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Abstract

Quorum sensing is a signal-based communication system in bacteria. It is an
attractive target because it regulates the production of virulence factors in
Pseudomonas aeruginosa. As a result, interference with quorum sensing
could result in inhibition of virulence of Pseudomonas aeruginosa with the
merit of lack of selective pressure on growth that leads to development of re-
sistance. This study investigated the anti-quorum sensing and anti-virulence
activities of febuxostat in Pseudomonas aeruginosa PAO1 strain. At 1/8 MIC
of febuxostat, the production of the quorum-sensing regulated violacein pig-
ment of Chromobacterium violaceum CV026 was significantly reduced.
Moreover, it markedly reduced pyocyanin, hemolysin, protease and elastase
production. Significant inhibitory activities were also found against biofilm,
swimming, twitching and swarming motilities. Molecular docking showed the
ability of febuxostat to inhibit quorum sensing by competing with the au-
toinducers to bind with LasR and RhIR receptors. Febuxostat could bind to
both receptors by hydrogen bonding and hydrophobic interaction. From the
Molecular docking scores, febuxostat is a very promising quorum sensing in-
hibitor. Febuxostat could also significantly decrease the level of expression of
all QS genes LasI, LasR, Rhll, RhIR, PqsA and PqgsR that regulate the produc-
tion of virulene factors as confirmed by qRT-PCR.
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1. Introduction

Pseudomonas aeruginosa is a frequent opportunistic and nosocomial pathogen
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that affects infecting patients with lowered immunity [1]. A wide range of infec-
tions can be caused by P. aeruginosa such as those of urinary tract, respiratory
tract in addition to wound and burn infections [2] [3].

P. aeruginosa has the ability to form biofilms; this biofilm forming capacity
renders the biofilm cells much more resistant to antimicrobial agents and
represents a therapeutic dilemma [4]. As a result, biofilm inhibiting agents are a
necessity to help treat P. aeruginosa infections. Biofilm formation is under the
controlling power of quorum sensing (QS). QS can be regarded as a system
through which bacterial cells communicate with each other. This relies on the
number of bacterial cells. To know their number, bacterial cells employ autoin-
ducers as signaling molecules whose concentration reflects the number of the
secreting cells. At certain threshold concentration, the autoinducers bind to their
cognate receptors to trigger changes in gene expression including genes that en-
code virulence factors [5]. P. aeruginosa among other Gram-negative bacteria
use N-acylated homoserine lactones (AHLs) as signaling molecules. The QS
machinery in P. aeruginosa is composed of three systems; namely LasI-LasR,
RhII-RhIR, and PQS-MvfR. In LasI-LasR system, Las I regulates the secretion of
N-(3-oxododecanoyl)-L-homoserine signal molecule that can bind the tran-
scriptional regulator LasR. On the other hand, RhlI is responsible for the pro-
duction of the N-butyryl-L-homoserine lactone autoinducer that is recognized
by its transcriptional regulator RhIR [6] [7]. Moreover, 2-heptyl-3-hydroxy-4(1H)
quinolone (PQS) is the autoinducer in the PQS-Mv{R system. Binding of this
signal molecule to its transcriptional regulator; Mv{R regulates the transcription
of downstream targets [8]. A fourth QS signal was also discovered. This signal is
2-(2-hydroxyphenyl) thiazole-4-carbaldehyde (IQS) that is linked to phos-
phate-stress response in P. aeruginosa [9].

The underlying reason for targeting QS to interfere with bacterial pathogene-
sis is the control of biofilm formation and virulence factors by QS genes [10].

Many QS inhibitors were investigated such as synthetic furanones. Synthetic
furanones are competitive inhibitors of autoinducers, so they interfere with their
binding to P. aeruginosa LasR and/or RhIR [11].

Febuxostat is a non-purine selective inhibitor of xanthine oxidoreductase that
is used in the treatment of gout due to its effect in reducing the urate concentra-
tion [12] [13].

The objective of this study is the investigation of the possible quorum sensing
inhibition by febuxostat and the effect on virulence factors of P. aeruginosa
PAOLI strain.

2. Materials and Methods
2.1. Media and Chemicals

The media used in this study were Luria-Bertani (LB) broth, LB agar and tryptone
(Lab M Limited, Lancashire, United Kingdom), Mueller Hinton broth, Mueller
Hinton agar, and tryptone soya broth (Oxoid, Hampshire, UK). Dimethyl sul-
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phoxide (DMSO), febuxostat, elastin congo red, and N-hexanoylhomoserine lac-
tone were the products of Sigma (St. Louis, USA). Other chemicals were of

pharmaceutical grade.

2.2. Bacterial Strains

Pseudomonas aeruginosa PAO1 strain and Chromobacterium violaceum CV 026
mutant strain were obtained from the Department of Microbiology, Faculty of
Pharmacy, Mansoura University, and the Department of Microbiology, Faculty

of Pharmacy, Ain Shams University, respectively.

2.3. Determination of Minimum Inhibitory Concentration (MIC)
of Febuxostat

In order to determine the minimum inhibitory concentration of febuxostat, the
broth microdilution method was used [14]. Two fold serial dilutions of febuxos-
tat in Mueller-Hinton broth were prepared and then added to the wells of
96-wells microtiter plate in 100 pl aliquots. PAO1 suspension in Mueller-Hinton
broth was prepared from an overnight culture with approximate cell density of 1
x 10° CFU/ml and 100 pl of the prepared suspension were added to each dilu-
tion. The minimum inhibitory concentration was calculated as the lowest con-
centration of the drug that showed no visible growth after 20 h of incubation of
the plate at 37°C.

2.4. Effect of Sub-Inhibitory Concentration of Febuxostat on
Bacterial Growth

To guarantee that febuxostat has no effect on the growth of PAO1, the turbidi-
ties of PAO1 in the presence and absence of 1/8 MIC of febuxostat was deter-
mined according to Nalca et al [15]. Overnight culture of PAO1 was prepared
and used to inoculate LB broth with and without febuxostat. LB broth tubes were
incubated at 37°C for overnight and the turbidities of LB cultures treated with
febuxostat and control LB cultures were measured at 600 nm by using Biotek
Spectrofluorimeter (Biotek, USA).

2.5. Violacein Inhibition Assay

The ability of febuxostat to inhibit the quorum sensing-regulated violacein pig-
ment was assessed using the method of Choo et al. [16]. Chromobacterium vi-
olaceum CV026 cultured in LB broth and incubated overnight. The bacterial
suspension optical density was adjusted to 1 at 600 nm and aliquots of 100 ul of
LB broth with the autoinducer N-hexanoyl homoserine lactone in the presence
and absence of 1/8 MIC of febuxostat were delivered to the wells of a 96-well
microtiter plate followed by the addition of aliquots of 100 ul of the prepared
suspension. The plate was incubated for 16 h at 28°C and was then left at 60°C
until complete dryness. Violacein pigment was eluted by addition of aliquots of
100 pl of DMSO and incubation at 30°C with shaking. Negative control was also
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prepared by using DMSO alone and the absorbance at 590 nm was determined
by using Biotek Spectrofluorimeter (Biotek, USA).

2.6. Assay of Biofilm Inhibition

The potential biofilm inhibition by febuxostat was estimated according to the
modified method of Stepanovic ef all [17]. Overnight culture of PAO1 in TSB was
prepared and diluted to achieve an approximate cell density of 1 x 10° CFU/ml.
Aliquots of 0.1 ml of the bacterial suspension were delivered into the wells of 96
well sterile microtiter plate in the presence and absence of 1/8 MIC of febuxos-
tat. The plate was incubated at 37°C for 24 h and then the free swimming plank-
tonic cells were aspirated. The wells were washed 3 times using sterile phosphate
buffered saline (PBS, pH 7.2) and the adherent cells were fixed by methanol
(99%) for 20 minutes. The wells were stained with crystal violet (1%) for a pe-
riod of 20 minutes. Excess stain was washed off with distilled water and glacial
acetic acid (33%) was used to elute crystal violet after air-drying of the plate. The
absorbance of solubilized stain was measured at 590 nm with Biotek spectrofluo-
rimeter (Biotek, USA).

2.7. Microscopic Visualization of Biofilm Inhibition

In order to further analyze the inhibition of biofilm formation by febuxostat,
biofilms were formed on sterilized cover slips placed in 50 ml centrifuge tubes
containing TSB with and without 1/8 MIC of febuxostat and inoculated with 2.
aeruginosa PAO1 suspension adjusted to optical density of 600 nm at 1. After
incubation of the tubes at 37°C for 16 h, the cover slips were removed and
washed with phosphate-buffered saline to remove any planktonic cells. The at-
tached biofilms were fixed with methanol, stained with crystal violet (1%) and
examined under the light microscope using the high power (400x magnifica-

tion).

2.8. Swimming and Twitching Motilities Assay

To detect the possible inhibitory activities of febuxostat on swimming and
twitching motilities, the modified method of Rashid andKornberg was used [18].
Swimming agar plates (tryptone 1%, sodium chloride 0.5% and agar 0.3%) con-
taining febuxostat (1/8 MIC) and control plates were prepared. The plates were
stabbed in the center with 5 pl of diluted overnight culture of PAOL in tryptone
broth. After incubation of the plates for 24 h at 37°C, the swimming zones were
measured. For assay of twitching motility inhibition, 2 pl of the prepared culture
were used to stab-inoculate LB agar plates (1%) with and without febuxostat (1/8
MIC) and incubated at 37°C for 48 h. To measure the twitching zones, the agar
was removed, stained with crystal violet after air-drying of the plates. The stain
was removed; the plates were washed with water and dried.

2.9. Protease Assay

The ability of febuxostat to inhibit the proteolytic activity of PAO1, the skim
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milk agar method was used [19]. Overnight cultures of P. aeruginosa PAO1 in
LB broth in the presence and absence of 1/8 MIC of febuxostat were centrifuged
at 10,000 rpm for 15 min and the supernatants were separated. Aliquots of 100 ul
of the supernatants were added to the wells made in 5% skim milk agar plates.
After overnight incubation of the plates at 37°C, the clear zones around the wells

were measured in order to detect the protease inhibitory activity of febuxostat.

2.10. Elasatse Assay

The possible elastase inhibition by febuxostat was assessed by the elastin congo
red assay [20]. Supernatants of untreated and febuxostat treated P. aeruginosa
PAOL1 cultures were added in aliquots of 500 pl to elastin congo red reagent
tubes. The tubes were incubated for 6 h at 37°C with shaking and any insoluble
elastin congo red was removed by centrifugation and the absorbance was meas-

ured at 495 nm using Biotek Spectrofluorimeter (Biotek, USA).

2.11. Pyocyanin Assay

The reduction in production of the blue-green pyocyanin pigment by febuxostat
treated PAO1 was estimated according to Das and Manefield [21]. PAO1 was
cultured in LB broth and incubated overnight. The bacterial suspension was di-
luted to achieve an approximate optical density of 0.4 at 600 nm. LB broth tubes
each contains 1 ml with 1/8 MIC of febuxostat and control LB broth tubes were
prepared and inoculated with 10 pl of the prepared suspension. After incubation
at 37°C for 48 h, the tubes were centrifuged at 10,000 rpm for 10 minutes and
the supernatants were separated. The pyoyanin was estimated by measuring the

absorbance at 691 nm by Biotek Spectrofluorimeter (Biotek, USA).

2.12. Hemolysin Assay

Hemolytic activity of PAOL1 in the presence and absence of febuxostat was de-
termined according to Rossignol et al [22]. The prepared cell free supernatant
(500 pl) was mixed with 700 ul of fresh 2% saline suspension of erythrocytes in
saline. After incubation at 37°C for 2 h, the hemoglobin released from lysed
erythrocytes was separated by centrifugation at 2500 g for 5 minutes at 4°C and
measured at 540 nm. The hemoglobin released was compared with positive con-
trol prepared by addition of 0.1% SDS to erythrocyte suspension to cause com-
plete hemolysis and negative control prepared by incubation of erythrocytes in
LB broth at the same conditions. To calculate percentage hemolysis, the follow-
ing formula was used:

% hemolysis = [X — B/T — B] x 100, (X: the treated and untreated samples, B:
the negative control, T: the positive control). The hemolysis of febuxostat treated

cultures was expressed as % compared to hemolysis of untreated culture.

2.13. Total RNA Extraction for gRT-PCR

RNA of febuxostat-treated and untreated PAO1 cultures was extracted using
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GeneJET RNA Purification Kit (Thermoscientific, USA) according to manufac-
turer instructions. Overnight cultures of PAO1 in the presence and absene of 1/8
MIC of febuxostat were prepared and centrifuged at 12,000 g for 2 minutes to
collect the pellets. The Pellets were then resuspended in 100 pl of Tris-EDTA
buffer containing lysozyme. After incubation for 5 minutes at 25°C, the lysis
buffer containing S-mercaptoethanol was added and mixed thoroughly. After
purification, RNA was eluted by addition of 100 ul of nuclease-free water and

stored at —70°C until use.

2.14. Quantitative RT-PCR of QS Genes

To determine the effect of febuxostat on quorum sensing genes, the relative ex-
pression levels of QS genes were analyzed in PAO1 strain treated and untreated
with febuxostat by qRT-PCR. RopD gene was used to normalize the relative ex-
pression level of each gene beause the the expression levels of this gene undergo
no change in febuxostat treated and untreated PAO1 cultures. Table 1 shows the
primers used in this study. The protocol described in SensiFAST™ SYBR'
Hi-ROX One-Step Kit (Bioline, UK) was used for this analysis employing Ste-
pOne Real-Time PCR system (Applied Biosystem, USA). Agarose gel electro-
phoresis and a melting curve analysis of products were used to confirm the spe-
cific PCR amplification according to the manufacturer recommendation. The
relative gene expression was calculated by using the comparative threshold cycle
(AAC,) method [23].

2.15. Docking Study

Docking study was used to determine the molecular interaction of febuxostat
with the LasR, RhIR receptors. The crystal structure of P. aeruginosa LasR ligand

Table 1. Primers used in RT-PCR [24].

Gene name Primer sequence Amplicon size (bp)
RopD (F) 5'-CGAACTGCTTGCCGACTT-3' 131
RopD (R) 5'-GCGAGAGCCTCAAGGATAC-3'

LasI (F) 5'-CGCACATCTGGGAACTCA-3' 176
LasI (R) 5'-CGGCACGGATCATCATCT-3'

LasR (F) 5'-CTGTGGATGCTCAAGGACTAC-3' 133
LasR (R) 5-AACTGGTCTTGCCGATGG-3'

RhlI (F) 5'-GTAGCGGGTTTGCGGATG-3' 101
RhlI (R) 5'-CGGCATCAGGTCTTCATCG-3'

RhIR (F) 5'-GCCAGCGTCTTGTTCGG-3' 160
RhIR (R) 5'-CGGTCTGCCTGAGCCATC-3'

PgsA (F) 5'-GACCGGCTGTATTCGATTC-3' "
PgsA (R) 5'-GCTGAACCAGGGAAAGAAC-3'

PgsR (F) 5'-CTGATCTGCCGGTAATTGG-3' ™
PgsR (R) 5'-ATCGACGAGGAACTGAAGA-3'

*F = Forward, **R = Reverse.
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binding domain and the rhlr receptor model (ID: P54292.1) were obtained from
Protein Data Bank (PDB ID: 2UVO0) [24] and the protein model portal [25] re-
spectively. Febuxostat and the co-crystalized natural ligand,

3-oxo-dodecanoylhomoserine lactone were docked into the receptor active site
using Molegro Virtual Docker (MVD Version 6.0). Febuxostat was drawn into
Marvin Sketch V5.11.5 [26] and the most energetically favored conformer was
saved as (*mol’) file format for docking. The optimal geometry of the ligand was
determined during the docking process. The E monomer was selected for analy-
sis, water was discarded, cavities were determined and the search area was set to
be 9 A from the active site center. Docking process was performed by using
MolDock optimizer algorithm with 10 runs/ligand, 150 population size, 4000
max iteration and 5 poses for each ligand. MolDock docking engine [27] using
docking template and the optimized ligands was executed. At last, the top re-
turned poses were selected for analysis. For docking febuxostat and the autoin-
ducer, butanoyl homoswerine lactone (C4-HSL), into the active site of the rhlr

receptor model, the same procedure was used.

2.16. Statistical Analysis

In unpaired t tests, Graph Pad Prism 5 was used to investigate the significance of
the inhibitory activities of febuxostat against swarming, swimming and twitch-
ing motilities. In paired t tests, Graph Pad Prism 5 was used to detect the signi-
ficance of the effects of febuxostat against biofilm formation and eradication,
protease, violacein, pyocyanin, elastase and hemolysin.

Pvalues < 0.05 were considered statistically significant.

3. Results

3.1. Determination of Mininmum Inhibitory Concentration of
Febuxostat against Pseudomonas aeruginosa PAO1

Febuxostat showed growth inhibitory effect against Pseudomonas aeruginosa
PAOL1 at a concentration of 8 mg/ml. Then, 1/8 MIC (1 mg/ml) was used to as-
sess the activity of febuxostat against quorum sensing and virulence factors of
PAOL.

3.2. Growth Inhibition Effect of Sub-MIC of Febuxostat

Potential inbition of QS and virulence by febuxostat may be due to its effect on
growth of PAO1. To avoid such possibility, PAO1 overnight cultures in LB broth
with and without 1/8 MIC of febuxostat were prepared and the turbidities of the
bacterial suspensions were measured at 600 nm. The difference in turbidities as a
measure of growth rates in febuxostat treated and untreated PAO1 cultures was

not statistically significant.

3.3. Anti-Biofilm Activities of Febuxostat

Febuxostat exerted a significant biofilm inhibitory activity. Biofilm formation by
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PAO1 was reduced by 64.4% (Figure 1(a)). In order to further investigate the
Antibiofilm effect of febuxostat, biofilms formed on sterile glass cover slips in
the absence and presence of febuxostat were stained with crystal violet and ex-
amined under the light microscope. The febuxostat treated sample showed much

fewer scattered cells.

3.4. Inhibition of Violacein Production

As the production of the intracellular violacein pigment in the reporter strain C.
violaceum CV026 is well reported to be regulated by the quorum sensing ma-
chinery, the anti-quorum sensing activity of febuxostat was evaluated by mea-
suring the reduction in violacein pigment. At first the effect of sub-MIC of fe-
buxostat on growth of C. violaceum CV026 was investigated and no significant
difference in growth was found between the treated and untreated samples. Fe-
buxostat at 1/8 MIC diminished violacein production in C. violaceum CV026 by
71.61% (Figure 1(b)).

(d)

()

Figure 1. (a) Inhibition of biofilm formation of PAO1 by 1/8 MIC of febuxostat (i), mi-
croscopic visualization of biofilm under the light microscope (x400) (ii); biofilm in the
treated culture (left) and untreated (right). *Significant 2 < 0.05. (b) Effect of febuxostat
on growth of Chromobacterium violaceum CV026. No statistically significant difference
was found in the presence or absence of febuxostat, while inhibition of production of vi-
olacein pigment of Chromobacterium violaceum CV026 by 1/8 MIC of febuxostat.
*Significant P < 0.05; (c) Inhibition of protease production by 1/8 MIC of febuxostat by
the skim milk agar method. *Significant P < 0.05; (d) Pyocyanin production in PAO1 un-
treated and febuxostat treated. *Significant P < 0.05; (e) Inhibition of elastase activity by
1/8 MIC of febuxostat. *Significant P < 0.05; (f) Inhibition of swimming motility of PAO1
by 1/8 MIC of febuxostat. *Significant P < 0.05; (g) Inhibition of twitching motility of
PAOI1 by 1/8 MIC of febuxostat. *Significant £< 0.05.
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3.5. Proteolytic Activity Inhibition Assay

The supernatant of the febuxostat treated and untreated cultures were added to
the wells in skim milk agar and the clear zones around them were measured.
Febuxostat could inhibit protease by 55.18% (Figure 1(c)).

3.6. Pyocyanin Inhibition Assay

The blue green pyocyanin pigment is a redox metabolite in P. aeruginosa that
has pulmonary cytotoxic effect [28]. In the presence of 1/8 MIC of febuxostat,
pyocyanin production was lowered by 63.63% (Figure 1(d)).

3.7. Elastolytic Activity Inhibition Assay

The ability of elastase enzyme produced by febuxostat treated and untreated
PAOL culture supernatant to decompose elastin congo red was assayed. Elasto-
lytic activity was reduced with febuxostat by 60.96% (Figure 1(e)).

3.8. Inhibition of Swimming and Twitching Motilities

Febuxostat at 1/8 MIC reduced the ability to PAO1 to swim, twitch and swarm
by 70.12% (Figure 1(f)), 83.72% (Figure 1(g)), and 85.17% (Figure 2(a)), re-
spectively.

3.9. Inhibition of Hemolytic Activity

The hemolytic activity of untreated PAO1 and febuxostat treated culture super-
natants was assayed quantitatively and the hemoglobin release was measured
spectrophotometrically. Febuxostat could inhibit hemolytic activity of PAO1 by

73.94% as compared to the untreated control.

3.10. Effect of Febuxostat on the Expression of Quorum Sensing
Genes in Pseudomonas aeruginosa

To investigate the effect of febuxostat on the expression levels of QS genes of
PAO1, gqRT-PCR was performed (Figure 2(b)). The expression of QS genes was
assessed in febuxostat treated and untreated PAO1 using 2744

cant decrease in the expression levels of Lasl, LasR, Rhll, RhIR, PgsA and PgsR

method. Signifi-

was found as compared to control PAO1 culture. The relative expression of vi-
rulence factors regulating genes were decreased from 100% in untreated PAO1
to 39.54% for Lasl, 43.27% for LasR, 45.19% for Rhll, 69.87% for RhIR, 61.52%
for PqsA and 28.24% for PqsR.

3.11. Docking Study

The molecular docking study included the quorum sensing proteins LasR and
rhlr as targets for P. aeruginosa virulence inhibition. The natural ligand and fe-
buxostat were docked into LasR active site. The binding interaction with the re-
ceptor is shown in (Figure 3(a)). The MolDock scores for febuxostatand the
natural ligand along with the interacting residues are shown in Table 2. The in-
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hibitor lacks the hydrophobic side chain that induces the correct formation of
the hydrophobic core of LasR. The natural ligand is a LasR inducer that can sta-
bilize the conformational change through its long acyl hydrophobic chain. Fe-
buxostat has no acyl hydrophobic chain thus act as LasR inhibitor. The high

docking score indicates a promising LasR antagonist activity for febuxostat.

11 1 11
*

[3S
(=}
L1 11

) N

PAO1 lasl lasR rhll rhIR PgsA pasR
Control

percentage relative expression of QS genes

(b)

Figure 2. (a) Inhibition of swarming motility of PAO1 by 1/8 MIC of febuxostat.
*Significant P < 0.05; (b) Reduced expression of QS genes by RT-qPCRas com-
pared to untreated PAO1. The data shown are the means + standard errors. P <
0.05 (One Way ANOVA) was considered significant.

Figure 3. (a) The Molecular docking of (i) Febuxostat, (ii) Natural ligand inducer
and (iii) C30 furanone into the active site of LasR enzyme; (b) The Molecular
docking of (i) Febuxostat, (ii) C4-BHL into the active site of rhlr receptor model.
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Table 2. The binding mode of ligands with the different residues inside the active site of
LasR enzyme.

Ligand H-Bonding Hydrophobic Interaction MolDock Score

Ala50, Alal05, Cys79, Gly38, Ile52, Leu36,
LasR enzyme  Trp60, Tyr56,
Leu39, Leu40, Leul10, Phe51,

tural Thr75, Ser129, —134.274
natura ! er Phel01, Thr80, Thr115, Trp88, Tyr47, Tyr64,

ligand Asp73
tgan sp Tyr93, Val76, Alal27, Gly126, Leul25
Gly38, Leu36, Leu39, Leu40, Leul10,
Arg61, Tyr56, Phel01, Thr75, Thr115, Trp60, Trp88,
Febuxostat —133.876

Leul25 Tyr47, Tyr64, Tyr93, Val76, Alal27,
Gly126, Ser129

Febuxostat was docked into rhlr receptor model active site. The binding inte-
raction with the rhlr receptor is shown in Figure 3(b). It showed similar interac-
tion to the auoinducer C4-HSL as shown in Table 3. The important hydrophob-
ic acyl group of C4-HSL is responsible for conformational change to act as in-
ducer that is absent in febuxostat which make it a possible inhibitor with a

promising high antagonist activity as indicated from high docking score.

4. Discussion

Quorum sensing system plays a vital role in regulation of production of viru-
lence factors linked with various pathogenic phenotypes such as the ability of
bacteria to adhere to tissues and to form biofilms [29]. Inhibition of QS has at-
tracted much attention during the search for novel solutions to the problem of
development of antibiotic resistance [30].

Unfortunately, many tested QS inhibitors were found to be highly toxic and so
they cannot find their way to clinical application [31]. As a result, many reports
tested the possibility of finding QS inhibitors among FDA approved drugs to
make their use possible on clinical background. This hypothesis was found to be
true in our previous studies [32] [33].

In this study, the hypourecemic drug febuxostat was investigated for an-
ti-quorum sensing activity. At first, its antibacterial activity was evaluated and its
MIC was 8 mg/ml. Sub-MIC (1/8 MIC or 1 mg/ml) was used in further work on
quorum sensing and virulence inhibition. This concentration was found to have
no significant effect on growth of PAO1 or Chromobacterium violaceum CV026
reporter strain. As a result, any potential QS inhibiting activity is not due to ef-
fect on growth.

The biosensor Chromobacterium violaceum CV026 strain was used to quan-
tify quorum sensing due to its ability to produce the violacein pigment as a re-
sponse to the presence of acylhomoserine lactones in the media and under the
regulation of CVi/R QS system [34]. Sub-inhibitory concentration of febuxostat
was capable of significantly decreasing the production of violaein. Moreover,
molecular docking study was made to analyze the ability of febuxostat to compe-
titively bind to the LasR and RhIR. Febuxostat could bind with both LasR and
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Table 3. The binding mode of each ligand with the different residues inside the active site
of rhlr receptor model.

Ligand H-Bonding Hydrophobic interaction MolDock Score

Alalll, Argl12, Argl38, Asp98, Cysl17,
C4-BHL Gly119 Leul07, Leul16, Phel01, Ser97, Trp96, —-70.064
Trp108, Vall18

Ala83, Alalll, Argl12, Asp81, Asp98,
Febuxostat ~ Glyl119, Cys117  Glul10, Leul07, Leul16, Phel01, Ser97, —-84.131
Trp68, Trp96, Trpl08, Tyr64, Tyr72, Vall18

RhIR through hydrogen bonding and hydrophobic interaction. The docking
score of febuxostat was nearly the same as the natural ligand dodecanoyl homo-
serine lactone and lower than that of butanoyl homoserine lactone; a finding
that indicate a highly promising QS inhibiting activity of febuxostat.

Further assessment of quorum sensing regulated virulence factors of PAO1 in
the presence of febuxostat was performed. Pyocyanin is a key virulence factor in
Pseudomonas aeruginosa involved in formation of reactive oxygen species via
oxidation of reduced cellular glutathione with simultaneous oxygen reduction
[30]. Febuxostat showed a remarkable ability to diminish pyocyanin. Febuxostat
could also significantly inhibit biofilm formation activity. QS is a key regulator
of biofilm development [35]. Moreover, adhesion and biofilm formation is af-
fected by motility, which in turn is controlled by QS LasI/R and RhlI/R [36].
Furthermore, biofilms formed by QS-deficient strains that are impaired in mo-
tilities areonlythin and disperse [37]. In our study, febuxostat showed a marked
inhibiting ctivities against swarming, swimming and twitching motilities of
PAOL.

In our study, hemolysin, elastase and protease were significantly lowered by
febuxostat. These hydrolytic enzymes enhance the spread of bacteria inside the
tissues of the host and resistance to the host defense [38].

In addition to the molecular docking study that proved the ability of febuxos-
tat to bind the LasR and Rhlr receptors by competitive inhibition of the autoin-
ducers dodecanoyl homoserine lactone and butanoyl homoserine lactone, re-
spectively, febuxostat can also be a competitive inhibitor of the signaling mole-
cule 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde of the new integrated QS
system because febuxostat has the thiazole moiety [12].

In this study, qRT-PCR was used to further confirm the anti-QS activity of
febuxostat by estimation of the levels of the relative expression of QS genes;
namely LasI, LasR, Rhll, RhIR, PqsA and PgsR. Interestingly, febuxostat showed
a significant down regulation of the expression of these QS genes; a finding that
provides a basis to explain the remarked decrease in the production of QS regu-
lated virulence factors. Significant down regulation of the key LasI/LasR QS reg-
ulator system was achieved in our study. This, in turn, affected the expression of
the other QS systems; rhl and pgs systems with a net result of significant an-

ti-virulence capacity of febuxostat.
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In summary, febuxostat could be considered as a novel inhibitor of quorum
sensing in PAO1 that can be used as virulence inhibitor for treating P. aerugino-

sa infection.

Conflicts of Interest

The authors declare that they have no conflict of interest.

References
[1] Van Delden, C. and Iglewski, B.H. (1998) Cell-to-Cell Signaling and Pseudomonas
aeruginosa Infections. Emerging Infectious Diseases, 4, 551-560.

[2] Bjarnsholt, T., Jensen, P.@., Fiandaca, M.]., et al (2009) Pseudomonas aeruginosa
Biofilms in the Respiratory Tract of Cystic Fibrosis Patients. Pediatric Pulmonology,
44, 547-558. https://doi.org/10.1002/ppul.21011

[3] Kennedy, P., Brammah, S. and Wills, E. (2010) Burns, Biofilm and a New Appraisal
of Burn Wound Sepsis. Burns, 36, 49-56.
https://doi.org/10.1016/j.burns.2009.02.017

[4] Davies, D. (2003) Understanding Biofilm Resistance to Antibacterial Agents. Nature
Reviews Drug Discovery, 2, 114-122. https://doi.org/10.1038/nrd1008

[5] Davies, D.G., Parsek, M.R., Pearson, J.P., et al (1998) The Involvement of
Cell-to-Cell Signals in the Development of a Bacterial Biofilm. Science, 280,
295-298. https://doi.org/10.1126/science.280.5361.295

[6] Pesci, E.C., Pearson, J.P., Seed, P.C,, et al (1997) Regulation of las and rhl Quorum
sensing in Pseudomonas aeruginosa. Journal of Bacteriology, 179, 3127-3132.
https://doi.org/10.1128/jb.179.10.3127-3132.1997

[7] Venturi, V. (2006) Regulation of Quorum Sensing in Pseudomonas. FEMS Micro-
biology Reviews, 30, 274-291. https://doi.org/10.1111/j.1574-6976.2005.00012.x

[8] Heeb, S., Fletcher, M.P., Chhabra, S.R., et a/ (2011) Quinolones: From Antibiotics
to Autoinducers. FEMS Microbiology Reviews, 35, 247-274.
https://doi.org/10.1111/j.1574-6976.2010.00247.x

[9] Lee,J., Wu, ], Deng, Y., et al (2013) A Cell-Cell Communication Signal Integrates
Quorum Sensing and Stress Response. Nature Chemical Biology, 9, 339-343.
https://doi.org/10.1038/nchembio.1225

[10] Bjarnsholt, T., Ciofu, O., Molin, S., et al (2013) Applying Insights from Biofilm Bi-
ology to Drug Development—Can a New Approach Be Developed? Nature Reviews
Drug Discovery, 12, 791-808.

[11] Hentzer, M., Wu, H., Andersen, J.B., et al (2003) Attenuation of Pseudomonas ae-
ruginosa Virulence by Quorum Sensing Inhibitors. The EMBO Journal, 22,
3803-3815. https://doi.org/10.1093/emboj/cdg366

[12] Osada, Y., Tsuchimoto, M., Fukushima, H., et al (1993) Hypouricemic Effect of the
Novel Xanthine Oxidase Inhibitor, TEI-6720, in Rodents. European Journal of
Pl]armaco]ogy, 241, 183-188. https://doi.org/10.1016/0014-2999(93)90201-R

[13] Komoriya, K., Osada, Y., Hasegawa, M., et al. (1993) Hypouricemic Effect of Allo-
purinol and the Novel Xanthine Oxidase Inhibitor TEI-6720 in Chimpanzees. Eu-
ropean Journal of Pharmacology, 250, 455-460.
https://doi.org/10.1016/0014-2999(93)90033-E

[14] Clinical and Laboratory Standards Institute (2012) Methods for Dilution Antimi-
crobial Susceptibility Tests for Bacteria That Grow Aerobically. Approval Standard

DOI: 10.4236/2im.2018.88044

662 Advances in Microbiology


https://doi.org/10.4236/aim.2018.88044
https://doi.org/10.1002/ppul.21011
https://doi.org/10.1016/j.burns.2009.02.017
https://doi.org/10.1038/nrd1008
https://doi.org/10.1126/science.280.5361.295
https://doi.org/10.1128/jb.179.10.3127-3132.1997
https://doi.org/10.1111/j.1574-6976.2005.00012.x
https://doi.org/10.1111/j.1574-6976.2010.00247.x
https://doi.org/10.1038/nchembio.1225
https://doi.org/10.1093/emboj/cdg366
https://doi.org/10.1016/0014-2999(93)90201-R
https://doi.org/10.1016/0014-2999(93)90033-E

H. A. M. Abbas et al.

(16]

(17]

(18]

(19]

[20]

[22]

(23]

[24]

[25]

[26]
[27]

(28]

[29]

CDM-A, Vol. 32.

Nalca, Y., Jansch, L., Bredenbruch, F., et al (2006) Quorum-Sensing Antagonistic
Activities of Azithromycin in Pseudomonas aeruginosa PAO1: A Global Approach.
Antimicrobial Agents and Chemotherapy; 50, 1680-1688.
https://doi.org/10.1128/AAC.50.5.1680-1688.2006

Choo, J., Rukayadi, Y. and Hwang, J.K. (2006) Inhibition of Bacterial Quorum
Sensing by Vanilla Extract. Letters in Applied Microbiology, 42, 637-641.
https://doi.org/10.1111/j.1472-765X.2006.01928.x

Stepanovi¢, S., Vukovi¢, D., Hola, V., et al (2007) Quantification of Biofilm in Mi-
crotiter Plates: Overview of Testing Conditions and Practical Recommendations for
Assessment of Biofilm Production by Staphylococci. Apmis, 115, 891-899.
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x

Rashid, M.H. and Kornberg, A. (2000) Inorganic Polyphosphate Is Needed for
Swimming, Swarming, and Twitching Motilities of Pseudomonas aeruginosa. Pro-
ceedings of the National Academy of Sciences, 97, 4885-4890.
https://doi.org/10.1073/pnas.060030097

Vijayaraghavan, P. and Vincent, S.G.P. (2013) A Simple Method for the Detection
of Protease Activity on Agar Plates Using Bromocresolgreen Dye. Journal of Bio-
chemical Technology, 4, 628-630.

Ohman, D., Cryz, S. and Iglewski, B. (1980) Isolation and Characterization of
Pseudomonas aeruginosa PAO Mutant That Produces Altered Elastase. Journal of
Bacteriology, 142, 836-842.

Das, T. and Manefield, M. (2012) Pyocyanin Promotes Extracellular DNA Release
in Pseudomonas aeruginosa. PLoS ONE, 7, e46718.
https://doi.org/10.1371/journal.pone.0046718

Rossignol, G., Merieau, A., Guerillon, J., et al (2008) Involvement of a Phospholi-
pase C in the Hemolytic Activity of a Clinical Strain of Pseudomonas fluorescens.
BMC Microbiology; 8, 189. https://doi.org/10.1186/1471-2180-8-189

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of Relative Gene Expression Data
Using Real-Time Quantitative PCR and the 2-AACT Method. Methods, 25,
402-408. https://doi.org/10.1006/meth.2001.1262

Bottomley, M.]., Muraglia, E., Bazzo, R., et al (2007) Molecular Insights into Quo-
rum Sensing in the Human Pathogen Pseudomonas aeruginosa from the Structure
of the Virulence Regulator LasR Bound to Its Autoinducer. Journal of Biological
Chemistry, 282, 13592-600. https://doi.org/10.1074/jbc.M700556200

http://www.proteinmodelportal.org/?pid=modelDetail&provider=SWISSMODEL&te
mplate=4lfuA&pmpuid=1000801294232&range_from=1&range_to=241&ref_ac=P54
292&mapped_ac=P54292&zid=async

Marvin 5.11.5, ChemAxon. http://www.chemaxon.com

Thomsen, R. and Christensen, M.H. (2006) MolDock: A New Technique for
High-Accuracy Molecular Docking. Journal of Medicinal Chemistry, 49, 3315-3321.
https://doi.org/10.1021/jm051197e

Lau, G.W., Ran, H,, Kong, F., et al (2004) Pseudomonas aeruginosa Pyocyanin Is
Critical for Lung Infection in Mice. Infection and Immunity, 72, 4275-4278.
https://doi.org/10.1128/1A1.72.7.4275-4278.2004

Zhao, T. and Liu, Y. (2010) N-Acetylcysteine Inhibit Biofilms Produced by Pseu-
domonas aeruginosa. BMC Microbiology, 10, 140.
https://doi.org/10.1186/1471-2180-10-140

DOI: 10.4236/2im.2018.88044

663 Advances in Microbiology


https://doi.org/10.4236/aim.2018.88044
https://doi.org/10.1128/AAC.50.5.1680-1688.2006
https://doi.org/10.1111/j.1472-765X.2006.01928.x
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x
https://doi.org/10.1073/pnas.060030097
https://doi.org/10.1371/journal.pone.0046718
https://doi.org/10.1186/1471-2180-8-189
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1074/jbc.M700556200
http://www.proteinmodelportal.org/?pid=modelDetail&provider=SWISSMODEL&template=4lfuA&pmpuid=1000801294232&range_from=1&range_to=241&ref_ac=P54292&mapped_ac=P54292&zid=async
http://www.proteinmodelportal.org/?pid=modelDetail&provider=SWISSMODEL&template=4lfuA&pmpuid=1000801294232&range_from=1&range_to=241&ref_ac=P54292&mapped_ac=P54292&zid=async
http://www.proteinmodelportal.org/?pid=modelDetail&provider=SWISSMODEL&template=4lfuA&pmpuid=1000801294232&range_from=1&range_to=241&ref_ac=P54292&mapped_ac=P54292&zid=async
http://www.chemaxon.com/
https://doi.org/10.1021/jm051197e
https://doi.org/10.1128/IAI.72.7.4275-4278.2004
https://doi.org/10.1186/1471-2180-10-140

H. A. M. Abbas et al.

(30]

(31]

(32]

(33]

(35]

(36]

(37]

(38]

Adonizio, A.L., Downum, K., Bennett, B.C., ef al. (2006) Anti-Quorum Sensing Ac-
tivity of Medicinal Plants in Southern Florida. Journal of Ethnopharmacology, 105,
427-435. https://doi.org/10.1016/j.jep.2005.11.025

Galloway, W.R., Hodgkinson, J.T., Bowden, S., et al (2012) Applications of Small
Molecule Activators and Inhibitors of Quorum Sensing in Gram-Negative Bacteria.
Trends in Microbiology, 20, 449-458. https://doi.org/10.1016/j.tim.2012.06.003

Abbas, H.A. and Shaldam, M.A. (2016) Glyceryl Trinitrate Is a Novel Inhibitor of
Quorum Sensing in Pseudomonas aeruginosa. African Health Sciences, 16,
1109-1117. https://doi.org/10.4314/ahs.v16i4.29

Abbas, H.A., Elsherbini, A.M. and Shaldam, M.A. (2017) Repurposing Metformin
as a Quorum Sensing Inhibitor in Pseudomonas aeruginosa. African Health
Sciences, 17, 808-819. https://doi.org/10.4314/ahs.v17i3.24

Stauff, D.L. and Bassler, B.L. (2011) Quorum Sensing in Chromobacterium viola-
ceum: DNA Recognition and Gene Regulation by the CviR Receptor. Journal of
Bacteriology, 193, 3871-3878. https://doi.org/10.1128/JB.05125-11

Kirisits, M.]. and Parsek, M.R. (2006) Does Pseudomonas aeruginosa Use Intercel-
lular Signalling to Build Biofilm Communities? Cellular Microbiology, 8,
1841-1849. https://doi.org/10.1111/j.1462-5822.2006.00817.x

Glessner, A., Smith, R.S., Iglewski, B.H., ef al (1999) Roles of Pseudomonas aerugi-
nosalas and rhl Quorum-Sensing Systems in Control of Twitching Motility. Journal
of Bacteriology, 181, 1623-1629.

Heydorn, A., Ersboll, B., Kato, J., et al (2002) Statistical Analysis of Pseudomonas
aeruginosa Biofilm Development: Impact of Mutations in Genes Involved in
Twitching Motility, Cell-to-Cell Signaling, and Stationary-Phase Sigma Factor Ex-
pression. Applied and Environmental Microbiology; 68, 2008-2017.
https://doi.org/10.1128/AEM.68.4.2008-2017.2002

Gupta, RK,, Setia, S. and Harjai, K. (2011) Expression of Quorum Sensing and Vi-
rulence Factors Are Interlinked in Pseudomonas aeruginosa: An in Vitro Approach.
American Journal of Biomedical Sciences, 3, 116-125.
https://doi.org/10.5099/2j110200116

DOI: 10.4236/2im.2018.88044

664 Advances in Microbiology


https://doi.org/10.4236/aim.2018.88044
https://doi.org/10.1016/j.jep.2005.11.025
https://doi.org/10.1016/j.tim.2012.06.003
https://doi.org/10.4314/ahs.v16i4.29
https://doi.org/10.4314/ahs.v17i3.24
https://doi.org/10.1128/JB.05125-11
https://doi.org/10.1111/j.1462-5822.2006.00817.x
https://doi.org/10.1128/AEM.68.4.2008-2017.2002
https://doi.org/10.5099/aj110200116

	Perturbation of Quorum Sensing in Pseudomonas aeruginosa by Febuxostat
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Media and Chemicals
	2.2. Bacterial Strains
	2.3. Determination of Minimum Inhibitory Concentration (MIC) of Febuxostat
	2.4. Effect of Sub-Inhibitory Concentration of Febuxostat on Bacterial Growth
	2.5. Violacein Inhibition Assay
	2.6. Assay of Biofilm Inhibition 
	2.7. Microscopic Visualization of Biofilm Inhibition
	2.8. Swimming and Twitching Motilities Assay
	2.9. Protease Assay
	2.10. Elasatse Assay
	2.11. Pyocyanin Assay
	2.12. Hemolysin Assay
	2.13. Total RNA Extraction for qRT-PCR
	2.14. Quantitative RT-PCR of QS Genes
	2.15. Docking Study
	2.16. Statistical Analysis

	3. Results 
	3.1. Determination of Mininmum Inhibitory Concentration of Febuxostat against Pseudomonas aeruginosa PAO1
	3.2. Growth Inhibition Effect of Sub-MIC of Febuxostat
	3.3. Anti-Biofilm Activities of Febuxostat
	3.4. Inhibition of Violacein Production
	3.5. Proteolytic Activity Inhibition Assay
	3.6. Pyocyanin Inhibition Assay
	3.7. Elastolytic Activity Inhibition Assay
	3.8. Inhibition of Swimming and Twitching Motilities
	3.9. Inhibition of Hemolytic Activity
	3.10. Effect of Febuxostat on the Expression of Quorum Sensing Genes in Pseudomonas aeruginosa
	3.11. Docking Study

	4. Discussion 
	Conflicts of Interest
	References

