
1 

 

Ibuprofen-mediated potential inhibition of biofilm development and quorum 1 

sensing in Pseudomonas aeruginosa 2 

 3 

Lu Dai,
 a 

Tian-qi Wu,
b
 Zhong-hui Wang,

a
 Ruoyu Yuan,

a
 Ye Ding,

a
 Wen-chen Zhang,

c
 4 

Shao-peng Chu,
a
 Shao-qing Ju,

a
 Juan Yu

a,d
#

 
5 

 
6 

a 
Department of Laboratory Medicine, Affiliated Hospital of Nantong University, 20 7 

Xi Si Road, Nantong 226001, People’s Republic of China 8 

b
 Glenelg Country School，12793 Folly Quarter Rd，Ellicott City, Maryland, 21042，9 

United States of America 10 

 
c 
Department of Clinical Laboratory, Wuxi Children's Hospital Affiliated to Nanjing 11 

Medical University, No. 299 at Qingyang Road, Wuxi 214023, People’s Republic of 12 

China 13 

d
 Insitute of Public Health, Nantong University, 9 Se Yuan Road, Nantong 226001, 14 

People’s Republic of China 15 

Running Head 16 

Ibuprofen inhibited Pseudomonas aeruginosa 17 

 18 

#Corresponding author: Department of Laboratory Medicine, Affiliated Hospital of 19 

Nantong University, 20 Xi Si Road, Nantong 226001.  20 

E-mail address: yujuanjs@163.com (Juan Yu) 21 

 22 

Abstract 23 

Pseudomonas aeruginosa is one of the leading causes of opportunistic and 24 

hospital-acquired infections worldwide. The infection with P. aeruginosa is frequently 25 

linked with clinical treatment difficulties given drug resistance and abuse of 26 

antibiotics. Ibuprofen, a widely used non-steroidal anti-inflammatory drug, has been 27 

previously reported to exert antimicrobial activity, although the specific mechanism of 28 

its action requires additional investigation. Given the regulation effects on quorum 29 

sensing (QS), we hypothesized that inhibition of P. aeruginosa with ibuprofen is 30 

linked with the QS systems. First, we assessed the action of ibuprofen in P. 31 

aeruginosa by measuring CFU. The antimicrobial activity of ibuprofen was evaluated 32 
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by crystal violent staining and acridine orange staining at various drug concentrations 33 

(0, 50, 75, and 100 μg/mL). Moreover, the effect of ibuprofen on different QS 34 

virulence factors, such as pyocyanin, elastase, protease, and rhamnolipids, was 35 

assessed revealing a concentration-dependent decrease (P<0.05). The effect of 36 

ibuprofen was confirmed by liquid chromatography/mass spectrometry analysis of 37 

3-oxo-C12-HSL and C4-HSL production. In addition, qRT-PCR results identified 38 

significant suppression of Las and Rhl gene expression after 18 hours of treatment 39 

with ibuprofen (P<0.05), with the most significant suppression observed at the 40 

concentration of 75 μg/mL. Functional complementation with exogenous 41 

3-oxo-C12-HSL and C4-HSL suggested that C4-HSL can recover the production of 42 

virulence factors and biofilm formation in P. aeruginosa. Molecular docking of 43 

ibuprofen with QS-associated proteins revealed high binding affinity. In summary, the 44 

results suggest that ibuprofen is a candidate drug for the treatment of clinical 45 

infections with P. aeruginosa. 46 

Keywords: P. aeruginosa, ibuprofen, antimicrobial activity, quorum sensing, N-acyl 47 

homoserine lactones 48 

 49 

Introduction 50 

Pseudomonas aeruginosa, the most common Gram-negative non-fermentative 51 

bacteria, is one of the leading causes of opportunistic and hospital-acquired infections 52 

worldwide(1). The infection can cause serious complications in patients with burns, 53 

cystic fibrosis, or in immunocompromised patients with respiratory infections, sepsis, 54 

osteomyelitis, endocarditis, and urinary tract infections (UTIs) (2). The infection with 55 

P. aeruginosa has been liked with difficulties in clinical treatment because of 56 

significant resistance of the bacterium to antibiotics (3), which is further aggravated 57 

by the worldwide abuse of antibiotics. Specifically, every year approximately 700,000 58 

people die from antibiotic resistance worldwide, which can likely increase to 10 59 

million by 2050 if no action is taken to reduce drug resistance or to develop new 60 

antibiotics. In 2017, the World Health Organization (WHO) published a list of 61 

drug-resistant bacteria threating the lives of people which needs require for which 62 
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new antibiotics are critically needed. P. aeruginosa was listed second on the WHO list 63 

(4). Therefore, there is an urgent need to develop alternative strategies to treat P. 64 

aeruginosa infections. 65 

Drug resistance in P. aeruginosa is mediated by complex mechanisms, wherein 66 

quorum sensing (QS) plays a significant role in virulence and pathogenicity. The 67 

system responsible for cell-to-cell communication in bacteria is mediated by QS, 68 

which relies on bacterial density to diffuse small signal molecules, N-acyl homoserine 69 

lactones (AHLs), that bind transcriptional activators to regulate gene expression. 70 

Studies report that QS controls expression of more than 300 genes involved in 71 

virulence factors synthesis, motility, phenotypic changes, biofilm formation, antibiotic 72 

resistance, and metabolic pathways that regulate stress response(5). P. aeruginosa has 73 

four QS systems: las, rhl, pqs, and iqs. Specifically, the lasI gene regulates the 74 

production of N-3-oxo-dodecanoyl-homoserine lactone (3-oxo-C12-HSL), while the 75 

products of lasR, including lasI and rhlR-rhlI system, require sufficient levels of 76 

3-oxo-C12-HSL to activate virulence genes (6, 7). The rhl system produces 77 

N-butanoyl-L-homoserine lactone (C4-HSL) to modulate virulence gene expression 78 

(8). The pqs system regulates the production of 2-heptyl-3-hydroxy-4(1H)-quinolone 79 

or simple quinolone and has been reported to control biofilm formation and the 80 

production of virulence factors (5, 9). Finally, the iqs system produces 81 

2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde but its exact role requires additional 82 

research. 83 

Studies have shown that QS may increase the expression of virulence factors, such as 84 

pyocyanin, elastase, proteases, and rhamnolipids, to adapt to the environmental 85 

pressures (10). Pyocyanin, a part of blue redox-active pigment called phenazine, has 86 

been reported to modulate bis-(3’,5’)-cyclic dimeric guanosine (c-di-GMP) messenger 87 

and extracellular polymeric substance (EPS) (11). Moreover, pyocyanin regulates 88 

secretion of the extracellular DNA (eDNA) to mediate biofilm development (11). The 89 

activity of elastase is predominantly regulated by the extracellular virulence factor 90 

LasB (elastase). It is a zinc metalloprotease acting as a vital virulence factor to control 91 

the infection with P. aeruginosa (12). Proteases are involved in the pathogenesis of 92 
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acute lung injury caused by P. aeruginosa infection and are linked to the invasion and 93 

destruction of host tissue (13, 14). Rhamnolipids are biosurfactants that contribute to 94 

motility and biofilm development under stress conditions (15). Studies have shown 95 

that the level of virulence factors in QS-defective isolates is lower compared to 96 

wild-type isolates (16). Moreover, there is a relationship between the reduction in 97 

antibiofilm activity and increase in rhlR gene expression (17). Potential therapeutic 98 

strategies, attracting a lot of research attention, include targeting and inhibition of the 99 

QS system to treat P. aeruginosa infections. 100 

Ibuprofen, a non-steroidal anti-inflammatory drug (NSAID), is one of the most 101 

popular non-prescription drugs given its high efficacy and safety. Early studies by Lee. 102 

et al discovered that ibuprofen inhibited pulmonary vasoconstriction and bronchiolar 103 

constriction in pigs infected with P. aeruginosa (18). Moreover, in an acute P. 104 

aeruginosa pulmonary infection in mice, ibuprofen decreased the recruitment of 105 

granulocytes to airways and suppressed lung inflammation (19). Additionally, 106 

ibuprofen effectively inhibited the production of inflammatory factor-leukotriene B4 107 

(LTB4) in turn reducing lung inflammation in a rat model of chronic pulmonary 108 

infection (20). Importantly, in a randomized controlled trial, two-thirds of female 109 

patients with uncomplicated UTIs who took ibuprofen recovered without additional 110 

antibiotic treatment (21). Until more studies are done to carefully identify patients 111 

needing antibiotics, ibuprofen cannot be recommended as a stand-alone therapy for 112 

UTI patients. However, it is an attractive treatment alternative to antibiotics that does 113 

not cause drug resistance.  114 

Other studies have reported that ibuprofen inhibits the growth of P. aeruginosa in 115 

a dose-dependent manner(22). Moreover, ibuprofen can slow the progression of lung 116 

deterioration in patients with cystic fibrosis (23). Although multiple studies have 117 

suggested that ibuprofen exerts antimicrobial activity against Gram-negative bacteria, 118 

Gram-positive bacteria, fungi, and viruses (24-27), the underlying mechanism of 119 

antimicrobial activity of ibuprofen against P. aeruginosa remains unclear. In this study, 120 

we hypothesized that the inhibition of P. aeruginosa induced by ibuprofen is related to 121 

the QS systems. 122 
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 123 

Materials and methods 124 

Microbial strain, growth conditions and chemicals 125 

P. aeruginosa PAO1 (ATCC15692) strain was cultured in Luria-Bertani (LB) medium 126 

(Sangon Biotech, China). Ibuprofen was purchased from Sigma-Aldrich (Cat# 14883, 127 

St. Louis, MO, USA) and dissolved in dimethyl sulfoxide (DMSO) (Biosharp). 128 

Bacteria were streaked from –80ºC skim milk stocks onto blood agar plates and 129 

incubated at 37ºC. Single colonies were incubated in LB medium, shaking at 120 rpm 130 

overnight at 37ºC. 131 

Growth curve assessment 132 

The cultures were diluted to 10
6 

colony-forming units (CFU)/mL as the initial 133 

concentration. The growth curve of PAO1 was determined in the presence or absence 134 

of different ibuprofen concentrations (0, 50, 75, and 100 μg/mL). The final DMSO 135 

concentration in all of the samples was 0.2% (v/v). All of the cultures at all of the time 136 

points (12 h, 18 h, and 24 h) were inoculated in the plates after dilution with sterile 137 

phosphate-buffered saline (PBS). The cell numbers of all of the groups were analyzed 138 

by the CFU plate count (22). 139 

Biofilm formation assay 140 

PAO1 was cultured in 96-well plates in the presence or absence of different ibuprofen 141 

concentrations (0, 50, 75, and 100 μg/mL) for 24 h at 37ºC. The cultures were 142 

removed and the plates were washed twice with PBS. The resulting biofilm was 143 

stained with 0.5% crystal violet for 15 min and solubilized in 95% alcohol. The 144 

absorbance was measured at 570 nm (28). 145 

Microscopic assessment of adherence 146 

PAO1 was incubated in 24-well plates in the presence or absence of ibuprofen with 147 

coverslips for 24 h at 37ºC. The coverslips were washed with PBS and stained with 4 148 

μL of 0.01% acridine orange (AO, Cat#A6014, Sigma) for 10 min in the dark. The 149 

samples were immediately observed under the fluorescent microscope (Olympus 150 

BX41, Japan) at 40× lens magnification (28). 151 

Evaluation of virulence factor production 152 
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We used four different assays to assess the levels and activity of (1) pyocyanin, (2) 153 

elastase, (3) protease, and (4) rhamnolipids. Specific details for each assay are 154 

outlined below. 155 

1) Pyocyanin assay: PAO1 was cultured in the presence or absence of ibuprofen at 156 

37ºC. The supernatants were collected at different times (12h, 18h, 24h), extracted 157 

with 3 mL of chloroform, and subsequently mixed with 1 mL of 0.2 N HCl. The 158 

absorbance was measured at 520 nm. 159 

2) Elastase activity: The elastase activity was determined by Elastin-Congo red (ECR, 160 

Sigma) test according to previously published methods (29, 30). Briefly, 600 μL 161 

of supernatant was mixed with 200 μL of ECR buffer (20 mg/mL in 0.1M 162 

Tris-HCl at pH 8 with 1 mM CaCl2) and the mixture was incubated under shaking 163 

conditions (200 rpm) for 15 h at 37ºC. Next, 100 μL of 0.12 M EDTA was used to 164 

stop the reaction. The undissolved ECR was removed by centrifugation at 5000 ×g 165 

at 10 min and the absorbance was measured at 495 nm. 166 

3) Protease activity: The activity of protease was determined with 2% azocasein 167 

(Sigma) (30). Equal volumes of azocasein dissolved in PBS and supernatant were 168 

mixed and the cultures were incubated for 4 h at 4ºC. Next, 500 μL of 10% 169 

trichloroacetic acid was added to stop the reaction and the cultures were spun at 170 

10,000 ×g for 10 min. Finally, 500 μL of NAOH was mixed with the suspension 171 

and the absorbance was measured at 440 nm. 172 

4) Rhamnolipid assay: Rhamnolipids were extracted from the supernatant by ethyl 173 

acetate using equal volumes (30). The samples were vortexed for 10 min and spun 174 

at 10,000 ×g for 5 min at 4ºC. The upper layer was collected and the extraction 175 

process with ethyl acetate was repeated three times. The collected liquid was 176 

purified under N2 gas evaporation system (Agela, USA). Finally, 900 μL of 177 

orcinol regent (0.19% orcinol in 53% H2SO4) was added to the precipitate and the 178 

samples were incubated for 30 min at 80ºC and the absorbance was measured at 179 

420 nm. 180 

High-performance liquid chromatography with triple quadrupole mass 181 

spectrometry analysis of 3-oxo-C12-HSL and C4-HSL 182 
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The extraction method of AHL is similar to that for rhamnolipids. Based on previous 183 

reports, we used 200 μL of acetonitrile (ACN) with 0.1% formic acid to reconstitute 184 

AHLs (28, 30). Samples were injected through the C18 reversed-phase column (3.5 185 

μm, 2.1 mm × 150 mm) (Waters, Milford, MA USA). The samples were analyzed 186 

using Shimadzu Nexera X2 HPLC system (Shimadzu Corporation, Japan) conjugated 187 

to  AB Sciex 55000 triple quadrupole mass spectrometer (AB Sciex, Redwood City, 188 

CA USA). The flow rate of system was set to 0.3 mL/min with 0.1% (v/v) formic acid 189 

in water (as mobile phase A) and 0.1% (v/v) formic acid in ACN (as mobile phase B). 190 

The mobile phase gradient was increased to 60% B for the first 2 min after the column 191 

was equilibrated. Then the gradient was ramped to 100% B for up to 5 min and 192 

maintained for 7 min. Afterwards, the gradient was dropped to 50% B and the process 193 

was stopped at 12 min. The volume of the system was 5 μL and the column 194 

temperature was maintained at 37ºC. The conditions were as follows: capillary 195 

voltage, 4000V; temperature, 350ºC; GS1, 40 psi; GS2: 40 psi; collision energy, 15 196 

eV. Analysis was conducted with the following required parameters: m/z 298.2/197 197 

for 3-oxo-C12-HSL and m/z 172.0/102.1 for C4-HSL. The Analyst software (v. 1.2.1, 198 

AB Sciex) was used to create the calibration curve based on peak areas and analyze 199 

the data. 200 

Gene expression analysis by quantitative real-time PCR (qRT-PCR) 201 

Total RNA was extracted from the cultures using the TRIzol method (TRIzol reagent, 202 

Invitrogen, Carlsbad, CA USA) and was reverse-transcribed into cDNA using a kit 203 

according to the manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, 204 

USA). The concentration and purity of RNA was determined using the UV 205 

spectrophotometer (Implen, Munchen, Germany). The process of qRT-PCR was 206 

performed by the LightCycler® 480 SYBR Green I Master (Roche, Germany) in a 207 

final reaction volume of 20 μL. The expression of target genes was normalized to the 208 

expression of 16S used as a housekeeping gene. Primer sequences are listed in Table 209 

1. 210 

Binding analysis of ibuprofen and QS proteins 211 

The binding interaction between the ibuprofen and proteins associated with P. 212 
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aeruginosa QS was performed by AutoDock (31). Crystal protein structures (LasR, 213 

LasI, LuxR, LasA, pqsA, and pqsR) were downloaded from PDB 214 

(http://www.pdb.org). Since there was no available structure for RhlR, we constructed 215 

it based on the homology model using Modeller 9.17 (32). Structure of ibuprofen was 216 

drawn in ChemBioDraw (v.14) software. The structures of ibuprofen and proteins 217 

were analyzed using AutoDockTools (v. 1.5.6) and docking was carried out by 218 

AutoDock Vina. 219 

Functional complementation assays with 3-oxo-C12-HSL and C4-HSL 220 

Exogenous 3-oxo-C12-HSL and C4-HSL at 2 μM concentration were added to the 221 

PAO1 medium with ibuprofen in order to carry out functional complementation 222 

assays (33). The virulence factors were determined according to methods described 223 

above. 224 

Statistical analysis 225 

All of the experiments were conducted in triplicate and data are expressed as mean ± 226 

SD. The data were analyzed by one-way analysis of variance (ANOVA) using SPSS 227 

20.0 software and the threshold for significance was set at a p-value< 0.05. 228 

Results 229 

Ibuprofen inhibits P. aeruginosa growth and biofilm formation 230 

The bacterial burden showed a concentration-dependent reduction with increasing 231 

concentrations of ibuprofen (0, 50, 75, and 100 μg/mL) at all examined time points 232 

(12 h, 18 h, and 24h). Exposure to 50 μg/mL ibuprofen for 12 h resulted in a decrease 233 

in PAO1 count by nearly 0.7log10 compared with the control (Figure 1.A). 234 

Importantly, the reduction in bacterial count increased to approximately 2log10 when 235 

the concentration of ibuprofen was increased to 75 and 100 μg/mL (Figure 1.A). All 236 

of the cultures treated with 100 μg/mL ibuprofen had the lowest CFU counts at all of 237 

the examined time points. Since ibuprofen effectively inhibited bacterial growth, we 238 

hypothesized that ibuprofen exerts specific antibiofilm action against P. aeruginosa. 239 

Antibiofilm activity of ibuprofen was evaluated at several concentrations of ibuprofen 240 

by crystal violet staining. The results revealed that ibuprofen partly attenuated biofilm 241 

formation in P. aeruginosa, with the maximum reduction in biofilm formation (55%) 242 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted March 14, 2019. ; https://doi.org/10.1101/576447doi: bioRxiv preprint 

https://doi.org/10.1101/576447


9 

 

found at 100 μg/mL (Figure 1.B). Next, the fluorescent microscopy was used to 243 

confirm the antibiofilm activity of ibuprofen. Specifically, P. aeruginosa was treated 244 

with ibuprofen and then AO was used for staining. Captured images indicated 245 

significant decrease in the attachment of biofilm cells at 100 μg/mL ibuprofen and the 246 

changes reflected a concentration-dependent pattern (Figure 1.C). These data clearly 247 

suggest that ibuprofen effectively inhibits growth and biofilm development in a 248 

concentration-dependent manner. 249 

Ibuprofen reduces QS signal synthesis in P. aeruginosa 250 

To evaluate the action of ibuprofen on QS signaling molecules, we carefully 251 

examined the structures of 3-oxo-C12-HSL and C4-HSL (Figure 2.A and B). The 252 

HPLC/MS analysis demonstrated that levels of 3-oxo-C12-HSL were lower (17.08±253 

0.74 ng/mL) only at 100 μg/mL ibuprofen at 12 h compared to the control group and 254 

there was no evidence of concentration-dependent changes at other examined time 255 

points (Figure 2.C). In contrast, we observed a significant (P<0.05) time-dependent 256 

reduction in C4-HSL levels (Figure 2.D). PAO1 cultures treated with ibuprofen had 257 

significantly decreased levels of C4-HSL (up to 132.76 ng/mL) at all time points (12 h, 258 

18 h, and 24 h). Overall, the inhibitory effects of ibuprofen on C4-HSL levels were 259 

concentration-dependent, with the unexceptional changes at 18 h and 24 h with the 75 260 

μg/mL concentration (Figure 2.C). 261 

Ibuprofen attenuates the production of virulence factors in P. aeruginosa 262 

Since our analysis identified that ibuprofen affected bacterial signaling, we next 263 

investigated the production of virulence factors regulated in P. aeruginosa PAO1 264 

strain by QS. Upon treatment, 100 μg/mL ibuprofen significantly (P<0.05) reduced 265 

the release of pyocyanin (up to 24.5%) at all of the examined time points (Figure 3.A). 266 

Interestingly, the significant reduction in rhamnolipid production by ibuprofen was 267 

only seen at 18 h (26.2%) and 24 h (34.5%) (Figure 3.B). There were no significant 268 

effects of ibuprofen on rhamnolipid levels at 12 h after treatment (Figure 3.B). 269 

Similarly, the production of protease was effectively inhibited by ibuprofen at 12 h 270 

and 24 h and showed a concentration-dependent effect (Figure 3.C). In contrast, only 271 

moderate, but significant (P<0.05), reduction (16.9%) in the total elastase production 272 
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(Figure 3.D) was observed at 100 μg/mL ibuprofen at 24 h. Overall, ibuprofen exerted 273 

a significant inhibitory effect on the virulence factor production at 24 h.  274 

The expression of QS genes decreases after ibuprofen treatment 275 

To examine whether ibuprofen affected changes in P. aeruginosa on a molecular level, 276 

we analyzed gene expression levels associated with QS system by qRT-PCR (Figure 277 

4). We noted significant (P<0.05) reduction in the expression of lasI, lasR, rhll, rhlR, 278 

pqsA, and pqsR at 18 h. However, the effect did not follow a concentration-dependent 279 

pattern, like in the case of virulence factor assessment. Among all of the examined 280 

concentrations, 75 μg/mL exerted the most pronounced effects in suppressing QS 281 

system gene expression. The relative expression of lasI and lasR was decreased 1.5- 282 

and 3.5-fold, respectively (Figure 4.A and B), while the expression of pqsA and pqsR 283 

was reduced by approximately 1.5~2.0-fold (Figure 4.C and D). Most interesting, the 284 

levels of rhlI were reduced 4.7-fold and the levels of rhlR was suppressed 8.3-fold 285 

(Figure 4.E and F). These data suggest that ibuprofen mainly acted on the Rhl and Las 286 

system.  287 

 Given the inhibition of QS signaling molecules, we examined whether exogenous 288 

addition of 3-oxo-C12-HSL and C4-HSL could functionally complement the activity of 289 

ibuprofen. Specifically, we observed a significant increase (P<0.05) in biofilm 290 

formation (Figure 5.A), pyocyanin production (Figure 5.B), elastase activity (Figure 291 

5.C), protease activity (Figure 5.D), and rhamnolipid production (Figure 5.E) upon 292 

addition of exogenous C4-HSL. Importantly, we did not observe any statistically 293 

significant changes in the level of virulence factors upon treatment with exogenous 294 

3-oxo-C12-HSL (Figure 5). 295 

Assessment of molecular docking of ibuprofen with QS-related proteins in P. 296 

aeruginosa 297 

To further analyze the role of ibuprofen, molecular docking study was performed to 298 

better understand the effect of ibuprofen on attenuating QS-related proteins (LasA, 299 

LasI, RhlR, LuxR, LasR, PqsA, and PqsR). Crystal structures of the QS-related 300 

proteins were found online: LasR (PDB ID: 2UV0), LasI (PDB ID: IRO5), LuxR 301 

(PDB ID: 3JPU), LasA (PDB ID: 3IT7), PqsA (PDB ID:5OE3), and PqsR (PDB 302 
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ID:5OE3). Although the crystal structure of RhlR was not available, we obtained it by 303 

homology modeling. The native receptors and binding affinity of ibuprofen with 304 

QS-related proteins is summarized in Table 2. Specifically, we observed that 305 

ibuprofen was docked with LasA at two different binding pockets occupied by two 306 

different ligands: tartaric acid (TLA) and glycerol (GOL). The binding energy 307 

computed using AutoDock between ibuprofen and LasA was –6.7 kcal/mol with the 308 

GOL ligand (Table 2). Moreover, ibuprofen formed three hydrogen bonds with Ser50 309 

of LasA at a distance of 3.0, 3.2 and 3.4 Å (Figure 6.A). In addition, ibuprofen formed 310 

a hydrogen bond with Arg12 of LasA at a distance of 3.4 Å (Figure 6.A). The results 311 

of AutoDock analysis suggested that ibuprofen only formed a hydrogen bond with 312 

Ile107 of LasI (Figure 6.B). The binding energy between ibuprofen and LasI was –7.4 313 

kcal/mol (Table 2). We constructed a virtual homology model of RhlR since the 314 

crystal structure was not available. Here, ibuprofen formed two hydrogen bonds with 315 

Asp80 of RhlR at a distance of 1.5 and 3.3 Å (Figure 6.C). The docking score 316 

between ibuprofen and RhlR was –7.2 kcal/mol (Table 2). Moreover, ibuprofen 317 

formed two hydrogen bonds with Thr75 and Asp73 in LuxR at a distance of 3.2 and 318 

1.9 Å, respectively (Figure 6.D). The result showed that binding energy between 319 

ibuprofen and LuxR was –7.9 kcal/mol (Table 2). The docking studies showed that 320 

ibuprofen binds into the active site of LasR with Asp73, Thr75, Thr115, and Ser129 321 

residues by hydrogen bond interactions (Figure 6.E). The binding energy between 322 

ibuprofen and LasR was –7.7 kcal/mol (Table 2). PqsA was shown to interact with 323 

four different ligands, and 324 

5'-O-[(S)-[(2-aminobenzoyl)oxy](hydroxy)phosphoryl]adenosine (3UK) with high 325 

binding scores (–6.8 kcal/mol) (Table 2). Ibuprofen formed hydrogen bonds with 326 

Asp299, Ser280, Gly279, and Gly300 residues at a distance of 1.9, 3.2, 2.5, and 3.4 Å, 327 

respectively (Figure 6.F). Furthermore, ibuprofen was found to interact with the 328 

Ser196 and Gln194 of PqsR (Figure 6.G) and showed binding energy of –6.8 kcal/mol 329 

(Table 2). After docking of ibuprofen into the original ligand binding pockets of these 330 

proteins, we found that ibuprofen was binding with LuxR (–7.9 kcal/mol), LasR (–7.7 331 

kcal/mol), LasI (–7.4 kcal/mol), and RhlR (–7.2 kcal/mol) with high binding scores 332 
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(Table 2). Thus, the molecular docking data further demonstrate that ibuprofen may 333 

inhibit the LuxR, Las, and Rhl systems in P. aeruginosa. 334 

 335 

Discussion 336 

Inhibitors of QS which act to directly prevent biofilm formation and limit virulence 337 

factor release are being considered as a novel strategy for treating P. aeruginosa 338 

infections (34-36). Although many studies examined the action of ibuprofen in 339 

bacterial infections, the antibacterial mechanism of action of ibuprofen requires 340 

further exploration. The first mention of the antifungal and antimicrobial activity of 341 

ibuprofen was reported by Hersh and colleagues in 1991. Many reports have 342 

demonstrated that ibuprofen exerts antibacterial effects in high concentrations that 343 

exceed levels seen in normal human blood (24, 37, 38). Previous report indicated that 344 

ibuprofen was able to prevent AHL inhibition of the responses to nucleotides in cystic 345 

fibrosis airway epithelium (39). Moreover, ibuprofen has been reported as an 346 

alternative drug for the treatment of local infections (e.g., UTIs) and showed a 347 

promising therapeutic potential when combined with clinical antibiotics (21, 24, 348 

40-42). 349 

In this study, we confirmed that ibuprofen has antimicrobial activity and 350 

specifically reduces the QS signaling molecules. Based on the clinical trial data, the 351 

efficacy and safety of high-dose ibuprofen (50–100 μg/mL plasma concentration) was 352 

shown in cystic fibrosis patients (22). Based on these data, we designed a 353 

concentration gradient of ibuprofen that was tested. We discovered that ibuprofen can 354 

affect the growth of P. aeruginosa but it may not have a complete bactericidal effect 355 

(Figure1.A). The OA staining assay demonstrated that the attachment activity of P. 356 

aeruginosa was inhibited by ibuprofen in a concentration-dependent manner (Figure 357 

1.C). Biofilm is defined as the community of bacteria attached to both biological and 358 

abiotic surfaces, and the presence of biofilm further exacerbates the crisis of antibiotic 359 

resistance worldwide (43). Crystal violet staining confirmed that ibuprofen exerted a 360 

significant effect on the reduction of biofilm formation by P. aeruginosa (Figure 1.B), 361 

with the 100 μg/mL concentration having the greatest effect on biofilm inhibition. 362 
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We next determined that the synthesis of C4-HSL was inhibited by ibuprofen in a 363 

concentration- and time-dependent manner (Figure 2.C). However, ibuprofen did not 364 

reduce 3-oxo-C12-HSL secretion, suggesting that ibuprofen exerts antimicrobial 365 

effects through the reduction of C4-HSL levels instead of the direct cell death effects 366 

(Figure 1 and 2).  367 

Many studies have been conducted to identify that QS molecules act as regulators 368 

mediating the production of virulence factors (36, 44). Studies in different animal 369 

models demonstrate that QS plays a critical role in the pathogenicity of P. aeruginosa 370 

infections (10, 17, 45, 46). In this study, we found that the virulence factors, including 371 

pyocyanin, elastase, protease, and rhamnolipids, were significantly reduced upon 372 

treatment with ibuprofen at the 24 h time point in a concentration-dependent manner 373 

(Figure 3). We concluded that treatment with ibuprofen specifically and effectively 374 

targets QS molecules and virulence factors in P. aeruginosa and can therefore be a 375 

promising clinical therapy. 376 

Las and Rhl are involved in the LuxR-type QS system of P. aeruginosa. Gene 377 

expression analysis revealed significant decreases in genes encoding QS proteins (lasI, 378 

lasR, rhlI, rhlR, pasA, and pqsR) following ibuprofen treatment within 18 h (Figure 4). 379 

Despite these findings, the inhibition by ibuprofen did not show 380 

concentration-dependent changes and future studies are needed to address this finding 381 

in detail. Work by Somaia. et al suggested that aspirin, another NSAID, reduces lasR 382 

gene expression by competing with 3-oxo-C12-HSL (47). In our findings, ibuprofen 383 

significantly repressed lasR and rhlR gene expression by 88.3% and 88%, respectively. 384 

The antimicrobial activity of ibuprofen against P. aeruginosa is dependent on lasR 385 

and rhlR. The reduction in pqsA and pqsR gene expression levels by ibuprofen was 386 

almost 75%. In our study, the decreased level of virulence factors was consistent with 387 

the reduction in QS systems related to the effects on Las and Rhl gene expression 388 

(Figure 3 and 4). 389 

To further investigate the antimicrobial activity of ibuprofen, we examined the 390 

molecular interaction of QS-associated LasR, LasI, LuxR, LasA, RhlR, PqsA, and 391 

PqsR proteins with ibuprofen. Our docking studies of ibuprofen with proteins 392 
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suggested that ibuprofen specifically binds to ligand binding pockets in four of the QS 393 

proteins LuxR, LasR, LasI, and RhlR with a relatively high binding affinity (Figure 6 394 

and Table 2). Amino acids presenting in the binding sites of these four proteins play 395 

crucial roles in the dimerization and activation of the receptors. Based on our results, 396 

we propose that the binding of ibuprofen to the amino acids might be directly 397 

responsible for the inactivation of the QS proteins. We believe that this occurs either 398 

by preventing protein dimerization or there are direct effects on the DNA resulting in 399 

suppression of gene expression downstream in the QS system. Overall, the data 400 

suggest that the proteins related to QS may be a promising target for antibacterial and 401 

antibiofilm action of ibuprofen.  402 

Moreover, we also examined whether exogenous addition of 3-oxo-C12-HSL and 403 

C4-HSL can functionally complement the activity of ibuprofen. We observed that 404 

C4-HSL was capable of reversing the antimicrobial action of ibuprofen on biofilm 405 

formation and virulence factors, whereas 3-oxo-C12-HSL had no effect (Figure 5). 406 

These data recapitulated the LC/MS results. Although 3-oxo-C12-HSL-LasR can 407 

directly activate transcription of target genes and stimulate the production of C4-HSL 408 

and RhlR, the action of ibuprofen was not inhibited by 3-oxo-C12-HSL. These results 409 

warrant additional investigation to further explore the specific antimicrobial role of 410 

ibuprofen. 411 

In summary, we demonstrated the molecular mechanism of antibacterial activity 412 

of ibuprofen against P. aeruginosa. In our study, ibuprofen prevented the P. 413 

aeruginosa by directly reducing bacterial burden and suppressing the LuxR QS 414 

system. Considering the gene expression results and effect on virulence factors, 415 

treatment with ibuprofen may be a promising therapy when dealing with P. 416 

aeruginosa infections. Additionally, because other studies suggest that ibuprofen is 417 

effective in treating UTIs and cystic fibrosis, we propose ibuprofen as a candidate 418 

drug to be used in the management of clinical infections with P. aeruginosa. 419 
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 576 

Figure legends: 577 

Figure 1. Concentration-dependent effects of ibuprofen on inhibiting the growth 578 

and biofilm formation in P. aeruginosa. (A) Growth conditions. (B) Adherence 579 

ability. a. 0 μg/mL ibuprofen; b. 50 μg/mL ibuprofen; c. 75 μg/mL ibuprofen; d. 100 580 

μg/mL ibuprofen (original magnification, ×40). (C) Biofilm formation. P. aeruginosa 581 

PAO1 treated with different concentrations of ibuprofen (0, 50, 75, and 100 μg/mL). 582 

Data are represented as mean of four independent experiments and presented as mean 583 

± SD. * indicates P<0.05, ** indicates P<0.01. 584 

 585 

Figure 2. Effect of ibuprofen on AHL concentrations as determined by LC/MS. 586 

(A) Structure of 3-oxo-C12-HSL. (B) Structure of C4-HSL. (C) 3-oxo-C12-HSL 587 

production. (D) C4-HSL production. (E) LC/MS peaks of 3-oxo-C12-HSL and C4-HSL. 588 

AHL concentrations of P. aeruginosa PAO1 treated with different concentrations of 589 

ibuprofen (0, 50, 75, and 100 μg/mL) evaluated at three time points (12 h, 18 h, and 590 

24 h). Data are represented as mean of three independent experiments and presented 591 

as mean ± SD. * indicates P<0.05, ** indicates P<0.01. 592 

 593 

Figure 3. Extracellular virulence factor levels in cell-free culture supernatants 594 

treated with ibuprofen. (A) Pyocyanin. (B) Rhamnolipids. (C) Protease. (D) Elastase. 595 

P. aeruginosa PAO1 treated with different concentrations of ibuprofen (0, 50, 75, and 596 

100 μg/mL) and extracellular virulence factors in the supernatants determined at three 597 

time points (12 h, 18 h, and 24 h). Data are represented as mean of three independent 598 

experiments and presented as mean ± SD. * indicates P<0.05, ** indicates P<0.01. 599 

 600 

Figure 4. The changes in gene expression related to the QS system in P. 601 

aeruginosa treated with ibuprofen. (A) lasI. (B) lasR. (C) pqsA. (D) pqsR. (E) rhlI. 602 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted March 14, 2019. ; https://doi.org/10.1101/576447doi: bioRxiv preprint 

https://doi.org/10.1101/576447


21 

 

(F) rhlR. P. aeruginosa PAO1 was treated with different concentrations of ibuprofen 603 

(0, 50, 75, 100 μg/mL) and the gene expression changes were evaluated at three time 604 

points (12 h, 18 h, and 24 h). Data are represented as mean of three independent 605 

experiments and presented as mean ± SD. * indicates P<0.05, ** indicates P<0.01. 606 

 607 

Figure 5. Functional complementation of ibuprofen-treated P. aeruginosa with 608 

exogenous 3-oxo-C12-HSL and C4-HSL. (A) Biofilm formation. (B) Pyocyanin. (C) 609 

Elastase. (D) Protease. (E) Rhamnolipids. The determination of virulence factor 610 

production and biofilm formation in P. aeruginosa PAO1 treated with ibuprofen (100 611 

μg/mL) in the presence of 3-oxo-C12-HSL and C4-HSL. Data are represented as mean 612 

of three independent experiments and presented as mean ± SD. * indicates P<0.05, ** 613 

indicates P<0.01. 614 

 615 

Figure 6. Ibuprofen docked in different binding pockets of QS proteins in P. 616 

aeruginosa. (A) Cartoon structure of LasA with ibuprofen. (B) Cartoon structure of 617 

LasI with ibuprofen. (C) Cartoon structure of RhlR with ibuprofen. (D) Cartoon 618 

structure of LuxR with ibuprofen. (E) Cartoon structure of LasR with ibuprofen. (F) 619 

Cartoon structure of PqsA with ibuprofen. (G) Cartoon structure of PqsR with 620 

ibuprofen. Proteins are represented in cartoons and ligands are represented in stick 621 

models. 622 
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Table 1. List of primers used in qRT-PCR. 

Target name Type Primer sequence References 

lasI Fw 5’-CGCACATCTGGGAACTCA-3’ 

(46) 

 Rev 5’- CGGCACGGATCATCATCT-3’ 
lasR Fw 5’- CTGTGGATGCTCAAGGACTAC-3’ 
 Rev 5’- AACTGGTCTTGCCGATGG-3’ 
rhlI Fw 5’- GTAGCGGGTTTGCGGATG-3’ 
 Rev 5’- CGGCATCAGGTCTTCATCG-3’ 
rhlR Fw 5’- GCCAGCGTCTTGTTCGG-3’ 
 Rev 5’- CGGTCTGCCTGAGCCATC-3’ 
pqsA Fw 5’- GACCGGCTGTATTCGATTC-3’ 
 Rev 5’- GCTGAACCAGGGAAAGAAC-3’ 
pqsR Fw 5’- CTGATCTGCCGGTAATTGG-3’ 
 Rev 5’- ATCGACGAGGAACTGAAGA-3’ 
16S Fw 5’-GAGGAAGGTGGGGATGACGT-3’ (47) 

 Rev 5’-AGGCCCGGGAACGTATTCAC-3’  
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Table 2. Binding affinity of QS regulator proteins from P. aeruginosa with 

ibuprofen. 

 

AutoDock provides a binding score revealing the binding affinity measured in 

kcal/mol. Negative scores indicate high binding affinity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Receptor 

protein 

PDB  

ID 

Native 

ligand 

Probable 

inhibitor 

Hydrogen 

bonds 

Binding 

energy(kcal/mol) 

LasA 3IT7 GOL Ibuprofen Ser50, Arg12 -6.7 

LasI 1RO5 perrhenate Ibuprofen Ile107 -7.4 

RhlR 4Y15 - Ibuprofen Asp80 -7.2 

LuxR 3JPU TY4 Ibuprofen Thr75, Asp73 -7.9 

LasR 2UV0 OHN Ibuprofen Asp73, Thr75, 

Thr115, Ser129 

-7.7 

PqsA 5OE3 3UK Ibuprofen Asp299, Ser280, 

Gly279, Gly300 

-6.8 

PqsR 4JVD NNQ Ibuprofen Ser196, Gln194 -6.7 
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