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Introduction: Pseudomonas aeruginosa is a ubiquitous pathogen that causes

various infectious diseases through the regulation of quorum sensing (QS). The

strategy of interfering with the QS systems of P. aeruginosa, coupled with a

reduction in the dosage of conventional antibiotics, presents a potential solution

to treating infection and mitigating antibiotic resistance. In this study, seven

cinnamoyl hydroxamates were synthesized to evaluate their inhibitory effects on

QS of P. aeruginosa. Among these cinnamic acid derivatives, we found cinnamoyl

hydroxamic acid (CHA) and 3-methoxy-cinnamoyl hydroxamic acid (MCHA)

were the two most effective candidates. Furtherly, the effect of CHA and

MCHA on the production of virulence factors and biofilm of P. aeruginosa

were evaluated. Ultimately, our study may offer promising potential for treating

P. aeruginosa infections and reducing its virulence.

Methods: The disc diffusion test were conducted to evaluate inhibitory effects on

QS of seven cinnamoyl hydroxamates. The influence of CHA and MCHA on the

production of virulence and flagellar motility of P. aeruginosa was furtherly

explored. Scanning electron microscopy (SEM) experiment were conducted to

evaluate the suppression of CHA and MCHA on the formed biofilm of P.

aeruginosa. RT-qPCR was used to detect rhlI, lasA, lasB, rhlA, rhlB, and oprL

genes in P. aeruginosa. In silico docking study was performed to explore the

molecular mechanism of CHA and MCHA. The synergistic effects of CHA with

gentamicin were detected on biofilm cell dispersal.

Result: After treatment of CHA or MCHA, the production of multiple virulence

factors, including pyocyanin, proteases, rhamnolipid, and siderophore, and

swimming and swarming motilities in P. aeruginosa were inhibited significantly.

And our results showed CHA and MCHA could eliminate the formed biofilm of P.

aeruginosa. RT-qPCR revealed that CHA and MCHA inhibited the expression of

QS related genes in P. aeruginosa. Molecular docking indicated that CHA and

MCHA primarily inhibited the RhlI/R system in P. aeruginosa by competing with

the cognate signaling molecule C4-HSL.Additionally, CHA exhibited potent

synergistic effects with gentamicin on biofilm cell dispersal.
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Discussion: P. aeruginosa is one of the most clinically and epidemiologically

important bacteria and a primary cause of catheter-related urinary tract

infections and ventilator-associated pneumonia. This study aims to explore

whether cinnamoyl hydroxamates have inhibitory effects on QS. And our

results indicate that CHA and MCHA, as two novel QSIs, offer promising

potential for treating P. aeruginosa infections and reducing its virulence.
KEYWORDS
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1 Introduction

Pseudomonas aeruginosa, a highly opportunistic pathogen, with

about an 8% detection rate in most Chinese hospitals, commonly

colonizes immunocompromised hosts and mechanically ventilated

patients (Liu et al., 2023). As a significant contributor to the high

mortality rates associated with nosocomial and ventilator-associated

pneumonia, P. aeruginosa is recognized as one of the most life-

threatening bacteria by the World Health Organization (WHO) (Thi

et al., 2020). Despite the use of antibiotics like gentamicin for treating

infections caused by P. aeruginosa, the rampant misuse and overuse

of these drugs are accelerating the global crisis of antimicrobial

resistance (Mladenovic-Antic et al., 2016).

Quorum sensing (QS) represents a cell-cell communication

mechanism found in bacteria that is mediated by cell density.

Once the released extracellular signaling molecules reach a certain

threshold, QS is triggered to regulate gene expression and several

physiological processes, such as virulence factor synthesis, biofilm

formation, and bacterial motility (Lee and Zhang, 2015). Therefore,

interfering with bacterial QS systems offers a promising alternative

strategy for fighting pathogens by attenuating QS-regulated

virulence factors (Defoirdt, 2018). In P. aeruginosa, the las, rhl,

and pqs systems constitute the three major QS pathways. Regulation

of these systems is achieved through the action of two LuxR-type

receptors (LasR and RhlR) and one LysR-type receptor (PqsR, also

known as MvfR), each governing distinct subsets of virulence. The

las system, positioned at the top of the QS hierarchy, controls the

downstream QS systems in response to bacterial cell density

(Soukarieh et al., 2018).

Cinnamoyl hydroxamic acid (CHA) is recognized for its role in

hydroxamic acid-based histone deacetylase (HDAC) inhibition, and

several cinnamoyl hydroxamates have been identified with

anticancer properties (Zagni et al., 2019). Previous research

conducted by our team revealed four cinnamic acid derivatives

with potential QS inhibitor activities (Cheng et al., 2020; Pan et al.,

2022; Zhou et al., 2022), which enlightened us to consider whether

cinnamoyl hydroxamates also have inhibitory effects on QS because
02
of the structural similarity and it was also known hydroxamates

exhibited a range of bioactive effects (Yan et al., 2023). In this study,

seven cinnamoyl hydroxamates were synthesized and their QS

inhibitory activities against P. aeruginosa were evaluated. Notably,

two cinnamoyl hydroxamates (CHA and methoxy-cinnamoyl

hydroxamic acid (MCHA)) showed excellent QS inhibitory

activity against P. aeruginosa. Furthermore, CHA exhibited robust

synergistic potential in conjunction with gentamicin in inhibiting

QS-regulated biofilm formation by P. aeruginosa. Our results

confirmed that CHA and MCHA are effective QS inhibitors

against P. aeruginosa, highlighting their potential in augmenting

therapeutic strategies against infections caused by this pathogen.
2 Materials and methods

2.1 Bacterial strains, culture conditions,
and reagents

P. aeruginosa PAO1 was a kind gift from Prof. Q. H. Gong

(Ocean University of China, China). Chromobacterium violaceum

ATCC 12472 was purchased from the Guangdong Microbial

Culture Collection Center (Guangzhou, China). In general, the

bacteria were cultured in Luria-Bertani (LB) broth (Hope Bio-

Technology, Qingdao, China) under constant shaking (180 rpm)

with aeration. Guided by QS inhibitor screening, seven cinnamoyl

hydroxamates were identified and synthesized from cinnamic acid

according to previous published methods (Usachova et al., 2010),

followed by purification via column chromatography and

characterization by 1H-NMR spectroscopy (AVANCE NEO 400,

Bruker BioSpin, Switzerland). More comprehensive details are

provided in the Supporting Information. Prior to subsequent

experiments, the seven cinnamoyl hydroxamates (a-g) were

dissolved in dimethyl sulfoxide (DMSO) to a stock concentration

of 100 mg/mL. Antibiotics (gentamicin, polymyxin B, and

aztreonam) were purchased from Solarbio (Beijing, China) and

dissolved in deionized water.
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2.2 Screening of QS inhibitory activity by
disc diffusion tests

C. violaceum ATCC 12472 was used as the indicator strain for

the screening of QS inhibitors (Tang et al., 2020). The bacteria were

cultured in LB medium (C. violaceum ATCC 12472 at 28°C; P.

aeruginosa PAO1 at 37°C) with shaking at 180 rpm to the

logarithmic growth phase, then diluted at a 1:100 ratio with LB

solid medium and poured into Petri dishes (90 mm × 15 mm).

Subsequently, sterile round filter papers (6 × 6 mm) impregnated

with 4 µL of each cinnamoyl hydroxamate solution (100 mg/mL)

were added to the dishes, followed by incubation at 28°C for 24 h,

with DMSO used as the negative control.
2.3 Minimum inhibitory concentration
determination and growth curve analysis

To measure the MICs of CHA, MCHA, gentamicin, polymyxin

B, and aztreonam, standard broth microdilution was used according

to the guidelines of the Clinical and Laboratory Standards Institute

(CLSI, 2021). Briefly, 100 mL of cation-adjusted Mueller-Hinton

Broth (MHB, Hope Bio-Technology, Qingdao, China) was added

to each well of a 96-well polystyrene plate. Subsequently, CHA (0–1.2

mg/mL), MCHA (0–1.2 mg/mL), and antibiotics (0–64 mg/mL) were

serially diluted 2-fold from top to bottom in the wells. Overnight-

cultured PAO1 strains were diluted with MHB medium and 100 mL
of diluted PAO1 strain was added to the plate to achieve a final

bacterial concentration of approximately 5 × 105 colony-forming

units (CFU)/mL. The plates were prepared in triplicate, then

incubated at 37°C for 24 h. The MICs were determined as the

lowest concentration of the test solution that inhibited the visible

growth of the tested microorganism (Wiegand et al., 2008).

To assess the cytotoxic effects of CHA and MCHA and

determine their appropriate sub-MICs for further study, growth

curves of PAO1 were monitored in both the presence and absence

of CHA and MCHA at specified concentrations. The experimental

methods were similar to those used for MIC determination.

Specifically, overnight-cultured PAO1 strains were diluted with

MHB medium and placed into a 96-well plate. Solutions of CHA

or MCHA at sub-MIC levels were added to the wells. The plates

were then incubated at 37°C and growth curves were recorded at

620 nm using a microplate reader (Biotek Epoch2, USA) at 3-h

intervals over a 24-h period.
2.4 Biofilm elimination assays of CHA and
MCHA against PAO1

Overnight-cultured PAO1 strains were diluted with trypticase

soy broth (TSB, Hope Bio-Technology, Qingdao, China) and added

to a 96-well plate (200 mL per well), followed by incubation at 37°C

for 24 h. After incubation, the plate was washed with sterile

phosphate-buffered saline (PBS, pH = 7.3, 10 mM) to remove the

medium and planktonic bacteria. Solutions of CHA or MCHA in

TSB medium (200 mL) at designated concentrations were added to
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each well, and the plates were incubated at 37°C for 17 h. Finally,

the plates were gently washed with PBS and the retained biofilms

were quantified using crystal violet assay, with absorbance

measured at 570 nm (Merritt et al., 2011).
2.5 Scanning electron microscopy

For the SEM experiments, overnight-cultured PAO1 strains

were diluted with TSB and added to a 24-well plate (1 mL per well).

Sterile coverslips (14 × 14 mm) were placed at the bottom of the

plate, followed by culture at 37°C for 24 h. After incubation, the

plates were washed with sterile PBS to remove the medium and

planktonic bacteria. Solutions of CHA or MCHA in TSB (1 mL) at

designated concentrations were added to each well, and the plates

were incubated again at 37°C for 17 h. The non-adherent cells were

then removed by washing the coverslips with PBS. Residual biofilms

were fixed using 2.5% glutaraldehyde in a new 24-well plate at 4°C

for 4 h, and the samples were dehydrated by increasing

concentrations of ethanol (30%, 50%, 70%, 90%, 95%, and 100%,

10 min each). All samples were allowed to dry before SEM-based

visualization (Hitachi, S-3000N, Japan) (Zhou et al., 2018a).
2.6 QS-regulated virulence factor assays

The pyocyanin quantification assay was performed as described

previously (Essar et al., 1990). Briefly, overnight-cultured PAO1

strains were diluted with PDP medium (2% tryptone, 1% K2SO4,

0.14% MgCl2, and 1% glycerol, Hope Bio-Technology, Qingdao,

China) and incubated with CHA or MCHA at sub-MICs at 37°C

and 180 rpm for 24 h. The known QS inhibitor hordenine (Hor, 1 mg/

mL, dissolved in DMSO) was used as a positive control and DMSO

was used as a negative control. After centrifugation (10 000 rpm, 4°C,

10 min), the PAO1 culture supernatant (5 mL) was extracted with 3

mL of chloroform, followed by the addition of 0.2 M HCl (1 mL) to

the chloroform layer. The upper aqueous phase was then collected by

centrifugation at 11 000 × g for 10 min and absorbance was measured

at 520 nm using a microplate reader (Biotek Epoch2, USA).

Elastase quantitative analysis was performed following the

previous methodology (Zeng et al. , 2022), with minor

modifications. Briefly, overnight-cultured PAO1 strains were

diluted with TSB, and 2 mL of PAO1 cultures was incubated with

CHA or MCHA at sub-MICs at 37°C, 180 rpm to the logarithmic

growth phase. Hor (1 mg/mL) was used as a positive control and

DMSO was used as a negative control. The bacterial cultures were

subsequently centrifuged at 11 000 ×g for 10 min and the

supernatants were collected by filtering through a 0.22-mm nylon

filter. The subsequent experimental steps were performed according

to the protocols provided with the elastase ELISA kit (Enzyme-

linked Biotechnology, Shanghai, China).

Protease quantitative analysis was performed according to

previously published research (Prithiviraj et al., 2005), with minor

modifications. In brief, overnight-cultured PAO1 strains were diluted

with TSB, with 1 mL of the bacterial cultures then transferred to a 12-

well polystyrene plate and incubated with CHA or MCHA at sub-
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MICs at 37°C and 180 rpm to the logarithmic growth phase. Hor (1

mg/mL) was used as a positive control and DMSO was used as a

negative control. The bacterial cultures were then centrifuged at 11

000 ×g for 10min and the supernatant was filtered through a 0.22-mm
nylon filter. Sterile supernatant (150 mL) was added to 250 mL of 0.3%
azocasein (w/v)-Tris/HCl solution (50 mM, pH 7.8). The azocasein-

treated solutions were then incubated at 37°C for 3 h, after which the

reaction was terminated by the addition of 1.2 mL trichloroacetic acid

(10%, w/v) for 20 min. Following centrifugation at 11 000 × g for 10

min, the supernatant was added to 1 M equal volume of NaOH.

Protease activities were determined by measuring absorbance at 440

nm with a microplate reader after CHA or MCHA treatment (Biotek

Epoch2, USA).

The effects of CHA or MCHA on P. aeruginosa PAO1

rhamnolipids were analyzed using the concentrated H2SO4-orcinol

approach (Grosso-Becerra et al., 2016). In brief, overnight-cultured

PAO1 strains were diluted with protease peptone glucose ammonium

salt medium (PPGAS, 20 mM NH4C1, 20 mM KCl, 120 mM Tris-

HCl, 0.5% glucose, 1% protease peptone, 1.6 mMMgSO4, adjusted to

pH 7.2) and incubated with CHA orMCHA at sub-MICs at 37°C and

180 rpm for 48 h. Hor (1 mg/mL) was used as a positive control and

DMSO was used as a negative control. Subsequently, the bacterial

cultures were centrifuged at 5 500 ×g for 10 min and the supernatants

were collected. The supernatants were extracted twice with ethyl

acetate, with the organic layers combined and evaporated to dryness

at 25°C. The dry extract was resuspended in 500 µL of sterile distilled

water, after which 100 µL of the sample was added to 0.19% orcinol in

53% H2SO4 (900 µL) and incubated in a water bath at 80°C for 30

min. After cooling to room temperature, the OD421 was measured.

Siderophore quantitative analysis was performed as described

previously (Yin et al., 2022). Briefly, overnight-cultured PAO1

strains were first diluted with TSB, with 5 mL of these cultures

then incubated with CHA or MCHA at sub-MICs at 37°C and 180

rpm to the logarithmic growth phase. Hor (1 mg/mL) was used as a

positive control and DMSO was used as a negative control. The

bacterial cultures were then centrifuged at 11 000 ×g for 10 min and

the supernatants were collected using a 0.22-mm nylon filter.

Subsequently, 3 mL of filtrate was mixed with an equal volume of

chrome azurol S (CAS) test solution (Coolaber, Beijing, China), and

incubated for 1 h in the dark at room temperature. After incubation,

reaction solution absorbance was determined at 680 nm using a

microplate reader (Biotek Epoch2, USA).
2.7 Flagellar motility assay of CHA or
MCHA against P. aeruginosa

Swimming and swarming motilities were assessed as described

previously (Rashid and Kornberg, 2000). Briefly, 2 µL of PAO1

grown in LB for 17 h was diluted in fresh sterile LB medium to

obtain an OD620 of 0.5, then spotted onto the center of swimming

plates (0.8% nutrient broth, 0.5% glucose, 0.3% agar) or swarming

plates (0.8% nutrient broth, 0.5% glucose, 0.5% agar). The plates

were supplemented with CHA or MCHA or not. After 17–24 h of

static incubation at 37°C, swimming and swarming motilities were

directly observed at the air-agar interface.
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2.8 Real-time quantitative PCR

Overnight-cultured PAO1 strains diluted in LB medium with

CHA (200 mg/mL) or MCHA (300 mg/mL) were incubated at 37°C

and 180 rpm for 17 h. After washing the biofilm cells with PBS, the

attached cells were scraped and collected in a microtube. Total RNA

was extracted using a UNIQ-10 column Trizol total RNA extraction

kit (Sangon Biotech, Shanghai, China) and extracted RNA purity was

detected by electrophoresis. The samples were then reverse-

transcribed to single-stranded complementary DNA (cDNA) in a

20-µL volume of the reaction mixture using Maxima Reverse

Transcriptase (200 U, Thermo Fisher Scientific, Waltham, MA,

USA). Then, RT-qPCR was performed in a 20-µL reaction volume,

containing 10 µL of SYBR Green qPCRMaster Mix (Sangon Biotech,

Shanghai, China), 2 µL of template cDNA, 0.8 µL of each primer

(Sangon Biotech, Shanghai, China), and 7.2 µL of DNase/RNase-free

water. After that, 96-well plates with added samples were placed in an

ABI Stepone plus fluorescence PCR instrument (ABI, Foster City,

USA) for reaction. The qPCR conditions were 95°C for 3 min,

followed by 45 cycles of 95°C for 5 s and 60°C for 30 s.

Amplification of specific transcripts was confirmed by melting

curve profiles generated at the end of the PCR program. Fold

changes in expression versus control conditions were determined

using the 2−DDCt method, with rpsL as a housekeeping gene (Grosso-

Becerra et al., 2016) (see Supplementary Table S1 for

primer sequences).
2.9 In silico docking study

Co-crystallized structures of LasR (PDB code: 2UV0) and PqsR

(PDB code: 4JVD) were obtained from the Protein Data Bank

(http://www.rcsb.org/pdb/) (Berman et al., 2000). Another structure

of the homology RhlR model was downloaded from supporting

information in a previously reported reference (Nam et al., 2020).

As the crystal structure of LasR was a tetramer in 2UV0,

one monomer was selected for docking calculation. Schrödinger

software release 2017-1 (New York, USA) was used to carry

out in silico calculations. Before docking calculations, several

necessary structural preparations of the protein were required,

including removal of dispensable water molecule removal,

hydrogen addition, and minimization. All 3D ligand structures

were prepared using the LigPrep module (LigPrep, Schrödinger,

New York, USA), optimized through the OPLS3 force field

(Harder et al., 2016). Glide XP (extra precision) in the

Schrodinger suite was used for ligand docking. The binding

energy of each ligand was calculated through the OPLS3 force

field. Finally, the docking pose was optimized while the protein was

kept fixed.
2.10 Checkerboard assays

The interactions between CHA or MCHA and antibiotics

(gentamicin, polymyxin B, aztreonam) were examined against the
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P. aeruginosa PAO1 strain using the broth microdilution

checkerboard assay, with the fractional inhibitory concentration

index (FICI) used to analyze the types of interactions between

compounds (Ham et al., 2021). Briefly, CHA or MCHA and one

antibiotic were diluted with MHB medium into a series of

concentrations based on the MICs of CHA and MCHA. Similarly,

overnight-grown bacterial colonies were also diluted with MHB to a

final concentration of approximately 5 × 105 CFU/mL in each well.

Results were observed after static incubation at 37°C for 24 h. All

experiments were performed in triplicate. The FICIs were calculated

using the equation: FICI = MIC (antibiotic combined with CHA or

MCHA)/MIC (antibiotic alone) + MIC (CHA or MCHA

combined with antibiotic)/MIC (CHA or MCHA alone), where

FICI ≤ 0.5, 0.5 < FICI ≤ 4, and FICI > 4 mean synergistic,

indifferent, and antagonistic effects, respectively (Zhou et al., 2018b).
2.11 Effects of CHA combined with
gentamicin on PAO1 biofilm elimination

2.11.1 Crystal violet staining analysis
The methods employed were the same as those used for the

biofilm elimination assay (Section 2.4). This experiment was

performed with four distinct groups: DMSO negative control, 50

mg/mL CHA, 2 mg/mL gentamicin, and CHA (50 mg/mL) combined

with gentamicin (2 mg/mL).

2.11.2 Quantification of CFU assay
Biofilms were grown as described in Section 2.4. Following a

24 h incubation period, plates were washed with sterile PBS to

remove any remaining medium and planktonic bacteria.

Subsequently, fresh sterilized TSB medium was used for dilution,

to which was added either 50 mg/mL CHA, 2 mg/mL gentamicin, or

a combination of both to a final volume of 200 mL per well, followed
by incubation at 37°C for 17 h. DMSO was used as a negative

control. After that, biofilm cells were detached by sonication at 300

W power and 40 kHz for 5 min. Sterile PBS was added, followed by

vigorous mixing. The resulting solution was then serially diluted in

a 10-fold gradient and plated onto LB agar plates. Colonies were

counted and the CFU per biofilms were calculated.
2.12 SEM analysis

The procedures used to assess the morphology of biofilms after

their elimination followed those described in Section 2.5, except for

the division into four groups: DMSO as the negative control, 50 mg/
mL CHA, 2 mg/mL gentamicin, and the combination of CHA (50

mg/mL) with gentamicin (2 mg/mL).
2.13 Statistical analysis

Data are presented as mean ± standard deviation (SD).

Experiments were performed in triplicate and statistical analyses

were executed using one-way analysis of variance (ANOVA) with
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Dunnett test or Student’s t-test. Statistically significant values were

defined as P < 0.05, < 0.01, or < 0.001. GraphPad Prism v8

(GraphPad Software Inc., San Diego, CA, USA) was used for all

graphical and statistical evaluations.
3 Results

3.1 Assessment of QS inhibition by CHA
and MCHA

The production of purple pigment (violacein) in C. violaceum

ATCC 12472 is regulated by the QS systems. This result is

a naturally occurring and readily observable phenotype,

making it a commonly used indicator strain for QSI (McLean

et al., 2004). In the present study, as illustrated in Figure 1A,

the presence of CHA or MCHA resulted in the formation of a

white and turbid zone around the filter paper discs, signifying

a notable suppression of synthesis of both violacein in C. violaceum

ATCC 12472 and pyocyanin in P. aeruginosa PAO1. In contrast,

the other five cinnamoyl hydroxamates (c-g) exhibited

minimal inhibitory effects (see Supporting Information). These

findings confirm the QS inhibitory potential of both CHA

and MCHA.
3.2 Susceptibility of PAO1 to CHA, MCHA,
and antibiotics

The MICs of CHA, MCHA, gentamicin, polymyxin B, and

aztreonam against P. aeruginosa PAO1, assessed using a broth

microdilution assay, were 400 mg/mL, 600 mg/mL, 4 mg/mL, 4 mg/
mL, and 4 mg/mL, respectively. Growth curve analysis indicated that

CHA (50–200 µg/mL) and MCHA (75–300 µg/mL) did not inhibit

P. aeruginosa growth (Figures 1B, C), although the growth rate of P.

aeruginosa was slower than that in control group in the initial

period. Subsequent experiments utilized sub-MICs for CHA (low-

dose group (L-CHA): 50 µg/mL; middle-dose group (M-CHA): 100

µg/mL; high-dose group (H-CHA): 200 µg/mL) and MCHA (low-

dose group (L-MCHA): 75 µg/mL; middle-dose group (M-MCHA):

150 µg/mL; high-dose group (H-MCHA): 300 µg/mL). The FICIs of

all combinations exceeded 0.5, indicating that all compounds

showed no synergistic or antagonistic interaction with the tested

antibiotics against PAO1 planktonic cells (Supplementary

Table S2).
3.3 Effects of CHA and MCHA on biofilms

The effects of CHA and MCHA on P. aeruginosa PAO1 formed

biofilms in 96-well plates were evaluated using crystal violet

staining. As shown in Figure 2A, P. aeruginosa PAO1 formed

biofilms were significantly eliminated by CHA and MCHA in a

dose-dependent manner. Compared to the control group, the

reduction in formed biofilms reached 50% and 58% under CHA

(200 mg/mL) and MCHA (300 mg/mL) treatment, respectively. SEM
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BA

FIGURE 2

Effects of CHA and MCHA on P. aeruginosa PAO1 biofilm disruption. (A) Analysis of crystal violet staining assay with CHA and MCHA; (B) SEM images
of formed P. aeruginosa biofilms treated with (a) DMSO, (b) 50, (c) 100, (d) 200 µg/mL CHA, or (e) 75, (f) 150, (g) 300 µg/mL MCHA, respectively.
Data are presented as absorbance of mean ± SD of three independent experiments. ***P < 0.001 compared to DMSO control group by one-way
ANOVA, n = 3. Low-dose group (CHA: 50 µg/mL; MCHA: 75 µg/mL); Middle-dose group (CHA: 100 µg/mL; MCHA: 150 µg/mL); High-dose group
(CHA:200 µg/mL; MCHA: 300 µg/mL).
B

C

A

FIGURE 1

QS inhibitory activities of CHA and MCHA. (A) QS inhibitory activities of CHA and MCHA on a Petri dish against strains C. violaceum ATCC 12472 (a)
and P. aeruginosa PAO1 (b). Growth curves of P. aeruginosa PAO1 treated with CHA (B) and MCHA (C) at sub-MICs, respectively.
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analysis revealed CHA and MCHA treatments transformed P.

aeruginosa PAO1 biofilms from dense to more porous and less

compact structures, in line with crystal violet staining results,

demonstrating concentration-dependent effects, while also

obviously reducing extracellular secretion and bacterial

aggregation (Figure 2B). These findings demonstrate that

exposure to CHA and MCHA can significantly disrupt formed

biofilms of P. aeruginosa PAO1.
3.4 Effects of CHA and MCHA on P.
aeruginosa PAO1 virulence factors

The effects of CHA and MCHA on pyocyanin production by P.

aeruginosa PAO1 were first examined. As shown in Figure 3A,

CHA and MCHA exerted significant inhibitory effects on

pyocyanin production. Compared to the control group, CHA

(200 mg/mL) and MCHA (300 mg/mL) inhibited pyocyanin

production by 95% and 92%, respectively, both exceeding that of

the positive control Hor (47%).

Subsequently, the effects of CHA and MCHA on elastase and

protease activities in P. aeruginosa PAO1 were determined. As shown

in Figure 3B, elastase activity was inhibited by CHA and MCHA in a

concentration-dependent manner. CHA at 50 mg/mL, 100 mg/mL,

and 200 mg/mL achieved elastase inhibition rates of 25%, 33%, and

39%, respectively, while MCHA at 75 mg/mL, 150 mg/mL, and 300

mg/mL achieved elastase inhibition rates of 21%, 28%, and 32%,
Frontiers in Cellular and Infection Microbiology 07
respectively, exceeding that of the positive control Hor (19%). In

addition, while CHA and MCHA did not significantly affect protease

activity at lower concentrations (Figure 3C), treatment with CHA at

200 mg/mL and MCHA at 300 mg/mL inhibited protease activity by

40% and 33%, respectively, surpassing that of Hor (27%).

The effects of CHA and MCHA on the production of

rhamnolipid by P. aeruginosa PAO1 were also evaluated. As

shown in Figure 3D, CHA at 200 mg/mL and MCHA at 300 mg/
mL inhibited rhamnolipid production by 69% and 85%,

respectively, both exceeding the inhibitory effects of Hor (35%).

The CAS assay, composed of chrome azurol sulphonate,

hexadecyl-trimethyl-ammonium bromide (HDTMA), and iron

ions, changes from blue to orange-yellow when siderophores

from P. aeruginosa bind to iron ions, enabling siderophore

detection. As shown in Figure 3E, CHA and MCHA significantly

reduced siderophore production, with CHA at 200 mg/mL and

MCHA at 300 mg/mL inhibiting siderophore activity by 51% and

55%, respectively, surpassing the 8% inhibition achieved by Hor.
3.5 Effects of CHA and MCHA on
P. aeruginosa PAO1 motility

Enhanced motility facilitates bacterial infection of hosts. This

study explored the effects of CHA and MCHA on P. aeruginosa

PAO1motility via swimming and swarming experiments. As shown

in Figure 4, after treatment sub-MICs of CHA and MCHA, both the
B C

D E

A

FIGURE 3

Inhibitory effects of CHA and MCHA on P. aeruginosa PAO1 virulence factors. (A) Pyocyanin; (B) Protease; (C) Elastase; (D) Rhamnolipid; (E) Siderophores
Data are presented as absorbance of mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared to DMSO control
group by one-way ANOVA, n = 3. L-CHA: CHA low-dose group (50 µg/mL); M-CHA: CHA middle-dose group (100 µg/mL); H-CHA: CHA high-dose
group (200 µg/mL); L-MCHA: MCHA low-dose group (75 µg/mL); M-MCHA: MCHA middle-dose group (150 µg/mL); H-MCHA: MCHA high-dose group
(300 µg/mL).
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swimming and swarming motilities of P. aeruginosa PAO1 were

significantly suppressed. The diameter of the swimming diffusion

zone decreased from 3.1 ± 0.2 cm in the untreated DMSO group to

1.8 ± 0.1 cm, 1.4 ± 0.1 cm, and 0.9 ± 0.1 cm in the 50 mg/mL, 100 mg/
mL, and 200 mg/mL CHA-treated groups and to 1.9 ± 0.1 cm, 1.5 ±

0.1 cm, and 1.1 ± 0.1 cm in the 75 mg/mL, 150 mg/mL, and 300 mg/
mL MCHA-treated groups, respectively.
3.6 Effects of CHA and MCHA on QS-
related gene expression

To further investigate the mechanism by which CHA and

MCHA inhibit the QS system, biofilm formation, and motility of
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P. aeruginosa PAO1, RT-qPCR was used to examine the gene

expression changes. As shown in Figure 5, CHA (200 mg/mL) and

MCHA (300 mg/mL) treatments reduced the expression of PAO1

QS-related genes to varying degrees. Notably, lasR, which encodes

the transcriptional regulator protein LasR in the LasI/LasR system,

was down-regulated by 62% (CHA) and 72% (MCHA); rhlR,

encoding the transcriptional regulator protein RhlR in the RhlI/R

system, was down-regulated by 73% (CHA) and 81% (MCHA); rhlI,

a butyl-homoserine lactone (C4-HSL) synthase gene, was down-

regulated by 80% (CHA) and 58% (MCHA); and pqsH, a 2-heptyl-

3-hydroxy-4(1H)-quinolone synthase gene in the pqs system, was

downregulated by 75% (CHA) and 50% (MCHA). Significant

down-regulation was also observed in P. aeruginosa PAO1

virulence factor-related genes, with lasA, encoding protease LasA
B

A

FIGURE 4

Effects of CHA and MCHA on swimming and swarming motilities of P. aeruginosa PAO1 at sub-MICs. (A) The effects of CHA on swimming (a. DMSO;
b. CHA 50 µg/mL; c. CHA 100 µg/mL, d. CHA 200 µg/mL) and swarming (e. DMSO; f. CHA 50 µg/mL; g. CHA 100 µg/mL, h. CHA 200 µg/mL). (B)
The effects of MCHA on swimming (a. DMSO; b. CHA 75 µg/mL; c. CHA 150 µg/mL, d. CHA 300 µg/mL) and swarming (e. DMSO; f. CHA 75 µg/mL;
g. CHA 150 µg/mL, h. CHA 300 µg/mL).
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synthesis, inhibited by 89% (CHA) and 78% (MCHA); lasB,

encoding elastase LasB synthesis, inhibited by 86% (CHA and

MCHA); rhlA and rhlB, rhamnolipid synthesis-related genes,

inhibited by 93% and 85% (CHA) and by 85% and 88%

(MCHA), respectively; and phzM, a pyocyanin synthesis-related

gene, inhibited by 36% (CHA) and 59% (MCHA). Results also

showed that CHA and MCHA exerted inhibitory effects on biofilm

and motility-related genes, with oprL, encoding peptidoglycan-

associated lipoprotein synthesis, inhibited by 86% (CHA) and

43% (MCHA); pslA, encoding biofilm formation proteins,

inhibited by 30% (CHA); and flhF and motD, encoding the

flagellar biosynthesis regulator and flagellar motor protein, down-

regulated by 25% (CHA) and 6% (CHA), respectively.
3.7 Docking simulations

Results showed that the interactions of CHA and MCHA with

the LasR and PqsR proteins were weaker than those with their

ligands N-3-oxododecanoyl homoserine lacton (3-oxo-C12-HSL)

and 2-heptyl-3,4-dihydroxyquinoline (PQS, quinolone signal

molecule), respectively (Figures 6, 7 and Table 1). Conversely, the

binding energies of CHA and MCHA with the RhlR was -31.19,

-31.58 kcal/mol, respectively. Both of them were lower than -26.80

kcal/mol, the binding energy of the signal molecule (C4-HSL) with

the RhlR. This result indicated that the docking of CHA andMCHA

with the RhlR protein was stronger than that of the C4-HSL ligand.

These findings suggest that CHA and MCHA predominantly target
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the RhlI/R system to inhibit QS in P. aeruginosa, consistent with the

RT-qPCR results.
3.8 Synergistic anti-biofilm activity of CHA
in combination with gentamicin

Due to its lowest FICI value, gentamicin was selected to

investigate its potential synergistic anti-biofilm effects with CHA

on P. aeruginosa PAO1. Given that the optimal blood concentration

of gentamicin is 4–8 mg/mL, and its MIC against P. aeruginosa

PAO1 was determined to be 4 mg/mL, half the optimal blood

concentration (2 mg/mL) was used for subsequent experiments.

Biofilm formation significantly contributes to pathogenic resistance.

Here, crystal violet staining (Figure 8A) revealed that 2 mg/mL

gentamicin alone had negligible impact on P. aeruginosa PAO1

biofilm formation, while 50 mg/mL CHA independently reduced

biofilm formation by 13%. Notably, when the same concentration of

gentamicin (2 mg/mL) and CHA (50 mg/mL) were used together, the

P. aeruginosa PAO1 biofilm clearance rate reached 76%.

Furthermore, CFU analysis obtained similar results (Figure 8B),

showing a 90.7% reduction in viable bacteria in the biofilms,

suggesting that CHA enhanced the anti-biofilm effects of

gentamicin on P. aeruginosa PAO1. Consistently, SEM analysis

(Figure 8C) illustrated that the DMSO group biofilms were dense

and thick, with the 2 mg/mL gentamicin and 50 mg/mL CHA

treatments alone showing no significant effect on biofilm

clearance. In contrast, the combined gentamicin and CHA group
FIGURE 5

Effects of CHA and MCHA on QS and virulence-related genes in P. aeruginosa PAO1. Data are averages of the three experiments, expressed as
multiple ± SD of gene expression level, n = 3. Data are presented as expression fold-changes of mean ± SD of three independent experiments.
*P < 0.05, **P < 0.01, ***P < 0.001 compared to DMSO control group in t-test, n = 3.
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BA

FIGURE 7

2D (A) and 3D (B) docking diagrams of receptor proteins LasR (a, d), RhlR (b, e) and PqsR (c, f) with 3-oxo-C12-HSL (a), C4-HSL (b), PQS (c), and
MCHA (d–f).
BA

FIGURE 6

2D (A) and 3D (B) docking diagrams of receptor proteins LasR (a, d), RhlR (b, e), and PqsR (c, f) with 3-oxo-C12-HSL (a), C4-HSL (b), PQS (c), and
CHA (d–f).
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showed a notable reduction in biofilms thinness and strength,

allowing gentamicin more easily to penetrate and kill the bacteria,

thus restoring the sensitivity of P. aeruginosa PAO1 to gentamicin.
4 Discussion

P. aeruginosa is one of the most clinically and epidemiologically

important bacteria and a primary cause of catheter-related urinary

tract infections and ventilator-associated pneumonia (Tenover

et al., 2022). Of concern, its resistance to multiple antibiotics,

such as tazobactam, carbapenems, fluoroquinolones, ceftazidime,

aminoglycosides, and polymyxins, is increasing (de Lacerda
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Coriolano et al., 2021). Consequently, targeting QS has emerged

as a new promising antibacterial strategy, which is capable of

preventing the development of bacterial resistance and

suppressing virulence factor production. In our previous works,

we found four cinnamic acid derivatives exhibited inhibitory

activities on QS (Cheng et al., 2020; Pan et al., 2022; Zhou et al.,

2022). In this study, according to the drug-likeness analysis, a total

of seven cinnamoyl hydroxamates were synthesized selectively.

After QSI screenings against test strain ATCC 12472 and PAO1,

CHA and MCHA showed excellent QS inhibitory effects against

ATCC 12472 and PAO1, among which CHA showed more potent

than MCHA bearing 3-methoxy. Unfortunately, four cinnamoyl

hydroxamates bearing methoxy or hydroxy at ortho- or para-
B

CA

FIGURE 8

Destruction effects of CHA (50 mg/mL) and gentamicin (2 mg/mL) alone and in combination on P. aeruginosa PAO1 biofilms. (A) Crystal violet
staining; (B) Log CFU/biofilms; (C) SEM images of formed biofilms of P. aeruginosa PAO1 treated with (a) DMSO, (b) 2 µg/mL gentamicin, (c) 50 µg/
mL CHA, or (d) 2 µg/mL gentamicin and 50 µg/mL CHA, respectively. Data are presented as absorbance of mean ± SD of three independent
experiments. ***P < 0.001 versus corresponding control by one-way ANOVA, n = 3.
TABLE 1 Binding energy of autoinducers, CHA, and MCHA to their target receptors and amino acid residues involved in their complex formation.

Receptors Ligands Hydrogen bonds
Aromatic
H-Bond

Docking scores
DG(bind)
kcal/mol

LasR 3-oxo-C12-HSL Tyr56, Trp60, Asp73, Ser129 – -9.631 -90.21

LasR CHA Tyr64, Ser129 – -6.646 -42.47

LasR MCHA Thr75, Ser129 Tyr47, Tyr56 -6.906 -52.24

RhlR C4-HSL Trp68 Trp68 -5.327 -26.80

RhlR CHA – Asp81 -6.426 -31.19

RhlR MCHA – Asp81, Tyr64 -6.564 -31.58

PqsR PQS Leu207 – -7.735 -51.38

PqsR CHA Gln194, Leu207, Arg209 – -5.837 -35.89

PqsR MCHA Gln194, Arg209 – -6.832 -36.86
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position of phenyl showed weak or no QSI activities. Subsequently,

two cinnamoyl hydroxamates bearing fluoro groups also showed no

QSI activities against ATCC 12472 and PAO1.

Based on the above findings, we investigated the inhibitory

effects of CHA and MCHA on the virulence factor production,

motility, and biofilm formation in P. aeruginosa PAO1 at sub-

MICs. The mechanisms by which CHA and MCHA impact QS

systems were initially explored by detecting the mRNA levels of QS-

related genes and conducting molecular docking analysis.

Furthermore, the potential synergistic effects of combining CHA

with gentamicin against PAO1 were investigated.

Many extracellular virulence factors in P. aeruginosa, such as

pyocyanin, proteases, rhamnolipid, and siderophore, play crucial

roles in its pathogenicity, invasive ability, and toxicity (Strateva and

Mitov, 2011). Pyocyanin, a blue redox-active secondary metabolite

regulated by the rhl QS system, inactivates catalase and modulates L-

glutathione (GSH) redox cycling in lung cells. In vivo experiments

have also indicated that the bacterial load of pyocyanin-deficient

mutant strains is 1 000–10 000 lower than that of their respective

wild-type counterparts (Lau et al., 2004; Morkunas et al., 2012). P.

aeruginosa secretes multiple proteases, including elastase, which are

under QS regulation and essential for survival within hosts. These

proteases can damage host tissue and degrade host immunoglobulins

(Pearson et al., 1997; Li and Lee, 2019; Aldawsari et al., 2021).

Rhamnolipids, surfactant-active virulence factors in P. aeruginosa,

facilitate immune cell and erythrocyte destruction, swarming and

twitching motility, and biofilm formation (Laabei et al., 2014), with

their production dependent on both the rhl system and rhlAB

(encoding a rhamnosyltransferase) (Pearson et al., 1997).

Siderophores are vital for acquiring iron, crucial for processes such

as electron transport and DNA replication, and serve as key virulence

factors in P. aeruginosa, significantly affecting biofilm formation and

virulence (Jeong et al., 2023). Popat et al. (2017) reported that two

major siderophores in P. aeruginosa, pyoverdine and pyochelin, are

regulated by the P. aeruginosa QS quinolone signal molecule (PQS).

Therefore, targeting virulence factor production offers a viable

approach to combat P. aeruginosa infections. In this study, our

results demonstrated that CHA and MCHA significantly inhibited

pyocyanin, protease, elastase, rhamnolipid, and siderophore

production, outperforming the efficacy of the positive control Hor.

Notably, compared to the negative control, pyocyanin production

was reduced to 5% after treatment with 200 mg/mL CHA or MCHA.

These findings were supported by RT-qPCR analysis, showing

significant down-regulation in the expression of genes regulating

virulence factors (Ullah et al., 2017; Ahmed et al., 2019; Yang et al.,

2021), including phzM (pyocyanin), lasA (proteases), lasB (elastase),

rhlA/B (rhamnolipid), and oprl (outer membrane proteins) in P.

aeruginosa PAO1 post-treatment with CHA or MCHA. These

outcomes suggest that CHA and MCHA hold promise in

attenuating the pathogenicity of P. aeruginosa.

Swimming and swarming motilities, regulated by the las and rhl

QS systems in P. aeruginosa (Köhler et al., 2000; Sonbol et al., 2022),

are important virulence traits. Swimming motility, driven by a

single polar flagellum, is crucial for locating infection sites, while

swarming motility, which relies on multiple flagella, plays an

essential role in the early stage of biofilm establishment (Khan
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et al., 2020). In the current study, treatment with CHA and MCHA

significantly reduced swimming and swarming motilities in P.

aeruginosa PAO1 compared to the control group, suggesting that

these compounds can effectively inhibit P. aeruginosa motility.

These inhibitory effects were further confirmed by RT-qPCR

analysis, which showed a decrease in the expression of motility-

related genes flhF and motD (Lee et al., 2011). Biofilms, complex

structures composed of autogenic extracellular polymeric

substances such as polysaccharides, extracellular DNA, proteins,

and lipids, enable bacteria to survive adverse conditions, including

antibiotic exposure and host immune responses (Vestby et al.,

2020). Studies have shown that bacteria within biofilms exhibit

resistance up to 1000 times greater than their planktonic

counterparts. Known for its proficiency in forming biofilms, P.

aeruginosa poses significant challenges in clinical environments due

to this robust defense mechanism (Thi et al., 2020). In the present

research, we found that both CHA and MCHA effectively

eliminated formed biofilms in P. aeruginosa, by disrupting biofilm

architecture, which leaded to a more dispersed and less cohesive

structure. Additionally, treatment with CHA significantly reduced

the expression of the pslA gene, which regulates the production of

exopolysaccharides to provide structural support during the

primary stage of biofilm formation (Colvin et al., 2012). The

observed inhibitory effects on motility and biofilm formation

suggest that CHA and MCHA may limit P. aeruginosa

proliferation and reduce antibiotic resistance, highlighting their

potential as candidate agents in treating P. aeruginosa infections.

QS is a communication system employed by bacterial

populations to coordinate virulence gene expression, representing

a promising new target for antimicrobial chemotherapy (Vattem

et al., 2007). The pathogenicity of P. aeruginosa is mediated through

its QS systems, notably the las , rhl , and pqs systems.

Here, we explored the effects of CHA and MCHA on QS-

regulated genes in P. aeruginosa PAO1, with RT-qPCR analysis

revealing a marked down-regulation in the expression of QS-

regulated genes lasR, rhlR, rhlI, and pqsH following treatment.

Among the QS systems, the las system is pivotal, orchestrating the

activation of the rhl and pqs systems (Chadha et al., 2022). Notably,

CHA and MCHA both induced the down-regulation of lasR.

Ahmed et al. (2019) showed that trans-cinnamaldehyde effectively

down-regulates lasI and lasR levels in P. aeruginosa, although the

exact mechanism remains unclear. Maura et al. (2016) reported that

PqsR controls lasR and rhlR expression during the early phases of

bacterial growth, while RhlR suppresses (PqsR) the QS system

during the late exponential and stationary phases. Ueda et al.

(2009) also found that uracil can influence all three QS pathways

in P. aeruginosa. We suspect that CHA and MCHA may influence

the autoregulatory loops of the three QS systems or the uridine

monophosphate (UMP) synthesis pathway, thereby reducing lasR

levels. However, the specific mechanism needs to be explored in

further studies.

Molecular docking calculations were performed to investigate

the possible interactions between CHA or MCHA and receptors of

QS signaling molecules in P. aeruginosa PAO1. The QS signaling

molecules 3-oxo-C12-HSL, C4-HSL, and PQS, were docked against

the LasR, RhlR, and PqsR receptors respectively (Kumar et al.,
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1424038
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Pan et al. 10.3389/fcimb.2024.1424038
2015). The in silico molecular docking results demonstrated that

both CHA and MCHA could bind to LasR, RhlR, and PqsR,

achieving high ligand-receptor docking scores with all three

receptors. Notably, the CHA-RhlR and MCHA-RhlR complexes

showed the highest docking scores, surpassing that of the natural

autoinducer C4-HSL. Even though only aromatic and weaker H-

bond interactions but no hydrogen bond was detected between

CHA or MCHA with RhlR in silico docking analysis. We speculate

the great matching degree between CHA or MCHA and RhlR might

contribute lower binding energy between them. On the whole, these

findings suggest that CHA and MCHA have the potential to act as

potent inhibitors of LasR, RhlR, and PqsR, with particularly

pronounced inhibitory effects against RhlR, potentially

functioning as antagonists to these receptor signals.

Combinatorial therapies have garnered increasing attention due to

their ability to target multiple therapeutic pathways (Vasudevan et al.,

2018). Numerous QSIs have shown synergistic effects with antibiotics.

For instance, Balaban et al. (2003) demonstrated that combining the

RNAIII-inhibiting peptide (RIP) with conventional antibiotics

completely eradicated Staphylococcus epidermidis infections in vivo.

Roudashti et al. (2017) reported enhanced effectiveness of curcumin in

combination with ceftazidime and ciprofloxacin against the QS system

in P. aeruginosa. In our previous research, we highlighted the

synergistic effects of various QSIs (Zhou et al., 2018b; Cheng et al.,

2020; Pan et al., 2022; Xu et al., 2022). In this study, we found

gentamicin (2 mg/mL) exhibited little effect on biofilms of P.

aeruginosa, while CHA-alone (50 mg/mL) treatment only resulted in

a slight decrease of biofilms. Nevertheless, it was notable that

combinatorial administration of CHA (50 mg/mL) with gentamicin

(2 mg/mL) significantly reduced biofilm formation and increased

biofilm cell dispersal compared to individual treatments.

Furthermore, CHA greatly enhanced the bactericidal effect of

gentamicin on viable bacteria in the biofilms. These results suggest

that CHA, acting as a QSI, may enhance the susceptibility of P.

aeruginosa to gentamicin by disrupting its QS-regulated biofilms.

Thus, combining CHA with gentamicin presents a promising

alternative to current single-drug therapies. Our work would provide

a new strategy for the prevention and treatment of P. aeruginosa in

food, drinking water, public health, nosocomial infection and many

other aspects. Unfortunately, for the clinical application of CHA and

MCHA, much work remains to be performed in further study, such as

their cytotoxicity in eukaryotic cells and the efficacy in vivo.
5 Conclusions

This study is the first to report the inhibitory effects of CHA and

MCHA against the QS system in P. aeruginosa. Results showed

CHA and MCHA inhibited the production of multiple virulence

factors, including pyocyanin, proteases, rhamnolipid, and

siderophore, and suppressed biofilm formation and swimming

and swarming motilities in P. aeruginosa. Furthermore, CHA

exhibited potent synergistic inhibitory effects with gentamicin on

biofilm formation and biofilm cell dispersal. These results indicate

that CHA and MCHA, as two novel QSIs, offer promising potential

for treating P. aeruginosa infections and reducing its virulence.
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aeruginosa quorum sensing systems as drug discovery targets: Current position and
future perspectives. J. Med. Chem. 61, 10385–10402. doi: 10.1021/acs.jmedchem.
8b00540

Strateva, T., and Mitov, I. (2011). Contribution of an arsenal of virulence factors to
pathogenesis of Pseudomonas aeruginosa infections. Ann. Microbiol. 61, 717–732.
doi: 10.1007/s13213-011-0273-y

Tang, J., Wang, W., and Chu, W. (2020). Antimicrobial and anti-quorum sensing
activities of phlorotannins from seaweed (Hizikia fusiforme). Front. Cell. Infect.
Microbio. 10, 586750. doi: 10.3389/fcimb.2020.586750

Tenover, F. C., Nicolau, D. P., and Gill, C. M. (2022). Carbapenemase-producing
Pseudomonas aeruginosa –an emerging challenge. Emerg. Microbes Infect. 11, 811–814.
doi: 10.1080/22221751.2022.2048972

Thi, M. T., Wibowo, D., and Rehm, B. H. A. (2020). Pseudomonas aeruginosa
biofilms. Int. J. Mol. Sci. 21, 8671. doi: 10.3390/ijms21228671

Ueda, A., Attila, C., Whiteley, M., and Wood, T. K. (2009). Uracil influences
quorum sensing and biofilm formation in Pseudomonas aeruginosa and
fluorouracil is an antagonist. Microb. Biotechnol. 2, 62–74. doi: 10.1111/j.1751-
7915.2008.00060.x

Ullah, W., Qasim, M., Rahman, H., Jie, Y., and Muhammad, N. (2017). Beta-
lactamase-producing Pseudomonas aeruginosa: Phenotypic characteristics and
frontiersin.org

https://doi.org/10.1007/s00253-019-09618-0
https://doi.org/10.3390/antibiotics10070871
https://doi.org/10.1086/345879
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1111/1751-7915.13981
https://doi.org/10.1007/s00253-020-10593-0
https://doi.org/10.1111/j.1462-2920.2011.02657.x
https://doi.org/10.1111/j.1462-2920.2011.02657.x
https://doi.org/10.1016/j.tim.2017.10.005
https://doi.org/10.1007/s42770-020-00406-x
https://doi.org/10.1007/s42770-020-00406-x
https://doi.org/10.1128/jb.172.2.884-900.1990
https://doi.org/10.1007/s00253-016-7789-9
https://doi.org/10.1128/Spectrum.00192-21
https://doi.org/10.1021/acs.jctc.5b00864
https://doi.org/10.1021/acs.jctc.5b00864
https://doi.org/10.1007/s00253-022-12347-6
https://doi.org/10.1007/s00253-019-10201-w
https://doi.org/10.1128/JB.182.21.5990-5996.2000
https://doi.org/10.1128/JB.182.21.5990-5996.2000
https://doi.org/10.1016/j.fitote.2015.02.002
https://doi.org/10.1007/s00253-014-5904-3
https://doi.org/10.1007/s00253-014-5904-3
https://doi.org/10.1016/j.molmed.2004.10.002
https://doi.org/10.1016/j.molmed.2004.10.002
https://doi.org/10.1111/j.1462-2920.2010.02308.x
https://doi.org/10.1007/s13238-014-0100-x
https://doi.org/10.1074/jbc.RA119.011047
https://doi.org/10.1016/S2666-5247(23)00031-9
https://doi.org/10.1038/srep34083
https://doi.org/10.1016/j.mimet.2004.04.016
https://doi.org/10.1002/9780471729259.mc01b01s22
https://doi.org/10.1002/9780471729259.mc01b01s22
https://doi.org/10.1111/jcpt.12432
https://doi.org/10.1039/c2ob26501j
https://doi.org/10.1021/acs.jmedchem.0c00630
https://doi.org/10.1021/acs.jmedchem.0c00630
https://doi.org/10.1111/jam.15774
https://doi.org/10.1128/jb.179.18.5756-5767.1997
https://doi.org/10.1128/jb.179.18.5756-5767.1997
https://doi.org/10.1098/rspb.2017.0200
https://doi.org/10.1128/IAI.73.9.5319-5328.2005
https://doi.org/10.1073/pnas.060030097
https://doi.org/10.1007/s11274-016-2195-0
https://doi.org/10.1007/s11274-016-2195-0
https://doi.org/10.22207/JPAM
https://doi.org/10.1021/acs.jmedchem.8b00540
https://doi.org/10.1021/acs.jmedchem.8b00540
https://doi.org/10.1007/s13213-011-0273-y
https://doi.org/10.3389/fcimb.2020.586750
https://doi.org/10.1080/22221751.2022.2048972
https://doi.org/10.3390/ijms21228671
https://doi.org/10.1111/j.1751-7915.2008.00060.x
https://doi.org/10.1111/j.1751-7915.2008.00060.x
https://doi.org/10.3389/fcimb.2024.1424038
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Pan et al. 10.3389/fcimb.2024.1424038
molecular identification of virulence genes. J. Chin. Med. Assoc. 80, 173–177.
doi: 10.1016/j.jcma.2016.08.011

Usachova, N., Leitis, G., Jirgensons, A., and Kalvinsh, I. (2010). Synthesis of
hydroxamic acids by activation of carboxylic acids with N,N′-carbonyldiimidazole:
Exploring the Efficiency of the Method. Synthetic Commun. 40, 927–935. doi: 10.1080/
00397910903026723

Vasudevan, S., Swamy, S. S., Kaur, G., Princy, S. A., and Balamurugan, P. (2018).
Synergism between quorum sensing inhibitors and antibiotics: combating the antibiotic
resistance crisis. Biotechnol. Appl. Quorum Sens. Inhibitors, 209–225. doi: 10.1007/978-
981-10-9026-4_10

Vattem, D. A., Mihalik, K., Crixell, S. H., and McLean, R. J. C. (2007). Dietary
phytochemicals as quorum sensing inhibitors. Fitoterapia 78, 302–310. doi: 10.1016/
j.fitote.2007.03.009

Vestby, L. K., Grønseth, T., Simm, R., and Nesse, L. L. (2020). Bacterial biofilm and
its role in the pathogenesis of disease. Antibiotics 9, 59. doi: 10.3390/antibiotics9020059

Wiegand, I., Hilpert, K., and Hancock, R. E. W. (2008). Agar and broth dilution
methods to determine the minimal inhibitory concentration (MIC) of antimicrobial
substances. Nat. Protoc. 3, 163–175. doi: 10.1038/nprot.2007.521

Xu, K. Z., Tan, X. J., Chang, Z. Y., Li, J. J., and Jia, A. Q. (2022). 2-tert-butyl-1,4-
benzoquinone, a food additive oxidant, reduces virulence factors of Chromobacterium
violaceum. LWT 163, 113569. doi: 10.1016/j.lwt.2022.113569

Yan, J., Yue, K., Fan, X., Xu, X., Wang, J., Qin, M., et al. (2023). Synthesis and
bioactivity evaluation of ferrocene-based hydroxamic acids as selective histone
deacetylase 6 inhibitors. Eur. J. Med. Chem. 246, 115004. doi: 10.1016/
j.ejmech.2022.115004
Frontiers in Cellular and Infection Microbiology 15
Yang, D., Hao, S., Zhao, L., Shi, F., Ye, G., Zou, Y., et al. (2021). Paeonol attenuates
quorum-sensing regulated virulence and biofilm formation in Pseudomonas
aeruginosa. Front. Microbiol. 12, 692474. doi: 10.3389/fmicb.2021.692474

Yin, L., Shen, W., Liu, J. S., and Jia, A. Q. (2022). 2-Hydroxymethyl-1-methyl-5-
nitroimidazole, one siderophore inhibitor, occludes quorum sensing in Pseudomonas
aeruginosa. Front. Cell Infect. Microbiol. 12, 955952. doi: 10.3389/fcimb.2022.955952

Zagni, C., Citarella, A., Oussama, M., Rescifina, A., Maugeri, A., Navarra, M., et al.
(2019). Hydroxamic acid-based histone deacetylase (hdac) inhibitors bearing a
pyrazole scaffold and a cinnamoyl linker. Int. J. Mol. Sci. 20, 945. doi: 10.3390/
ijms20040945

Zeng, Y. X., Liu, J. S., Wang, Y. J., Tang, S., Wang, D. Y., Deng, S. M., et al. (2022).
Actinomycin D: a novel Pseudomonas aeruginosa quorum sensing inhibitor from the
endophyte Streptomyces cyaneochromogenes RC1. World J. Microb. Biot. 38, 170.
doi: 10.1007/s11274-022-03360-y

Zhou, J. W., Chen, T. T., Tan, X. J., Sheng, J. Y., and Jia, A. Q. (2018b). Can the
quorum sensing inhibitor resveratrol function as an aminoglycoside antibiotic
accelerant against Pseudomonas aeruginosa? Int. J. Antimicrob. Agents 52, 35–41.
doi: 10.1016/j.ijantimicag.2018.03.002

Zhou, J. W., Ji, P. C., Jiang, H., Tan, X. J., and Jia, A. Q. (2022). Quorum sensing
inhibition and metabolic intervention of 4-hydroxycinnamic acid against Agrobacterium
tumefaciens. Front. Microbiol. 13, 83063. doi: 10.3389/fmicb.2022.830632

Zhou, J. W., Luo, H. Z., Jiang, H., Jian, T. K., Chen, Z. Q., and Jia, A. Q. (2018a).
Hordenine: A novel quorum sensing inhibitor and antibiofilm agent against
Pseudomonas aeruginosa. J. Agric. Food Chem. 66, 1620–1628. doi: 10.1021/
acs.jafc.7b05035
frontiersin.org

https://doi.org/10.1016/j.jcma.2016.08.011
https://doi.org/10.1080/00397910903026723
https://doi.org/10.1080/00397910903026723
https://doi.org/10.1007/978-981-10-9026-4_10
https://doi.org/10.1007/978-981-10-9026-4_10
https://doi.org/10.1016/j.fitote.2007.03.009
https://doi.org/10.1016/j.fitote.2007.03.009
https://doi.org/10.3390/antibiotics9020059
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1016/j.lwt.2022.113569
https://doi.org/10.1016/j.ejmech.2022.115004
https://doi.org/10.1016/j.ejmech.2022.115004
https://doi.org/10.3389/fmicb.2021.692474
https://doi.org/10.3389/fcimb.2022.955952
https://doi.org/10.3390/ijms20040945
https://doi.org/10.3390/ijms20040945
https://doi.org/10.1007/s11274-022-03360-y
https://doi.org/10.1016/j.ijantimicag.2018.03.002
https://doi.org/10.3389/fmicb.2022.830632
https://doi.org/10.1021/acs.jafc.7b05035
https://doi.org/10.1021/acs.jafc.7b05035
https://doi.org/10.3389/fcimb.2024.1424038
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Two cinnamoyl hydroxamates as potential quorum sensing inhibitors against Pseudomonas aeruginosa
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains, culture conditions, and reagents
	2.2 Screening of QS inhibitory activity by disc diffusion tests
	2.3 Minimum inhibitory concentration determination and growth curve analysis
	2.4 Biofilm elimination assays of CHA and MCHA against PAO1
	2.5 Scanning electron microscopy
	2.6 QS-regulated virulence factor assays
	2.7 Flagellar motility assay of CHA or MCHA against P. aeruginosa
	2.8 Real-time quantitative PCR
	2.9 In silico docking study
	2.10 Checkerboard assays
	2.11 Effects of CHA combined with gentamicin on PAO1 biofilm elimination
	2.11.1 Crystal violet staining analysis
	2.11.2 Quantification of CFU assay

	2.12 SEM analysis
	2.13 Statistical analysis

	3 Results
	3.1 Assessment of QS inhibition by CHA and MCHA
	3.2 Susceptibility of PAO1 to CHA, MCHA, and antibiotics
	3.3 Effects of CHA and MCHA on biofilms
	3.4 Effects of CHA and MCHA on P. aeruginosa PAO1 virulence factors
	3.5 Effects of CHA and MCHA on P. aeruginosa PAO1 motility
	3.6 Effects of CHA and MCHA on QS-related gene expression
	3.7 Docking simulations
	3.8 Synergistic anti-biofilm activity of CHA in combination with gentamicin

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


