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Effects of natural compounds and commercial antibiotics on
Pseudomonas aeruginosa quorum sensing
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Abstract

Pseudomonas aeruginosa is a Gram-negative bacterium designated by the WHO as a critical priority
microorganism due to its virulence, controlled by a quorum sensing (QS) system. QS is regulated
through specific subsystems: LasI/LasR, RhlI/RhlR, and PQS/MvfR. Several natural compounds can
inhibit these QS mechanisms. In this study, we determined the effect of curcumin, reserpine, and
their mixtures with two commercial antibiotics (gentamicin and azithromycin) on P. aeruginosa QS
mechanisms: mvfR gene expression and the production of pyocyanin and rhamnolipids. Antibiotic
and natural compounds’ minimal inhibitory concentrations (MICs) were determined via microdi-
lution assays. Gentamicin, azithromycin, curcumin, reserpine, and their mixtures exerted variable
effects on mvfR gene expression, as assessed via semi-quantitative RT-PCR assays. Curcumin, re-
serpine, and gentamicin inhibited mvfR gene expression better than azithromycin, and the mixtures
curcumin-gentamicin and reserpine-gentamicin outperformed gentamicin alone in inhibiting mvfR
gene expression and decreasing pyocyanin and rhamnolipids production, revealing the synergistic
effect of these mixture components. The mixtures of curcumin and gentamicin and reserpine and
gentamicin may become alternatives to complement or enhance conventional methods currently used
to treat P. aeruginosa infections.

Keywords: curcumin; gene expression; Pseudomonas aeruginosa; quorum sensing; reserpine,
virulence factors.

1. Introduction

Pseudomonas aeruginosa is an aerobic, Gram-negative, and mobile bacterium, pathogenic to
humans and other animals. P. aeruginosa inhibits some cell functions when releasing lipopolysac-
charides necessary for infection, and it triggers diseases such as pneumonia, septic shock, and
urinary and gastrointestinal tract infections, among others (Bédard et al., 2016; Mielko et al.,
2019).

The systematic expression of genes controlling P. aeruginosa pathogenicity is population density-
related and is known as Quorum Sensing (QS). QS is also involved in the onset of antibiotic
resistance phenotypes, biofilm formation, and host immune response (Azam and Khan, 2019;
Feng et al., 2016). QS is a communication and signaling system that activates and controls
the expression of target genes related to population density sensing and drives the activation of
pathogenicity and virulence factors. Three mechanisms (LasI/LasR, RhlI/RhlR, and MvfR/PQS)
regulate QS, managing independent gene expression pathways (Laborda et al., 2021; Lee and
Zhang, 2015).
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358 Natural compounds against quorum sensing in P. aeruginosa

The LasI/lasR system leads the expression of genes associated with multiple virulence factors, such
as biofilms, motility, and exotoxin synthesis, which are bacterial pathogenesis components. Also,
this system is associated with P. aeruginosa bioluminescence (Thorn et al., 2007). The RhlI/RhlR
system is responsible for the expression of rhamnolipid and protein expression necessary to reach
the host cell cytoplasm. Finally, the PQS system regulates the formation of rhamnolipids and
biofilm molecules (Kariminik et al., 2017).

The PQS system underlies P. aeruginosa virulence, and the proper functioning of its virulence
obeys QS and the synthesis of 4-hydroxy-2-alkylquinolines (HAQ), including the quinolone signal
in the system in P. aeruginosa. The contribution of the PQS system to P. aeruginosa virulence
comes via the transcriptional control of genes outside the RhlI/RhlR regulation system. Also, it
enhances the expression of a gene subset that depends on the LasI/LasR and RhlI/RhlR systems,
enhancing the virulent action of P. aeruginosa (Déziel et al., 2005).

Currently, alternative therapeutic approaches are available. These involve natural products, mainly
phytochemicals and their derivatives. Such products have been the most studied due to their
antimicrobial properties (Abreu et al., 2012). Furthermore, these phytochemicals have low toxicity,
exhibit biochemical specificity, and feature diverse chemical groups. These aspects grant an
advantage over conventional antibiotics that gradually lose effectiveness against pathogens (Koehn
and Carter, 2005).

Alkaloids are structurally diverse and constitute the active ingredients of many antibacterial
medicines. For instance, reserpine, derived from the flowering plant Rauwolfia serpentine, is
an indole-alkaloid with studied antimalarial, antidepressant, antitumor, and antihypertensive
properties (Abdelfatah and Efferth, 2015; Reeta et al., 2013). Also, some reports have presented
the reserpine as a flow pump inhibitor and antibacterial (Gibbons, 2004).

Curcumin is another natural compound, known as diferuloylmethane. Obtained from the rhizome
of Turmeric longa (Naz et al., 2016), curcumin has anti-inflammatory, antifungal, antibacterial,
antioxidant, antiviral, and anticancer properties. It has the potential to treat Alzheimer, aller-
gies, diabetes, arthritis, and other chronic diseases. It drives its effects via gene regulation of
various growth factors, transcription factors, protein kinase, inflammatory cytokines, and other
enzymes (Tyagi et al., 2015).

The antibacterial activity of curcumin in combination with antibiotics may control P. aeruginosa
infection. Previously published studies addressed curcumin and reserpine biological activities,
assessing these natural products with different antimicrobials on P. aeruginosa LasI/LasR and
RhlI/RhlR QS systems, revealing inhibitory effects on these subsystems and on the virulence
factors they regulate (Bahari et al., 2017). However, the scarcity of inhibitory effect studies of these
natural compounds individually and mixed with antibiotics on the MvfR/PQS system calls for a
deepening of this knowledge and finding synergies between natural and antimicrobial compounds
with potential inhibitory effects on QS systems. Especially on the MvfR/PQS subsystem due to
its direct regulation of the RhlI/RhlR subsystem, which modulates the production of rhamnolipids
and pyocyanin. This work aimed to establish the expression of the mvfR gene associated with
QS in P. aeruginosa after the treatment with reserpine, curcumin, gentamicin, azithromycin and
assessing pyocyanin and rhamnolipids virulence factors.
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2. Materials and methods

2.1. Bacterial strain and culture conditions

P. aeruginosa ATCC (BAA-47) was reactivated and grown in Luria Bertani broth/agar at 37 ıC.
Liquid cultures were kept under constant agitation at 200 rpm, and positive growth controls
were grown in LB broth with 0:5 % (V=V) of Tween 80 (Inouye et al., 2001). The employed P.
aeruginosa strain was preserved in LB broth with 20 % glycerol (V=V) at �70 ıC.

2.2. Reagents

Gentamicin, azithromycin, reserpine (Sigma Aldrich, USA), and curcumin (Merck, Germany)
stock solutions were prepared following CLSI protocols (Cockerill et al., 2013). Stock concen-
trations were 25 mg ml�1 for gentamicin and azithromycin, and 12:5 mg ml�1, in pure DMSO
(Sigma Aldrich, USA), for curcumin and reserpine.

2.3. Minimum inhibitory concentrations

Each compound’s minimum inhibitory concentration (MIC) was determined following the speci-
fied micro-dilution method in the CLSI guidelines (Cockerill et al., 2013). Compound stocks were
serially diluted, in triplicate, as follows: azithromycin (512 ng µl�1, 256 ng µl�1, 128 ng µl�1,
64 ng µl�1, 32 ng µl�1, 16 ng µl�1, 8 ng µl�1, 4 ng µl�1 and 2 ng µl�1), gentamicin (64 ng µl�1,
32 ng µl�1, 16 ng µl�1, 8 ng µl�1, 5 ng µl�1, 4 ng µl�1, 2:5 ng µl�1, 2 ng µl�1, 1:25 ng µl�1 and
0:25 ng µl�1), and curcumin and reserpine (400 ng µl�1, 200 ng µl�1, 100 ng µl�1, 50 ng µl�1,
25 ng µl�1, 12:5 ng µl�1, 6:25 ng µl�1 and 3 ng µl�1). Each test included positive and negative
growth controls with a DMSO control. The four compounds were dissolved in LB broth C Tween
80 0:5 % (v=v) (Inouye et al., 2001) and 4 % DMSO for curcumin and reserpine. Compound
concentrations were tested on bacterial inocula of 5 � 105 CFU ml�1 and incubated at 37 ıC for
24 hours. The absorbance of each lane was measured with the Multiscan SKY spectrophotometer
(Thermo Scientific™, USA).

2.4. Compound mixtures

Compounds were mixed following mvfR gene expression assay results with individual compound
treatments (see below). Thus, the compound concentration exerting the highest expression
inhibition of the mvfR gene was considered in each mix. Three compounds were mixed at a time,
resulting in three different blends.

2.5. RNA extractions and cDNA synthesis

For RNA extraction, P. aeruginosa was exposed to a 1
4

of the MICs obtained from inhibition
assays with individual compounds and their three mixtures, which included a positive growth
control. RNA extraction started when the positive control absorbance was within 0.6 and 0.8
units (i.e., bacterial growth phase values). RNAs were extracted and purified with the RNeasy
mini kit (Qiagen, Germany), and DNA degraded with a DNase (Promega, USA), following the
manufacturer’s instructions.

RNA concentration and purity were determined with a NanoDrop device (Thermo Scientific
2000™, USA) at 260 nm and 260=280 nm, respectively. DNA absence was checked using RNA
as a template in a PCR reaction. cDNA was synthesized using an M-MLV reverse transcriptase
(Promega, USA) in a 25 µl final volume reaction containing: 1 µg of RNA, 1X buffer RT (100 mM
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Tris-HCl (pH 9.0), 500 mM KCl, 1 % Triton® X-100 (Sigma Aldrich, USA), 1:0 mM dNTPs, 20 U
of reverse transcriptase, 1:0 µM of random primers according to the manufacturer’s instructions.
The reaction was incubated for 1 h at 37 ıC, followed by 5 min at 95 ıC and 10 min at 4 ıC.

2.6. Semiquantitative PCR

Housekeeping rpoD and mvfR gene expressions were assessed via semiquantitative PCR, us-
ing the cDNA synthesized. For the rpoD gene, forward and reverse primer sequences were:
GGGCGAAGAAGGAAATGGTC and CAGGTGGCGTAGGTGGAGAA, respectively. The frag-
ment generated was 178 bp long. For the mvfR gene, the forward and reverse primer sequences
were GGGCGAAGAAGGAAATGGTC and CAGGTGGCGTAGGTGGAGAA, respectively. The
expected amplicon size was 238 bp (Savli et al., 2003; Parai et al., 2018).

The cDNA synthesized (2 µl) was mixed with 1X master mix (Promega®, USA), 1:0 µM primers,
and DNase-free water to a final volume of 25 µL. PCR program conditions were 94 ıC for 5 min,
35 cycles at 94 ıC for 45 s, 55 ıC for 45 s, and 72 ıC for 1 min, and a final extension at 72 ıC for 7
min. PCR products were run on 2 % (P=V) agarose gels and stained with ethidium bromide. Gel
images were analyzed by densitometry in the iBrightTM Imaging System, thus obtaining gene
expression values from band features for each treatment in triplicate.

2.7. Rhamnolipid and pyocyanin determination

Rhamnolipids were assessed according to the previously described orcinol method (Banerjee
et al., 2017). A total of 500 µl of bacterial culture supernatant were collected after 24 hours of
growth in LB broth (from each mixture with best results), then mixed with 1:5 ml of diethyl ether
and centrifuged at 10 000 rpm. Subsequently, ether-grouped fractions were evaporated at 37 ıC,
and the remnants dissolved in 100 µl of water and 900 µl of an orcinol solution at 0:18 % (P=V)
and 53 % (P=V) sulfuric acid. All samples were heated for 30 minutes at 80 ıC in a serological
water bath and subsequently brought to room temperature for absorbance reading at 421 nm.

Pyocyanin was quantified following Essar et al. (1990). A total of 5 ml of 24-hour growing
medium (from each mixture with the best results) were treated with 3 ml chloroform and 1 ml of
HCl at 0:2 M and centrifuged at 10 000 rpm. 300 µl of the pink color supernatant were taken for
absorbance measurement at 520 nm.

2.8. Statistical analysis

Treatment-dependent mvfR gene expression differences were assessed with ANOVA and Tuckey’s
tests in RStudio. Likewise, differences in rhamnolipid and pyocyanin production among treatments
were also evaluated.

3. Results and discussion

The evaluated antibiotics, azithromycin and gentamicin, had minimum inhibitory concentrations of
256 ng µl�1 and 5 ng µl�1, respectively (Figure 1). Under these two antibiotic concentrations the
absorbance of P. aeruginosa cultures was below 0.05. None of the tested curcumin and reserpine
concentrations elicited P. aeruginosa growth inhibition, as revealed by all absorbance values being
above 0.05 (Figure 1C and Figure 1D). Higher concentrations of these natural products were not
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Figure 1. Calculated minimum inhibitory concentrations (MIC) of four tested compounds on P. aeruginosa BAA-47
growth. The MIC of each compound was determined as the concentration eliciting a bacterial growth reflected by to
an absorbance of 0.05A. (A) P. aeruginosa growth under variable Azithromycin concentrations. (B) P. aeruginosa
growth under variable Gentamicin concentrations. (C) P. aeruginosa growth under variable Curcumin concentrations.
(D) P. aeruginosa growth under variable reserpine concentrations. Treatments and control were evaluated under
equal conditions. Each assay was performed in triplicate. Bar height represents average absorbance with one
standard deviation. The growth bar corresponding to the compound’s concertation eliciting a bacterial growth with
an absorbance of 0.05A was marked as the treatment’s MIC.

evaluated due to their low solubility in culture broth. For this reason, a standard natural compound
concentration of 200 ng µl�1 was used, as it had sufficient solubility to continue with the RNA
extraction process and subsequent evaluation of the expression of the mvfR gene.

The expression of the mvfR gene, differed significantly among treatments, as shown in Figure 2.
However, all experienced expression levels below 45 % of that of the control, namely 42 %, 24 %,
26 %, and 25 % for azithromycin, gentamicin, curcumin, and reserpine, respectively. Gentamicin,
curcumin and reserpine elicited a stronger mvfR gene expression reduction than azithromycin.
The housekeeping gene expression did not experience significant variation among treatments and
control. This result highlights the fact that treatments only affected the expression of the mvfR
gene.
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Figure 2. (A) Expression of P. aeruginosa BAA-47 genes rpoD (housekeeping) and mvfR genes under azithromycin
(AZM), gentamicin (GEN), curcumin (CUR), and reserpine (RES) treatments. The level of expression of each
gene under each treatment was established with relation to the positive growth control expression per gene. Bars
represent the average (plus standard deviation) of triplicate relative expression levels for each gene and treatment
by the semiquantitative analysis in the iBrightTM Imaging System. Significant differences were calculated via
ANOVA and Tuckey’s test, with three significance levels NS: P > 0:05, *: P � 0:05, and ***: P � 0:001. NS
(Non-significant difference), * (significant difference), *** (very significant difference). (B)) Electrophoresis of
rpoD and mvfR PCR products using cDNA as template. Lanes show amplicons under azithromycin, gentamicin,
curcumin, and reserpine: 1: M 100 bp, 2: Gene rpoD positive control. 3: Gene rpoD 1/4 MIC azithromycin. 4:
Gene rpoD 1/4 MIC gentamicin. 5: Gene rpoD 200 µg ml�1 curcumin. 6: Gene rpoD 200 µg ml�1 reserpine. 7:
mvfR gene positive control. 8: mvfR 1/4 MIC azithromycin gene. 9: Gene mvfR 1/4 MIC gentamicin 10: Gene mvfR
200 µg ml�1 Curcumin. 11: Gene mvfR 200 µg ml�1 Reserpine. 12: Reaction target.

The effect of each the three tested the mixtures on P. aeruginosa growth is shown in Figure 3.
The curcumin-reserpine combination affected growth the least, as evidenced by the similarity of
its curve with that of the control. The mixtures curcumin-gentamicin and reserpine-gentamicin
elicited similar growth effects, revealing lower absorbance values than the positive growth control,
evidencing an inhibitory effect on P. aeruginosa growth. As seen in Figure 1, neither curcumin nor
reserpine exerted such inhibitory effect on their own, so the inhibition elicited by these mixtures
is chiefly attributed to gentamicin.
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Figure 3. Growth curve of P. aeruginosa BAA-47, under mixtures of gentamicin-curcumin (GEN C CUR), curcumin-
reserpine (CUR + RES), and reserpine-gentamicin (RES C GEN). Curves show bacterial growth trajectories as
revealed by culture absorbances trough time.

The expression percentages of the housekeeping (rpoD) and mvfR genes under compound mixtures
are shown in Figure 4A, revealing that the rpoD gene expression was not significatively affected by
compound mixture, and that mvfR gene expression was most affected by the mixture of reserpine
and gentamicin, followed the mixture of curcumin and gentamicin. The mixture curcumin with
reserpine did not exert a significant inhibition of mvfR expression.

As reveled by amplicon band features (Figure 4B) rpoD gene expression did not change with any
of the mixed compound treatments; whereas, mvfR bands (shown in the lanes 8 and 9 in Figure 4B)
were absent, implying that the expression of this gene was very low under the curcumin and
gentamicin mixture and under the reserpine and gentamicin mixture. Under the mixture between
curcumin and reserpine, mvfR gene expression was reduced yet perceptible, as revealed by the
faint band on lane 7 (Figure 4B).

The three tested compound mixtures modulated pyocyanin and rhamnolipid production. Further-
more, these treatments had a marked effect on pyocyanin than on rhamnolipid levels (Figure 5).
Gentamicin-reserpine was the best pyocyanin inhibitor, lowering this bacterial virulence factor
to 24:5 % of its control (Figure 5A). Curcumin-reserpine resulted in a rhamnolipid level similar
to that of its control, implying that this mixture did not inhibit this P. aeruginosa virulence
factor. However, curcumin-gentamicin significantly lowered rhamnolipid production by 8 %, and
reserpine-gentamicin reduced it by 32 % (Figure 5B).
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Figure 4. (A) Expression of P. aeruginosa BAA-47 rpoD (housekeeping) and mvfR genes under reserpine and
gentamicin (RES-GEN), curcumin and reserpine (CUR-RES), and curcumin and gentamicin (CUR-GEN) treatments.
Gene expression levels are reported relative to the expression observed in the positive growth control per target gene.
Each relative expression level (represented by a bar) is the average, plus standard deviation, of technical triplicates
subjected to semi-quantitative analysis. Significant differences were calculated with ANOVA and Tuckey tests, with
three significance levels: NS: P > 0:05, *: P � 0:05, and ***: P � 0:001. NS (Non-significant difference),
*(significant difference), ***(very significant difference). (B) Electrophoresis of rpoD and mvfR PCR products using
cDNA as Template. Lanes show gentamicin-curcumin (GC), gentamicin-reserpine (GR), and curcumin-reserpine
(RC) treatments, as follows: 1: M 100 bp, 2: Gene rpoD positive control. 3: Gene rpoD (CR). 4: rpoD (GC) gene.
5: rpoD (CR) gene. 6: mvfR gene positive control. 7: Gene mvfR (CR). 8: mvfR (GC) gene. 9: Gene mvfR (GR). 10:
reaction blank.

The obtained gentamicin and azithromycin minimum inhibitory concentrations (5 ng µl�1 and
256 ng µl�1, respectively) coincide with values in previous reports (Bahari et al., 2017). Also,
P. aeruginosa standard strain PAO1 and clinical isolates experienced changes in their biofilm
formation features in the presence of sub-MIC concentrations of gentamicin compared to controls
(no gentamicin). These results revealed that gentamicin at a sub-MIC concentration reduced the
expression of genes involved in biofilm formation in P. aeruginosa PAO1 possibly through the
effect of the antibiotic on the QS (Davarzani et al., 2021).
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Figure 5. P. aeruginosa BAA-47 (A) pyocyanin and (B) rhamnolipid production levels under three compound-
mixtures. The production level of each virulence factor is reported relative to that observed in its positive growth
control. The height of each bar is the average, plus standard deviation, of spectrophotometric analysis triplicates.
Significant differences were calculated with ANOVA and Tuckey tests, with three significance levels: NS: P > 0:05,
*: P � 0:05, and ***: P � 0:001. NS (Non-significant difference), *(significant difference), *** (very significant
difference).

The observed curcumin and reserpine MIC values differ from those previously reported (Ansel et
al., 1969; Bahari et al., 2017; Parai et al., 2018), in which minimum inhibitory concentrations
for P. aeruginosa and Gram-negative bacteria range between 110 ng µl�1 and 150 ng µl�1 for
curcumin and are around 800 ng µl�1 for reserpine. In our study it was impossible to reach a
minimum inhibitory concentration for these two compounds. This is because in other studies,
higher concentrations of organic solvents, such as DMSO, for full dilution were employed to
avoid the precipitation of the tested compounds. Our DMSO concentrations were lower (4 %
or less) because, as reported by Ansel et al., (1969) concentrations above 4 % inhibit bacterial
growth by 66 %. This does not allow to determine if the antimicrobial action is caused by the
natural compound or by the DMSO. Also, when low DMSO concentrations are used, insoluble
compounds in an aqueous environment may appear; for this reason, in this study Tween 80 (0:5 %)
was added, which works as surfactant and avoids the precipitation of these compounds at low
organic solvent concentrations.

In this study, the changes reported in the mvfR gene expression were similar to those revealed
by previous reports (Bahari et al., 2017) for treatments with azithromycin and gentamicin and
curcumin, exerting significant variation on the expression of lasR/lasI and rhlI/rhlR genes. Also,
reserpine has also a well-documented role as inhibitor of pyocyanin and rhamnolipids (Parai et
al., 2018).

Curcumin-gentamicin and reserpine-gentamicin mixtures synergistically inhibited mvfR gene
expression, when compared to the low level of expression achieved by the individual compounds.
The synergistic effect of curcumin and gentamicin has been previously reported on the expression
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of the lasI/lasR and rhlI/rhlL systems genes (Bahari et al., 2017). An effect in the opposite
direction was observed with the curcumin-reserpine mixture, leading to a mvfR expression level
higher than that with its individual compounds. This concurs with a previous study posing that
in natural compound mixtures, their constituents may antagonize each other, nullifying their
individual effects on microorganisms (Caesar et al., 2019).

The production levels of P. aeruginosa virulence factors pyocyanin and rhamnolipids under
gentamicin–reserpine and gentamicin-curcumin mixtures were below those observed under the
curcumin-reserpine mixture and the positive growth control. This highlights the last mixture’s
inadequacy to inhibit these virulence factors and other QS mechanisms, because of the antagonistic
effect of the mixture components. The mvfR system is related to virulence factors pyocyanin,
cyanidin, and lectin, and is also regulated by the rhlR/rhlI system, which regulates rhamnolipid
production and biofilm formation. Therefore, the inhibition of PQS system may hinder biofilm
formation and the production of virulence factors needed for P. aeruginosa infection (Lee and
Zhang, 2015).

Changes in the expression of the mvfR gene were following reserpine addition. These can be
explained by bioinformatics analysis, specifically molecular docking. Molecularly, reserpine
competes for the active place of the protein encoded by the mvfR gene. When reserpine is docked
to that active place, it inhibits the expression of virulence factors corresponding to motility, biofilm
formation, rhamnolipids, and pyocyanin, among others. This supports the view that the mvfR
gene inhibitory effect is related to the interaction between reserpine and the mvfR protein’s active
place and not because of different external factors from treatments (Parai et al., 2018).

Finally, several studies addressing QS mechanisms have demonstrated that they are part of a
hierarchical system, where the lasR/lasI system is the modulator of all QS subsystems in P.
aeruginosa. If lasR/lasI system transcriptional regulators expression is affected, other systems
such as the PQS and all virulence factors in P. aeruginosa will be affected too (Lee and Zhang,
2015). This is consistent with our results, since gene and virulence factor expression under
treatments differed substantially from those of the controls. Furthermore, a synergistic inhibitory
effect of curcumin and antibiotics, e.g., gentamicin, on virulence factors of Gram-positive and
Gram-negative bacteria has been well documented (Kali et al., 2016). Likewise, other study
evidenced synergistic curcumin-ciprofloxacin inhibition on the growth of bacteria associated with
urinary tract infections, showing improved performance over the use of antibiotics only (Ameer et
al., 2022). Reserpine, in combination with different antibiotics, exerts enhanced inhibitory effects
on a wide range Gram-positive and Gram-negative bacterium (Khameneh et al., 2019). This is
not the first-time an inhibitory effect of reserpine and curcumin is evidenced, when combined
with gentamicin. Considering our results in light of previous findings and their outlook, it would
be likely that treatments against P. aeruginosa infections will include mixtures of reserpine or
curcumin with gentamicin to enhance conventional therapies.

4. Conclusions

The natural compounds reserpine and curcumin and the antibiotic gentamicin had statistically
similar inhibitory effects on the QS regulatory gene mvfR, outperforming the effect of azithromycin.
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Natural compounds and gentamicin mixtures (i.e., reserpine-gentamicin and curcumin-gentamicin)
enhanced the inhibition of the mvfR gene and P. aeruginosa virulence factors, proving their
synergistic action. On the other hand, curcumin and reserpine antagonized each other as part of a
mix, resulting in insufficient inhibition of mvfR gene and its virulence factors expression when
compared to the effects of each of these compounds on their own.

The results of this study, together with previous research findings and developments, show that it
is possible to have treatments and therapies consisting of mixes between reserpine and curcumin
with gentamicin to enhance, or complement, conventional methods to treat infections caused by P.
aeruginosa.

5. Acknowledgements

The authors are grateful to the members of the Molecular Biology and Immunogenetics group,
the Biology Program, and the School of Basic and Applied Science at Universidad de la Salle -
Bogota who supported and collaborated in the laboratory activities of this study.

6. Conflict of interest

The authors have no conflicts of interest to declare.

References

Abdelfatah SAA, Efferth T. Cytotoxicity of the indole alkaloid reserpine from Rauwolfia Ser-
pentina against drug-resistant tumor cells. Phytomedicine, 22(2): 308–318, 2015
doi: 10.1016/J.PHYMED.2015.01.002

Abreu AC, McBain AJ, Simões M. Plants as sources of new antimicrobials and resistance-
modifying agents. Natural Product Reports, 29(9): 1007–1021, 2012.
doi: 10.1039/c2np20035j

Ameer N, Zakariya B, Multan U, Hanif M, Azeem M, Mahmood Bahauddin K, University Z, Fazal
M, Sajid R, Bahauddin C, Nasreen M, Bahauddin R, Mubashir M, Bahauddin A, Pandey MK.
Synergistic antibacterial effect of highly permeable curcumin and ciprooxacin containing self-
emulsifying drug delivery system against urinary tract bacterial infections. Research Square:
1–17, 2022.
doi: 10.21203/rs.3.rs-1551439/v1

Ansel HC, Norred WP, Roth IL. Quantification of pyocyanins was performed according to de-
scribed in previous study. Journal of Pharmaceutical Sciences, 58(7): 836–839, 1969.
doi: 10.1002/JPS.2600580708

Azam MW, Khan AU. Updates on the pathogenicity status of Pseudomonas aeruginosa. Drug
Discovery Today, 24(1): 350–359, 2019.
doi: 10.1016/J.DRUDIS.2018.07.003

Bahari S, Zeighami H, Mirshahabi H, Roudashti S, Haghi F. Inhibition of Pseudomonas aeruginosa
quorum sensing by subinhibitory concentrations of curcumin with gentamicin and azithromycin.
Journal of Global Antimicrobial Resistance, 10: 21–28, 2017.
doi: 10.1016/J.JGAR.2017.03.006

Universitas Scientiarum:357–372 http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum


368 Natural compounds against quorum sensing in P. aeruginosa

Banerjee M, Moulick S, Bhattacharya KK, Parai D, Chattopadhyay S, Mukherjee SK. Attenuation
of Pseudomonas aeruginosa quorum sensing, virulence and biofilm formation by extracts of
Andrographis paniculata. Microbial Pathogenesis, 113(August): 85–93, 2017.
doi: 10.1016/j.micpath.2017.10.023

Bédard E, Prévost M, Déziel E. Pseudomonas aeruginosa in premise plumbing of large buildings.
MicrobiologyOpen, 5(6): 937–956, 2016.
doi: 10.1002/mbo3.391

Caesar LK, Cech NB, Kubanek J, Linington R, Luesch H. Synergy and antagonism in natural
product extracts: when 1 C 1 does not equal 2. Natural Product Reports, 36(6): 869–888, 2019.
doi: 10.1039/C9NP00011A

Cockerill F, Wikler M, Hardy D. Performance Standards for Antimicrobial Susceptibility Testing;
Twenty-Third Informational Supplement (M100-S23-2013). Clinical and Laboratory Standards
Institute, 49(9): 745–754, 2013.
doi: 10.1586/14737167.2015.1087317

Davarzani F, Yousefpour Z, Saidi N, Owlia P. Different effects of sub-minimum inhibitory concen-
trations of gentamicin on the expression of genes involved in alginate production and biofilm
formation of Pseudomonas aeruginosa. Iranian Journal of Microbiology, 13(6): 808–816,
2021.
doi: 10.18502/IJM.V13I6.8085

Déziel E, Gopalan S, Tampakaki AP, Lépine F, Padfield KE, Saucier M, Xiao G, Rahme LG. The
contribution of MvfR to Pseudomonas aeruginosa pathogenesis and quorum sensing circuitry
regulation: Multiple quorum sensing-regulated genes are modulated without affecting IasRI,
rhIRI or the production of N-acyl-L-homoserine lactones. Molecular Microbiology, 55(4):
998–1014, 2005.
doi: 10.1111/J.1365-2958.2004.04448.X

Essar DW, Eberly L, Hadero A, Crawford IP. Identification and characterization of genes for
a second anthranilate synthase in Pseudomonas aeruginosa: Interchangeability of the two
anthranilate synthase and evolutionary implications. Journal of Bacteriology, 172(2): 884–900,
1990.
doi: 10.1128/jb.172.2.884-900.1990

Feng L, Xiang Q, Ai Q, Wang Z, Zhang Y, Lu Q. Effects of Quorum Sensing Systems on Regulatory
T Cells in Catheter-Related Pseudomonas aeruginosa Biofilm Infection Rat Models. Mediators
of Inflammation, 2016.
doi: 10.1155/2016/4012912

Gibbons S. Anti-staphylococcal plant natural products. Pubs.Rsc.Org, 21(2): 263–277, 2004.
doi: 10.1039/b212695h

Inouye S, Tsuruoka T, Uchida K, Yamaguchi H. Effect of sealing and tween 80 on the antifungal
susceptibility testing of essential oils. Microbiology and Immunology, 45(3): 201–208, 2001.
doi: 10.1111/j.1348-0421.2001.tb02608.x

Kali A, Bhuvaneshwar D, Charles PMV, Seetha KS. Antibacterial synergy of curcumin with
antibiotics against biofilm producing clinical bacterial isolates. Journal of Basic and Clinical
Pharmacy, 7(3): 93, 2016.
doi: 10.4103/0976-0105.183265

Universitas Scientiarum:357–372 http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum


Rúgeles et al. 369

Kariminik A, Baseri-Salehi M, Kheirkhah B. Pseudomonas aeruginosa quorum sensing modulates
immune responses: an updated review article. Inmunolohy letters, 190: 1–6, 2017.
doi: 10.1016/j.imlet.2017.07.002

Khameneh B, Iranshahy M, Soheili V, Fazly BBS. Review on plant antimicrobials: a mechanistic
viewpoint. Antimicrobial Resistance & Infection Control 2019, 8(1): 1–28, 2019.
doi: 10.1186/S13756-019-0559-6

Koehn FE, Carter GT. The evolving role of natural products in drug discovery. Nature Reviews
Drug Discovery, 4(3): 206–220, 2005.
doi: 10.1038/nrd1657

Laborda P, Sanz-García F, Hernando-Amado S, Martínez JL. Pseudomonas aeruginosa: an
antibiotic resilient pathogen with environmental origin. Current Opinion in Microbiology, 64:
125–132, 2021.
doi: 10.1016/J.MIB.2021.09.010

Lee J, Zhang L. The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein &
Cell, 6(1): 26–41, 2015.
doi: 10.1007/S13238-014-0100-X

Mielko KA, Jabłoński SJ, Milczewska J, Sands D, Łukaszewicz M, Młynarz P. Metabolomic
studies of Pseudomonas aeruginosa. World Journal of Microbiology and Biotechnology, 35(11):
1–11, 2019.
doi: 10.1007/S11274-019-2739-1/FIGURES/2

Naz R, Lough M, Barthelmess E. Curcumin: a novel non-steroidal contraceptive with antimicrobial
properties. Front Biosci, 8(1): 113–128, 2016.
doi: 10.2741/E755

Parai D, Banerjee M, Dey P, Chakraborty A, Islam E, Mukherjee SK. Effect of reserpine on
Pseudomonas aeruginosa quorum sensing mediated virulence factors and biofilm formation.
Biofouling, 34(3): 320–334, 2018.
doi: 10.1080/08927014.2018.1437910

Reeta K, Brijesh R, Anita R, Sonal B. Rauvolfia serpentina L. Benth. ex Kurz.: Phytochemical,
Pharmacological and Therapeutic Aspects. International Journal of Pharmaceutical Sciences
Review and Research, 23(2): 348–355, 2013.

Savli H, Karadenizli A, Kolayli F, Gundes S, Ozbek U, Vahaboglu H. Expression stability
of six housekeeping genes: A proposal for resistance gene quantification studies of Pseu-
domonas aeruginosa by real-time quantitative RT-PCR. Journal of Medical Microbiology,
52(5): 403–408, 2003.
doi: 10.1099/jmm.0.05132-0

Thorn RMS, Nelson SM, Greenman J. Use of a Bioluminescent Pseudomonas aeruginosa Strain
within an In Vitro Microbiological System, as a Model of Wound Infection, To Assess the
Antimicrobial Efficacy of Wound Dressings by Monitoring Light Production. Antimicrobial
Agents and Chemotherapy, 51(9): 3217–3224, 2007.
doi: 10.1128/AAC.00302-07

Tyagi P, Singh M, Kumari H, Kumari A, Mukhopadhyay K. Bactericidal activity of curcumin I is
associated with damaging of bacterial membrane. PLoS ONE, 10(3): 1–151, 2015.
doi:10.1371/journal.pone.0121313

Universitas Scientiarum:357–372 http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum


370 Natural compounds against quorum sensing in P. aeruginosa

Efectos de compuestos naturales y antibióticos comerciales en la percepción de cuórum
de Pseudomonas aeruginosa

Resumen: Pseudomonas aeruginosa es una bacteria gramnegativa designada por la OMS
como microorganismo de prioridad crítica debido a su virulencia, controlada por un sistema
de detección de quórum (QS). La QS es regulada por subsistemas específicos: LasI/LasR,
RhlI/RhlR y PQS/MvfR. Varios compuestos naturales pueden inhibir estos mecanismos de QS.
En este estudio, determinamos el efecto de la curcumina, la reserpina y dos antibióticos com-
erciales (gentamicina y azitromicina), por separado y combinados, sobre los mecanismos de
QS de P. aeruginosa: la expresión del gen mvfR y la producción de piocianina y ramnolípidos.
Las concentraciones inhibitorias mínimas (CIM) de los antibióticos y compuestos naturales
se determinaron mediante ensayos de microdilución. La gentamicina, la azitromicina, la
curcumina, la reserpina y sus mezclas ejercieron efectos variables sobre la expresión del gen
mvfR, evaluada mediante ensayos de RT-PCR semicuantitativa. La curcumina, la reserpina y
la gentamicina inhibieron la expresión del gen mvfR mejor que la azitromicina y las mezclas
curcumina-gentamicina y reserpina-gentamicina superaron a la gentamicina sola en cuanto a
la inhibición de gen mvfR y la disminución en la producción de piocianina y ramnolípidos,
revelando el efecto sinérgico de estos compuestos. Las mezclas de curcumina y gentamicina y
reserpina y gentamicina pueden convertirse en alternativas para complementar o mejorar los
métodos convencionales utilizados actualmente para tratar las infecciones de P. aeruginosa.

Palabras Clave: curcumina; Expresión génica; Pseudomonas aeruginosa; Percepción de
cuórum; Reserpina, Factores de virulencia.
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Efeitos de compostos naturais e antibióticos comerciais na percepção do quórum de
Pseudomonas aeruginosa

Resumo: Pseudomonas aeruginosa é uma bactéria gram-negativa designada pela OMS como
um microrganismo de prioridade crítica devido à sua virulência, controlada por um sistema de
detecção de quórum (QS). A QS é regulada por subsistemas específicos: LasI/LasR, RhlI/RhlR
e PQS/MvfR. Vários compostos naturais podem inibir esses mecanismos de QS. Neste estudo,
determinamos o efeito da curcumina, reserpina e dois antibióticos comerciais (gentamicina e
azitromicina), separadamente e combinados, sobre os mecanismos de QS de P. aeruginosa:
a expressão do gene mvfR e a produção de piocianina e ramnolípideos. As concentrações
inibitórias mínimas (MIC) dos antibióticos e os compostos naturais foram determinadas
por ensaios de microdiluição. A gentamicina, azitromicina, curcumina, reserpina e suas
misturas tiveram efeitos variados na expressão do gene mvfR, conforme avaliado por ensaios
de RT-PCR semi-quantitativa. A curcumina, reserpina e gentamicina inibiram a expressão
do gene mvfR melhor que a azitromicina e as misturas curcumina-gentamicina e reserpina-
gentamicina superaram a gentamicina sozinha na inibição do gene mvfR e diminuição na
produção de piocianina e ramnolípideos, revelando o efeito sinérgico desses compostos.
Misturas de curcumina e gentamicina e reserpina e gentamicina podem se tornar alternativas
para complementar ou aprimorar os métodos convencionais atualmente usados para tratar
infecções por P. aeruginosa.

Palavras-chave: curcumina; Expressão genética; Pseudomonas aeruginosa; percepção do
quórum; reserpina, fatores de virulência.
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