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ARTICLE INFO ABSTRACT

Keywords: Six sesquiterpene lactones (SLs) of the goyazensolide and isogoyazensolide-type isolated from the
Ce”;afhemm punctatum Argentine herb Centratherum punctatum were evaluated on their ability to inhibit virulence factors of
Biofilm

Pseudomonas aeruginosa ATCC 27853.

Although compounds were not able to completely inhibit bacterial growth at 200 p.g/ml, the SLs do
altered biofilm formation, elastase activity, and production of N-acyl-homoserinelactones (AHLs) which
are known quorum sensing autoinducers at lower concentration. Compounds 2, 3, and 5 displayed signif-
icant inhibitory effects on P. aeruginosa biofilm formation at 0.5 wg/ml being compound 3 (1.32 wM) the
most potent (42%). Compounds 2, 3,4, 5 and 6, inhibited 39, 44, 42, 32 and 35% the production of AHLs at
100 pg/ml and inhibited by more than 50% the elastase activity at 0.5 pg/ml. Our results clearly indicated
that sesquiterpene lactones are good candidates for the development of new antimicrobial agents acting

Quorum sensing
Sesquiterpene lactones
Pseudomonas aeruginosa
Elastase

not as bactericidal but as antipathogenic agents.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Quorum sensing (QS) is a term first used to describe an
environmental sensing system that allows bacteria to monitor
their own population density (Fuqua et al. 1994). After know-
ing the importance of QS during bacterial pathogenesis, research
has focused on inhibiting QS in order to avoid bacterial infec-
tions (Adonizio et al. 2006). The interruption of QS, or bacterial
cell-to-cell communication, is one example of an antipathogenic
effect. Since a large number of systems affecting pathogenicity
are controlled by QS, interrupting this communication system
can render pathogenic bacteria non-virulent (Fuqua et al. 1994).
Pseudomonas aeruginosa, as most Gram-negative bacteria, pro-
duces N-acyl-homoserinelactones (AHLs) as signal molecules. One
of the main consequences of QS in Gram-negative bacteria is
biofilm formation. Biofilm-growing bacteria are more resistant to
antibiotics than their planktonic counterparts (Zhang and Dong
2004).

Furthermore, Pseudomonas elastase, also known as pseudolysin
or LasB, is a metalloprotease, which has long been recognized
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as a key virulence factor produced by P. aeruginosa (Stewart and
Costerton 2001). The secreted protease degrades a broad range of
host tissue proteins and key biomolecules involved in innate immu-
nity such as immunoglobulins, complement factors and cytokines
(Liu 1974). In addition, LasB acts within the bacterial cell as a key
regulator in the generation of the secreted polysaccharides that
constitute the bacterial biofilm (Cathcart et al. 2009), thus LasB inhi-
bition could be important for attenuation of Pseudomonas virulence
(Sokol et al. 2000).

Antipathogenic compounds do not kill bacteria or stop their
growth. They rather control bacterial virulence factors and pre-
vent the development of resistant strains (Otto 2004). The available
data indicate that plants might produce a range of AHL-inhibitory
compounds (Rice et al. 2005). Anti-QS activity has been shown
in a number of southern Florida seaweeds (Cumberbatch 2002)
and a few terrestrial plants (Gao et al. 2003; Gilabert et al. 2011;
Teplitski et al. 2000). In addition, the influence of few secondary
metabolites from South American plants on biofilm formation has
been reported by Cartagena et al. (2007), Gilabert et al. (2011), and
Socolsky et al. (2010).

Continuing with our investigations on bioactive constituents
of plant origin we evaluated and report in the present arti-
cle the effects of six sesquiterpene lactones (Fig. 1), three
of the goyazensolide-type (2, 3, and 5) and three of the
isogoyazensolide-type (1, 4, and 6) isolated from Centratherum
punctatum Cass. ssp. punctatum (Compositae) on the bacterial
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Fig. 1. Sesquiterpene lactones isolated from Centratherum punctatum ssp. punctatum. IUPAC names of the compounds assayed: Compound 1 - 1-Oxo0-3, 10-epoxy-5-
hydroxy-8-metacryloyloxy-germacra-2,4(15),11(13)-trien-6,12-olide. Molecular weight: 360. Compound 2 - 1-Ox0-3, 10-epoxy-8-methacryloyloxy-15-hydroxygermacra-
2,4,11(13)-trien-6,12-olide. Molecular weight: 360. Compound 3 - 1-Oxo0-3,10-epoxy-8-epoxymethacryloyloxy-15-hydroxygermacra-2,4,11(13)-trien-6,12-olide. Molecular
weight: 376. Compound 4 - 1-Oxo0-3,10-epoxy-5-hydroxy-8-angeloyloxy-germacra-2,4(15),11(13)-trien-6,12-olide; common name: Isocentratherin. Molecular weight: 374.
Compound 5 - 1-0xo0-3,10-epoxy-8-angeloyloxy-15-hydroxygermacra-2,4,11(13)-trien-6,12-olide; common name: Centratherin. Molecular weight: 374. Compound 6 -
1-0Ox0-3,10-epoxy-5-hydroxy-8-tigloyloxy-germacra-2,4(15),11(13)-trien-6,12-olide. Molecular weight: 374.

growth, biofilm formation, elastase activity, and production of N-
acyl-homoserinelactones (AHLs) of P. aeruginosa.

Materials and methods
Extraction, purification and identification of SLs 1-6

Aerial parts of C. punctatum ssp. punctatum were collected at the
flowering stage in Misiones Province, Argentina. A voucher spec-
imen Lil # 611039 is on deposit at the herbarium of Fundacién
Miguel Lillo, Tucuman, Argentina. The compounds were extracted,
purified and unambiguously identified by its IR, NMR and MS spec-
tra by comparison with previously reported data (Alvarez Valdés
et al. 1998). Compounds 1, 4 and 6 were isolated from leaves while
compounds 2, 3 and 5 were isolated from flowers.

Bacterial growth

Overnight cultures of P. aeruginosa ATCC 27853 were diluted to
reachanOD (0.125 £ 0.02) at 560 nm in Luria-Bertani (LB) medium.
The diluted culture (190 wl) was placed in each of the 96 wells of a
microtitre polystyrene plate. Solutions containing 20, 10, 1, 0.1 and
0.01 mg/ml of compounds 1-6 in DMSO/distilled water (1:1) were
prepared separately and 10 .l of each was pipetted to the plas-
tic microtitre plate wells individually (8 replicates). Control wells
(8 replicates) contained the diluted culture (190 wl) and 10 ul of
a solution of DMSO/water (1:1) in which the final concentration
of DMSO is 2.5%. Medium control was prepared using sterile LB.
Bacteria grew in LB medium at 37 °C and growth was detected as
turbidity (560 nm) using a microtitre plate reader (Power Wave
XS2, Biotek, VT, USA). The maximum level of DMSO to which the
cells were exposed was 2.5%.

Biofilm formation assay

For biofilm quantification, a micro method based on a proto-
col previously reported was employed (O'Toole and Kolter 1998).
Biofilms formed after 24 h incubation of bacterial cultures pre-
pared as described in the previous paragraph, were stained with
20 pl of an aqueous solution of crystal violet (0.1%, w/v) for 20 min.
After washing with water, the liquid was discarded from the
wells and the material that remained fixed to the polystyrene

(containing biofilm) was washed with PBS (thrice). Crystal violet
bound to biofilm was removed from each well employing 200 .l
absolute ethanol during 30 min at 37 °C with shaking. Absorbance
(560 nm) of ethanol solutions of crystal violet was determined
using a microtitre plate reader (Power Wave XS2, Biotek, VT, USA).

Ciprofloxacin, a known biofilm inhibitor, was incorporated in
the bioassay at 5 pg/ml as a positive control in the same experi-
mental conditions employed to evaluate the compounds. At this
concentration, ciprofloxacin inhibit the biofilm formation but did
not modify significantly the bacterial growth (Sandasi et al. 2011).

Quorum sensing inhibition assay

P. aeruginosa qsc 119 (reporter strain) is a mutant donated by P.
Greenberg (Whiteley et al. 1999) that cannot produce its own AHLs
(QS signal molecules). The reporter strain responds, by producing
[3-galactosidase, to exogenous active signal molecules generated
by wild types P. aeruginosa strains. P. aeruginosa qsc 119 was con-
structed using a chromosomal promoter under the control of AHLs
linked to lacZ. In consequence, (3-galactosidase activity is under
QS-control and in direct relationship with the autoinducers (AHLs)
activity (Whiteley et al. 1999).

An overnight culture of the reporter strain grown at 37°C in
LB was diluted ten times in the same medium, reaching values of
absorbance of 0.26 at ODs5gpnm- A 100 ul portion of this suspension
was mixed, in each microplate well, with 100 wl cell-free culture
supernatant obtained from P. aeruginosa ATCC 27853 cultured in
LB media containing 200, 100, 50, 5 and 0.5 pg/ml of compounds
1-6, during 24 h. Azithromycin, known to interfere with the QS
process, was used at 5 ug/ml, concentration unable to affect the
bacterial growth, as QS positive control under the same conditions
as compounds 1-6 (Tateda et al. 2001). Control wells (8 replicates)
contained cell-free culture supernatant (100 1) obtained from P.
aeruginosa ATCC 27853 cultured in LB media (190 1) plus 10 pl of
DMSO-water (1:1). B-Galactosidase activity was measured spec-
trophotometrically by Miller test (Miller 1972).

Elastase B activity
Elastolytic activity was determined using a modification of the

method described by Caballero et al. (2001). Elastin Congo red
(100 I) (Sigma) dissolved in Tris-HCIl (pH 8.0) at a concentration
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Fig. 2. Effectof sesquiterpene lactones on P. aeruginosa ATCC 27853 growth. Bacteria were grown in LB media with and without SLs isolated from C. punctatum at concentrations
of 200 pg/ml (a), 100 pg/ml (b), 50 pg/ml (c), 5 pg/ml (d) and 0.5 pg/ml (e). Bacterial growth was assessed by reading the absorbance at 560 nm. Vertical bars represent the

standard deviation (n=38).

of 5mg/ml was mixed with 100 ul cell-free culture supernatant
from P. aeruginosa ATCC 27853 grown, during 24 h, in LB media
containing 200, 100, 50, 5, and 0.5 p.g/ml of SLs. The reaction mix-
ture (200 1) was incubated at 37°C for 24h and centrifuged at
13,000 rpm for 10 min. The absorbance (495 nm) of the supernatant
is a measure of the enzyme activity.

Data analysis

Data are presented as mean + SD. The statistical significance of
differences between mean values was evaluated by Student’s test.
A value of p <0.05 was considered significant.

Results
Bacterial growth

The effects of SLs on the bacterial growth (P. aeruginosa ATCC
27853) are shown in Fig. 2 in comparison with the control exper-
iment. All the compounds assayed inhibit the bacterial growth
at the highest concentration assayed; however, neither of them
inhibits the bacterial growth at concentration of 5 wg/ml or lower.
At 200 pg/ml the inhibitory effect of the SLs 1, 2, 3, 4, 5, and 6 was
51,53,71,67,51, and 11% respectively. At 100 p.g/ml the inhibitory
effect was 26, 33, 52, 23, 28, and O respectively. Only compounds 1,
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3,4, and 5 at 50 pg/ml inhibit bacterial growth 11, 23, 16, and 18%
respectively.

Biofilm formation

The absorbance of biofilm (Fig. 3), formed after 24 h incuba-
tion in the control media, stained with crystal violet was 2.75. At
200 pg/ml SLs 1-6 inhibit 20, 30, 71, 31, 55 and 16% the biofilm pro-
duction. At 100 pg/ml SLs 1-6 inhibit 13, 21, 60, 21, 40 and 13% the
biofilm formation, respectively. However, at 50 wg/ml only com-
pounds 2, 3 and 5 inhibit significantly, 17, 50, and 31% the biofilm
formation, respectively. Compounds 2, 3 and 5 inhibit 11, 42, and
18% P. aeruginosa biofilm formation, respectively, even at the lower
concentration (0.5 pg/ml). The ICsq for biofilm formation was 13
and 43 pmol/l for the compounds 3 and 5, respectively.

Effects of SLs on QS

As shown in Fig. 4 at 200 pg/ml SLs 1-6 inhibit AHLs production
23,50,66,55,47,and 50%, respectively. At 100 .g/ml SLs 1-6 inhibit
AHLs production 12,39, 44,42,32,and 35% respectively. The ICsq for
autoinducer production was 55, 37 and 45 pwmol/l, for compounds
2, 3 and 4, respectively.
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Fig. 3. Biofilm production of P. aeruginosa in the presence of SLs. Inhibition percentage of biofilm formation of P. aeruginosa cultures grown in LB broth untreated and treated
with 200 pg/ml (a), 100 pg/ml (b), 50 wg/ml (c), 5 pg/ml (d) and 0.5 pg/ml (e) of SLs (1, 2, 3, 4, 5, and 6) dissolved in DMSO/distilled water (50/50). Vertical bars represent

the standard deviation (n=38).

tomedicine (2012), http://dx.doi.org/10.1016/j.phymed.2012.07.003

Please cite this article in press as: Amaya, S., et al., Inhibition of quorum sensing in Pseudomonas aeruginosa by sesquiterpene lactones. Phy-



dx.doi.org/10.1016/j.phymed.2012.07.003

GModel
PHYMED-51255; No.of Pages5
4

B w =] ~ ==}
o o o o o

w
o

% Autoinducers inhibition

20 -
N II Ii i
oL LTI 1 1
neo 0T O =0 0T O =]
o (SIS N @ m
3
=
g
q
<

3¢ T

3d

S. Amaya et al. / Phytomedicine xxx (2012) Xxx—-xXx

—_——
5 ————

4o ———

4d

5 A T———
Se

6¢

Ge |

4 ——

50 E——

G ———

GL  ————

Gd I E——

4p  ——

3e |
4e |
5a

Fig. 4. Inhibition percentage of P. aeruginosa AHL production by SLs from C. punctatum. The inhibition percentage of calculated AHL, taking as reference the AHL production
of P aeruginosa ATCC 27853 strain in LB broth (with 2.5% DMSO) without the addition of SLs. The results are the mean (n =4). SL concentration used: 200 p.g/ml (a), 100 pg/ml

(b), 50 pg/ml (c), 5 pg/ml (d) and 0.5 pg/ml (e).

Elastase activity in culture supernatants

The elastase activity observed in culture supernatants incubated
in the presence of all the SLs tested was inhibit even at 0.5 pg/ml
(Fig. 5). Compounds 1, 2, 3, 4, 5, and 6 produced 2, 22, 34, 51, 21
and 28% inhibition of elastase activity, respectively at 0.5 pg/ml.
The ICs for elastase activity was 6.3, 2.4, 0.6, 3.0 and 2.1 p.mol/1 for
the compounds 2, 3, 4, 5, and 6, respectively.

Discussion
Bacterial growth

The antibacterial activity of SLs was poor. However, the SLs
goyazensolide-type (2, 3, and 5) showed higher bacterial growth
inhibition than the SLs isogoyazensolide-type (1, 4, and 6). Nev-
ertheless, in a previous paper using hole-plate diffusion in agar,
compound 4 inhibited Lactobacillus paracasei ssp. paracasei CE 75,
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L. plantarum CE 105, and L. plantarum CE 358, Staphylococcus aureus
F7; S. aureus ATCC 6538 P, and Enterococcus faecalis ATCC 39212
(Cartagena et al. 2008). In addition some SLs such as acanthos-
permal B, chlorojanerin and centaurepensin have bacteriostatic
effect against S. aureus with a MIC of 50, 16 and 64 p.g/ml, respec-
tively (Arena et al. 2011; Ozcelik et al. 2007). Moreover, thirty SLs
exhibited antibacterial activity against Gram positive bacteria but
no against Gram negative strains (Cartagena et al. 2008), as was
previously pointed out for medicinal plant extracts, as well as some
natural products (Cowan 1999; Smith et al. 2007).

Effects of SLs on biofilm

The percentage of biofilm inhibition by SLs was higher than the
percentage of growth inhibition by the same compounds. The rela-
tion between biofilm production (measured at DOs49nm )/bacterial
growth (measured at DOsgonm) Was defined as specific biofilm
produced, i.e., biofilm each bacterium forms. The specific biofilm
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Fig. 5. Elastase activity percentage of supernatant of P. aeruginosa incubated 24 h in the presence of SLs isolated from C. punctatum. The results are the mean (n=4) (standard
deviation). SL concentration used: 200 pg/ml (a), 100 pg/ml (b), 50 pg/ml (c), 5 pg/ml (d) and 0.5 pg/ml (e).
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production for the control media was 0.53.When it is lower than
control, it shows that specific production is lower than that of con-
trol. Under the conditions studied compounds 2, 3, and 5 tend to
reduce biofilm specific production. The specific biofilm production
was 0.46, 0.33, 0.45 for the compounds 2, 3 and 5, respectively at
0.5 pg/ml.

Increasing evidence is showing that the ability to form biofilms
in many organisms involves QS regulation. Compounds extracted
from plants or their essential oils could inhibit bacterial growth
or affect biofilm formation and structure (Fonseca and Sousa
2007; Costerton et al. 1999). In fact, the biofilm inhibition by
SLs 2, 3 and 5 is clearly related to the inhibition of AHLs
production.

Effects of SLs on AHLs production

The reduction of the autoinducer (AHL) concentrations in bac-
terial cultures treated with SLs could be the result of inhibition of
cell growth, or inhibition of AHLs production. With regard to the
first hypothesis, it was observed that microbial growth in the strain
cultures untreated and treated with SLs was similar. With respect
to the second hypothesis, we demonstrated that SLs reduce AHLs
production in P. aeruginosa.

Effects of SLs on elastase activity

It is well known that elastase activity is controlled by AHLs. We
analyzed the elastase activity in relation to the concentration of
autoinducers, affected by our SLs. All the remaining lactones affect
elastase activity and AHLs formation as well, but not at the same
rates, indicating that SLs 2-6 also act by other mechanisms to affect
elastase activity.

The results presented here indicate that SLs interfere with QS,
which has an essential role in biofilm maturation and in elastase
activity. Given the large number of pathogenic bacteria that utilize
these mechanisms of action (de Kievit and Iglewski 2000); natural,
small molecular weight compounds may find applications in drug
discovery. The biofilm inhibition displayed by compounds 2, 3 and
5is comparable with that reported for other sesquiterpene lactones
from higher plants (Cartagena et al. 2007) while the effects of the
same compounds on the autoinducers production are at the same
level of the strongest QS inhibitors reported so far (Castang et al.
2004). In the current study, we have identified at least three natural
products (2, 3, and 5) from C. punctatum that have biological activ-
ity against the pathogenic properties of P. aeruginosa attenuating
biofilm formation as well as down-regulating elastase activity and
QS (AHLs) autoinducer production.

In conclusion, we have identified at least three natural products
(2,3, and 5) from C. punctatum that have biological activity against
the pathogenic properties of P. aeruginosa.
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