.

Many compounds have been identified as QSI by the same biosensor strains. Jakobsen et al. [19] found that ajoene, the major
bioactive compound present in garlic extract, is capable of inhibiting the expression of lasB-gfp and rhlA-gfp fusion in a dose-dependent
manner, in concentrations ranging from 6.7 to 854 pM. Gokalsin et al. [66] showed that the carotenoid zeaxanthin at 12 pM inhibited
las and rhl QS systems by 68 and 66%, respectively, when compared to the untreated control group. Beenker et al. [67] tested the effect
of gregatins, a group of related fungal secondary metabolites, on GFP expression of lasB-gfp, rhlA-gfp and pqsA-gfp QS reporter strains,
in concentrations ranging from 15.6 to 2000 pM. They observed that gregatins had the least effect or no effect on the rhlA-gfp reporter,
similar to the result found in the present study with NAC.

3.3. Sub-MICs of NAC inhibited pyocyanin, rhamnolipids, and motility

Pyocyanin and rhamnolipids are virulence factors that play an important role in biofilm development, in the establishment of
infection and colonization of the host by P. aeruginosa [45]. Both are under control of QS; therefore, their inhibition is a good indicator
of QS inhibition. Here, pyocyanin production decreased 19, 22, and 34% in the presence of NAC at 500, 250, and 125 pM, respectively
(p < 0.05) (Fig. 4A and Table S1). In these same concentrations, the rhamnolipids production was decreased by 28, 33, and 37%,
respectively (p < 0.05) (Fig. 4B and Table S1). Similar results were observed by Dai et al. [20] for ibuprofen at 100 pg/mL, which
reduced the production of pyocyanin up to 24% and rhamnolipids up to 34% by P. aeruginosa. Natural compounds, such as 6-gingerol
at 100 pM [63], coumarins at 2000 pM [68], and naringenin at 4000 pM [69] were also reported as inhibitors of pyocyanin and
rhamnolipids production by P. aeruginosa.

In the present study, we observed that the inhibition of these phenotypes was not concentration-dependent, since all three tested
concentrations inhibited (p < 0.05) both virulence factors statistically equally (Fig. 4A and B). Other studies have also reported similar
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Fig. 4. Effect of NAC at different concentrations on the production of pyocyanin (A) and rhamnolipids (B), swarming (C) and swimming motilities
(D) when compared to the control (P. aeruginosa PAO1 without NAC). Data shown as mean values + standard error of three replicates. Means
followed by different letters differ (p < 0.05) by Dunnett’s test and by the same letters do not differ (p > 0.05).
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results. For instance, Beenker et al. [67] observed that increasing concentrations of gregatins from 15 to 2000 uM exhibited different
behaviors in biofilm formation, pyocyanin and rhamnolipids production, showing nonlinear inhibitions, with the highest concen-
tration not always having the best inhibition. Likewise, Dai et al. [20] evaluated the levels of 3-oxo-C12-HSL and C4-HSL in
P. aeruginosa with ibuprofen at different concentrations and time points and they did not observe a concentration-dependent inhibitory
effect of this compound.

Since rhamnolipids are involved in swarming motility due to surfactant properties, we hypothesized that NAC would inhibit this
type of motility. Swarming motility is an organized microbial movement on surfaces, dependent on extensive flagellation, cell—cell
contact and QS, which contributes to biofilm formation and infection [70]. The swimming motility allows bacterial movement on
semisolid surfaces, which is important in absorption of nutrients and biofilm formation [49,71]. Both motilities are strongly associated
with pathogenesis in P. aeruginosa since they enable bacteria to colonize environments, attach to different surfaces and to form biofilms
[70,72]. So, we examined the anti-QS potential of NAC against both types of motilities, in concentrations up to 10000 pM, which were
the same tested in the biofilm assay. As observed in Fig. 4, the highest tested concentrations of NAC (500, 2500, and 10000 pM)
statistically inhibited swarming (Fig. 4C and Table S2) and swimming (Fig. 4D and Table S2) motilities. Furthermore, the concen-
tration of 10000 pM of NAC inhibited swimming motility about 80%. On the contrary, no inhibition was observed for the lowest
concentration of NAC (125 pM). Other studies have also reported the inhibition of swarming and/or swimming motilities of
P. aeruginosa with potential QSIs, like curcumin at 50, 75, and 100 pg/mL [49], furanones at 7.5 mM [72], methyl gallate ranging from
16 to 256 pg/mL [47], and 5-hydroxymethylfurfural at 1.25 pL/mL [73].

3.4. NAC-tobramycin combination has effect on bacterial growth, pigment production, and biofilm formation
Antimicrobial resistance is a serious concern in clinical practice, and an emergent strategy in combating resistant bacteria is the

coadministration of antibiotics with other compounds [42,50,74]. The synergistic activity of two drugs is achieved if they have
different modes of action and such action can bring about a higher killing effect on the bacteria [50]. Here, the idea is that NAC would
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Fig. 5. Checkerboard assay showing effect of NAC-tobramycin combinations against P. aeruginosa PAO1. Yellow color represents growth inhibition
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E.M.F. Lima et al. Heliyon 9 (2023) e14152

work as a QSI, acting in the inhibition of cellular communication, and, consequently, on the attenuation of virulence factors, while
tobramycin works through a cell killing effect.

Tobramycin belongs to aminoglycoside class of antibiotics and is commonly used to treat P. aeruginosa infections as well as in-
fections from other susceptible organisms including Serratia, Proteus, Acinetobacter, and Klebsiella. Tobramycin is one of the most
commonly monitored aminoglycosides in clinical laboratories, together with amikacin and gentamicin [75]. Besides, it is the main
antibiotic recommended to treat chronic bacterial infections [76,77].

NAC-tobramycin combination against P. aeruginosa PAO1 showed a synergistic effect with FIC; of 0.8, considering MIC of NAC
alone (25000 pM), MIC of NAC combined (10000 pM), MIC of tobramycin alone (5.35 pM), and MIC of tobramycin combined (2.14
pM). The data on the effectiveness of NAC-tobramycin combinations against this bacterium are represented in a checkerboard,
observed visually (Fig. 5A). The observation of low turbidity and lack of pigment production (pyocyanin and pyoverdine), charac-
teristics of P. aeruginosa, indicated the inhibitory effect of drug combinations. The highest concentration of NAC (10000 pM) and the
highest concentration of tobramycin (4.28 pM), alone or in combination, were effective in partially inhibiting growth and the pro-
duction of pigments. The lowest concentrations that reduced pigment production were 5000, 2500, and 1250 uM of NAC combined
with 1.07 pM tobramycin (Fig. 5A).

For biofilm assay, the first step was to treat the formed biofilm with crystal violet, and the result is shown in Fig. 5B and Table S3. It
is possible to observe that the highest concentrations of NAC and tobramycin alone reduced the biofilm formation of P. aeruginosa
PAO1 by 81% and 89%, respectively (Fig. 5B). These data were analyzed in the synergism assay, and the combination of 2500-1.07 pM
(NAC-tobramycin) was the most synergistic combination for inhibiting biofilm formation, as observed in Fig. 5C. In the synergism
assay, the summary synergy scores can be interpreted as the average excess response due to drug interactions. For example, a synergy
score of 10 corresponds to 10% of response beyond expectation [54,78]. In the present study, the global score was negative (—16.368),
indicating that the interaction is likely to be antagonistic. The score of most synergistic area (MSA, which represents the most syn-
ergistic 3-by-3 dose-window in a dose-response matrix, Fig. 5C) is near zero (—2.66), indicating an additive interaction. However, the
score in the red point (2500-1.07 uM of NAC-tobramycin) is 26.24, indicating a synergistic interaction at this combination. In this
scenario, biofilm formation was inhibited by 63.5% (Fig. 5B). This is an interesting result because these drug concentrations are lower
than MIC, and the use of low concentrations may prevent the development of resistance.

In this scenario, we evaluate the formed biofilm in different conditions by using confocal laser scanning microscopy (Fig. 6). CLSM
images for P. aeruginosa PAO1 (Fig. 6A) revealed a stronger, dense and compact biofilm. We observed that treatment with NAC altered
the biofilm architecture. Fig. 6B and C showed a biofilm thinner and more spaced, besides it is possible to visualize the background of

Control (PAO1) NAC 10000 pM NAC 2500 uM

NAC 10000 uM + Tobr. 2.14 uM NAC 2500 uM + Tobr. 1.07 uM

Fig. 6. Biofilms formed on glass coverslips by P. aeruginosa PAO1 (A) in the presence of NAC at 10000 pM (B) and 2500 pM (C), as well as in the
presence of NAC in combination with tobramycin (Tobr.) at 10000 pM + 2.14 pM (D) and 2500 pM + 1.07 pM (E).
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the slide. These changes were greater in the combinations of NAC-tobramycin (Fig. 6D and E), since CLSM images showed an even less
dense biofilm. The most synergistic combination, 2500-1.07 pM of NAC-tobramycin (Fig. 6E) also showed the dispersed and thinner
biofilm with spaced adhered cells, proving the efficiency of the drug combination. NAC can increase the sensitivity of P. aeruginosa to
tobramycin and is a potential agent to be co-administered with antibiotics.

Quorum sensing regulates the expression of many genes associated with biofilm formation, and biofilms are associated with
reduced sensitivity to antibiotics [79]. Thus, QS interference can be explored as an alternative to reduce bacterial virulence and in-
crease the efficacy of antibiotic treatment. The combination of QSIs with antibiotics was demonstrated by Mion et al. [79], combining
lactonases with fluoroquinolones and efficiently decreasing the amount of antibiotics required to fight P. aeruginosa clinical isolates.
The flavonoid quercetin exhibited synergism between tobramycin and amikacin, providing better anti-biofilm activity against
P. aeruginosa strains compared to their MIC dose [50]. Combinations of gallic acid-ampicillin and hamamelitannin-erythromycin
inhibited the growth, biofilm viability, and motilities of Escherichia coli better than individual antibiotics, being promising candi-
dates for eradicating pathogenic E. coli in humans and animals, according to Hossain et al. [51].

Finally, it is important consider that the virulence factors, motility, and biofilm formation are controlled by many pathways and
molecules, in addition to quorum sensing. Thus, it is important to identify the exact target and mechanism of inhibitory compounds to
ensure the influence on QS pathways [80]. For instance, more robust analysis could be performed, such as molecular and genetic
techniques, gene expression assays of target QS genes, molecular dynamic analysis, and in vivo assays with animal models. Besides, it is
necessary to treat bacteria with a specific concentration range, since low concentrations may not show an anti-QS effect, whereas high
concentrations may be toxic or influence bacterial growth [67]. Here, in some tests, we used concentrations well below the MIC, and
higher concentrations may present even better results for inhibiting the tested phenotypes.

4. Conclusion

To our knowledge, this is the first study to show NAC as a potential QSI against P. aeruginosa PAO1L. The in silico analyses suggest a
possible inhibitory mechanism, since NAC interacts with LasR and RhIR proteins similarly to cognate AHLs and, sometimes, even better
than the QSI furanone C30. Assays with biosensor strains and QS-related phenotypes demonstrated the in vitro inhibitory potential,
besides swarming and swimming motilities were strongly inhibited at the same concentration of NAC that inhibited biofilm formation
The combination of NAC-tobramycin seems to be an interesting way to reduce the drug dose and inhibit biofilm formation by
P. aeruginosa PAO1, as visualized by confocal microscopy. We suggest further studies to evaluate the expression of QS target genes of
P. aeruginosa PAO1 in the presence of NAC in different concentrations and in combination with tobramycin to elucidate the mechanism
of action, as well as to perform in vivo assays with animal models and also test other strains of P. aeruginosa.
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