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The salicylidene acylhydrazide INP0341 attenuates
Pseudomonas aeruginosa virulence in vitro and in vivo
Pia Uusitalo1,3, Ulrik Hägglund1,4, Elin Rhöös1, Henrik Scherman Norberg1,5, Mikael Elofsson2

and Charlotta Sundin1,3

Pseudomonas aeruginosa is an opportunistic pathogen that can be very hard to treat because of high resistance to different

antibiotics and alternative treatment regimens are greatly needed. An alternative or a complement to traditional antibiotic is to

inhibit virulence of the bacteria. The salicylidene acylhydrazide, INP0341, belongs to a class of compounds that has previously

been shown to inhibit virulence in a number of Gram-negative bacteria. In this study, the virulence blocking effect of INP0341

on P. aeruginosa was studied in vitro and in vivo. Two important and closely related virulence system were examined, the type III

secretion system (T3SS) that translocates virulence effectors into the cytosol of the host cell to evade immune defense and

facilitate colonization and the flagella system, needed for motility and biofilm formation. INP0341 was shown to inhibit

expression and secretion of the T3SS toxin exoenzyme S (ExoS) and to prevent bacterial motility on agar plates and biofilm

formation. In addition, INP0341 showed an increased survival of P. aeruginosa-infected mice. In conclusion, INP0341

attenuates P. aeruginosa virulence.

The Journal of Antibiotics (2017) 70, 937–943; doi:10.1038/ja.2017.64; published online 7 June 2017

INTRODUCTION

Pseudomonas aeruginosa is a Gram-negative pathogen that utilizes a
large set of virulence factors1 to cause infections in human hosts that
vary from asymptomatic to acute systemic infections. As it causes
disease primarily in individuals whose health is compromised in some
manner, it is considered an opportunistic pathogen.2,3 In most cases of
infection, the integrity of a physical barrier to infection is lost; for
example, skin and mucous membranes or an underlying immune
deficiency. These include patients with severe burns, cancer, AIDS,
cystic fibrosis, wounds or chronic conditions that require prolonged
hospitalization.4,5 Once a P. aeruginosa infection is established, it often
poses a therapeutic dilemma because of intrinsic and acquired
antibiotic resistance.6 Compared with other Gram-negative bacteria,
P. aeruginosa is naturally less susceptible to most antibiotics, such as
β-lactams, chloramphenicol and quinolones. P. aeruginosa harbors an
intrinsic resistance because of low penetration across the outer
membrane, multidrug efflux pumps that actively transport antibiotics
out of the bacteria and chromosomally encoded a β-lactamase.7,8 In
addition, the bacteria have a highly charged membrane and can form
biofilms that are organized communities of bacteria that make them
much more resistant to antibiotics.9 By means of mutational changes
or acquisition of exogenous genetic material, P. aeruginosa has the
ability to develop resistance to all known antibiotics that are active
against P. aeruginosa. Furthermore, these acquired resistance

mechanisms make it possible for P. aeruginosa to develop resistance
to antibiotics during ongoing therapy.10

Biofilms are highly structured complex communities with a distinct
architecture consisting of bacteria embedded in a self-secreted extra-
cellular polysaccharide matrix or slime attached to a surface.11,12 The
biofilm has a protective effect for the bacteria as a result of an adaptive
response. In addition to reduced susceptibility to antibiotics, the
milieu in a biofilm also protects the bacteria against environmental
stresses and phagocytosis by the host immune response.13,14 Biofilm
formation is dependent on production of functional surface organelles
necessary for virulence, motility and adherence, namely flagella and
type IV pili.15 P. aeruginosa uses the two surface organelles, either
separately or together for motility depending on the surrounding.
Movement can, for example, appear as swimming, a movement that
only requires functional flagellum, or swarming that requires both
functional flagellum and type IV pilus.16,17

Another important virulence system in P. aeruginosa is the type III
secretion system (T3SS) that is required for colonization and survival
in the host.1,18,19 Many Gram-negative disease-causing bacteria harbor
the T3SS for delivery of effector molecules into the host cells,
including Shigella spp., Salmonella spp., Yersinia spp., Chlamydia spp.,
enteropathogenic and enterohaemorrhaghic Escherichia coli and
P. aeruginosa.20–23 The T3SS in P. aeruginosa is induced when the
bacterium enters a host and following close contact with eukaryotic
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cells the system mediate translocation of four effector molecules,
exoenzyme (Exo) S, T, U and Y, from the bacterial cytosol directly
into the host cell cytoplasm where they alter different functions of the
cells in order to make it possible for the bacteria to grow.24–27

The T3SS is active during early infection and when the infection
proceeds the T3SS is downregulated and biofilm formation along with
production of extracellular matrix starts.28

Previous studies have shown that the T3SS and the flagella system
have key functions when P. aeruginosa infects burn wounds or
lungs.29,30 For example, infection of burned mice with wild-type
P. aeruginosa kills the infected mice, whereas mice infected with a
T3SS mutant of P. aeruginosa survive.31 In addition, passive immu-
nization against one component of the T3SS of P. aeruginosa, PcrV,
protects mice with severe burn wounds from P. aeruginosa
infections.32 Immunization also ensures the survival of challenged
mice and decreases lung inflammation and injury.18,33 Inhibition of
flagellar motility has also been shown to affect P. aeruginosa infection
of burn wounds.
Today, the ability to treat bacterial infections has decreased because

of intensive and constant exposure of bacteria to antibiotics.
A potential strategy to overcome this challenge is to identify new
drugs that block bacterial virulence factors without affecting bacterial
growth.34 The T3SS has no human homologs, reducing the risk for
mechanism-based side effects, and several families of natural and
synthetic inhibitors of the T3SS in different pathogens have been
reported.35,36 The salicylidene acylhydrazide INP0341 belongs to a class
of pharmacological agents that inhibits T3SS and flagellum, and thus
disarms bacteria without killing them. Inhibition of T3SS and flagellum
has been shown for bacteria such as Yersinia pseudotuberculosis,34

Salmonella typhimurium,37 Shigella spp.,38 Chlamydia spp.,39,40 E. coli
O157:H741 Pseudomonas aeruginosa42 and the plant pathogen Erwinia
amylovora.43 Several authors suggest that a low probability for
development of resistance is one of the key advantages of using
virulence systems as targets for novel anti-infectives.44,45

So far, a couple of in vivo studies have been published suggesting
that T3SS inhibitors can lower the clinical symptoms caused by an
infection,37,46 and INP0341 has previously been shown to protect mice
from vaginal Chlamydia trachomatis infection.
In this work, we show that the salicylidene acylhydrazide INP0341

inhibits the T3SS, the flagella motility system and the ability to form
biofilm without affecting bacterial growth. In addition, INP0341
attenuates P. aeruginosa infection in a burn wound mouse model.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Overnight cultures of the different bacterial strains (Supplementary Table 1)
were grown in LB medium at 37 °C on a rotary shaker, if not otherwise stated.
The OD of the bacterial cultures was measured on a Beckman Coulter DU530
spectrometer (Beckman Coulter AB, Sweden) at 595 nm. HeLa cells, DSMZ no.
ACC 57, were kept in Dulbecco’s modified Eagle’s medium (GIBCO 61965)
supplemented with 3 μg ml− 1 of gentamicin and 10% fetal calf serum (VWR
Sweden AB). The cells were subcultured three times a week.

Synthesis of INP0341
The virulence blocker INP034147 was synthesized as described previously48 and
analytical data were in agreement with those previously reported.49 Stock
solutions of INP0341 (20 mM) were prepared in DMSO, stored under dark and
dry conditions and used for maximum 1 month before being discarded.

Bacterial growth assay
Overnight cultures of PAO1, PAK, PAKfliA::Gm and PAKexsA were diluted in
LB (Luria Broth) to an OD595 of 0.1. The strains were seeded out in microtiter

plates and 100, 50, 20 and 10 μM of INP0341 were added in triplicate to the
different strains. OD595 were measured every hour for 6 h in a microplate
reader (Tecan GENios, Tecan Trading AG, Switzerland). Wells with 1% DMSO
without substance were used as positive controls.

Swimming assay
Overnight cultures of PAK and PAK fliA::Gm were diluted 10 times in LB and
incubated for 3 h at 37 °C on a rotary shaker. Different concentrations of
INP0341, dissolved in DMSO, were added to 0.3% liquid LB agar, 50 °C. The
DMSO concentration was kept constant at 0.5% (v/v). The 0.3% liquid LB agar
supplemented with 0.5% DMSO only was used as control. The warm LB agar
solutions were added to the wells in 6-well plates and allowed to solidify for 4 h.
A volume of 1 μl of bacterial culture, PAK or PAKfliA::Gm with an OD595 of
0.3 was added to the center of each well filled with 0.3% LB agar. The
swimming zones were measured after overnight incubation at 30 °C.

Swarming assay
P. aeruginosa strain PAO1 was tested for swarming ability in the presence of
INP0341 on 0.5% LB agar plates based on M8 medium supplemented with
0.2% glucose, 2 mM MgSO4 and 0.05% sodium glutamate as a nitrogen source.
INP0341 was added at a final concentration of 5 μM in DMSO to the agar
solution before the 6-well plates were solidified for 2 h. Overnight cultures of
PAO1 were diluted to an OD595 of 0.3 in LB and 1 μl of the diluted bacteria
were inoculated to the middle of each plate. The plates were incubated at 37 °C
for 20 h. As controls, agar plates with 0.5% DMSO were used.

Biofilm assay
Static biofilms were grown at 37 °C for 24 h in a 96-well microtiter plate. Wells
were inoculated with 100 μl of the overnight cultures of P. aeruginosa strains
(wild-type and PAKfliA:Gm) diluted in 10% LB-phosphate-buffered saline
(PBS) to an OD595 of 0.1. INP0341 was added to the wells at a final
concentration of 10, 20, 50 or 100 μM. DMSO without substance was added
to the controls. The plate was placed on a rotary shaker, 300 r.p.m., for 5 min
for even distribution of the added substance. Samples from each experiment
were carried out in triplicate, and repeated at least three times. The bacteria in
the biofilm were visualized by washing the nonadherent bacteria with water and
then staining the bound bacteria with 120 μl 0.1% crystal violet for 20 min
followed by removal of unbound dye by immersing the plate in water three
times. The stained biofilms were allowed to air-dry overnight. Addition of
150 μl ethanol was used to elute the dye and the optical density of each well was
measured by a microtiter reader (Tecan GENios) at a wavelength of 595 nm.

Cytotoxicity assay
HeLa cells (2× 105 cells per well) were seeded in a 96-well microtiter plate in
Dulbecco’s modified Eagle’s medium containing 3 μg ml− 1 gentamicin and
10% heat-inactivated fetal calf serum and incubated overnight at 37 °C,
5% CO2. Overnight cultures of the bacterial strains (PAK and PAKexsA) were
grown in LB on a rotary shaker, 250 r.p.m. at 37 °C. Before infection, the HeLa
cells were washed in PBS and 50 μl fetal calf serum free Dulbecco’s modified
Eagle’s medium without phenol red and gentamicin but supplemented with the
virulence blocker INP0341 at concentrations of 10, 20, 50 and 100 μM was
added to the wells. Bacteria were diluted 1:10 and induced in Dulbecco’s
modified Eagle’s medium at 37 °C for 1 h. After the induction, OD595 was
measured. The infection was initiated by adding 50 μl of the bacteria to the
HeLa cells diluted to a final concentration of OD595= 0.002. The morphology
of the cells was investigated with an inverted phase contrast microscopy at
different time points following the infection. The T3S mutant PAKexsA was
used as a negative control.

ExoS expression and secretion assay
Overnight cultures of the P. aeruginosa strain PAK was grown in brain heart
infusion broth on a rotary shaker at 37 °C. The cultures were diluted 1:100 in
fresh medium supplemented with 5 mM EGTA and 20 mM MgCl2. The
virulence blocker INP0341 was added to the samples at concentrations of 50,
100 and 150 μM before incubation on a rotary shaker for 3 h at 37 °C.
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To compensate for the sample difference in growth rate during incubation, the
culture OD595 was measured to allow calculation of individual loading volumes.
Dithiothreitol was added to each of the collected samples that were placed
on a 70 °C heating block for 10 min. The samples were then loaded on a
NuPAGE 10% bis-Tris gel (Thermo Fisher Scientific, Sweden) depending
on the OD595. The gel was blotted onto nitrocellulose membranes (Merck
Chemicals GmbH, Germany) and blocked for 1 h in 1× Tris-buffered saline
with Tween-20 with 5% fat-free milk before incubation with primary α-ExoS
antibodies (diluted 1:1000). ECL peroxidase-labeled secondary anti-rabbit
antibodies (GE Healthcare, IL USA) were used at a concentration of
1:20 000. The protein bands were detected with the ECL plus western Blot
detection system (GE Healthcare) and the chemiluminescence was recorded
with an ECL camera (Nikon image station 2000r, Bergman Labora AB,
Sweden). The band visualized in the ECL camera was compared with the
expression and secretion levels from the wild-type control grown in the
presence of DMSO but without addition of substance.

In vivo experiments
The 6-week-old female BalB/c mice were pretreated with cyclophosphamide
and after 3 days a burn wound was initiated on the skin essentially as described
previously.50 After the establishment of a burn wound the mice were pretreated
with 500 μM INP0341 in 50% DMSO in PBS (5 mice) or 50% DMSO in PBS
only (5 mice) onto the burn wound followed by infection with P. aeruginosa
strain 180 (ATCC-19660) by adding 1× 106 bacteria to the wound together
with 70 μM INP0341 (NaOH 285 mM in PBS). In the first 24 h of infection, the
mice were treated with 70 μM INP0341 (285 mM in PBS) four times and
thereafter once every 12 h. Unlike human burn wounds, the burn wounds of
mice are dry and heal fast, and therefore the wounds were left open. The cages
were bedded with sawdust and special paper boxes and the mice had constant
access to food and water. The mice were examined every 6 h and killed when
showing life-threatening symptoms. Animal experiments were performed in an
accredited establishment according to the governmental guidelines. Animal

experiments were approved by the local Animal Experimentation Ethical

Committee.

RESULTS

INP0341 inhibits ExoS expression and secretion
As a first step, we investigated the effect of INP0341 on the expression
and secretion levels of the virulence-associated protein ExoS.
P. aeruginosa were cultivated with addition of INP0341 under T3SS-
inducing conditions (Figure 1). The expression and secretion
of ExoS by P. aeruginosa is induced in calcium-depleted media at
37 °C.51 Samples from both whole bacterial cultures (expressed) and
supernatants (secreted) were analyzed by western blot using anti-ExoS
antibodies. The samples from bacteria cultivated in calcium-depleted
media in the absence of INP0341 showed protein levels that
were significantly higher than samples cultivated in the presence of
calcium. This confirms that calcium-depleted media induce the
T3SS. Supernatants from bacteria cultured with INP0341 showed
a dose-dependent decrease of the amount secreted ExoS compared
with the DMSO control.

INP0341 does not inhibit bacterial growth
To ensure that T3SS inhibition of INP0341 was not the result of
general toxicity, the different P. aeruginosa strains were cultivated in
the presence of the substance. Overnight cultures in LB were diluted
and grown in a 96-well microplate in the presence of 100 μM of
INP0341. The bacterial growth was measured every hour for 6 h. Wells
with 1% DMSO without substance were used as controls. INP0341 did
not inhibit growth of any of the tested P. aeruginosa strains
(Supplementary Figure 1).

Figure 1 INP0341 inhibits ExoS expression and secretion. Expression and secretion of the T3S-toxin ExoS was induced in wild-type P. aeruginosa by
depleting calcium from the growth medium. ExoS levels were measured in whole sample (expressed) and supernatant sample (secreted) by western blot using
anti-ExoS antibodies (a). The structure of INP0341 (b).

Figure 2 INP0341 inhibits the cytotoxic effect of P. aeruginosa on the eukaryotic cells. Epithelial cells were infected with wild-type P. aeruginosa and the
protective effect of virulence blocker INP0341 was studied after 3 and 7 h. During infection the actin microfilaments were degraded by the exoenzymes and
the cells showed a rounded morphology.
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INP0341 inhibits the cytotoxic effect of P. aeruginosa on eukaryotic
cells
The wild-type strain of P. aeruginosa (PAK) is known to cause a
cytotoxic effect in the eukaryotic cell upon bacterial cell contact.51 This
response is caused by delivery of effector molecules, exoenzymes, that
are translocated into the host cells where they elicit different
effects.25,52 The bifunctional ExoS is best characterized and it has
been shown that the enzyme affects the eukaryotic cells at many
levels.25,53,54 To examine the protective effect of the virulence blocker,
HeLa cells were infected with P. aeruginosa in the presence of INP0341
and the cytotoxic effect was studied after 3 and 7 h. Results from the
wild-type DMSO control showed a changed in the morphology of the
eukaryotic cell early upon bacterial infection. A complete rounding of
the HeLa cells was observed after ∼ 7 h. Addition of INP0341 to HeLa
cells before infection with the wild-type stain inhibited the rounding of
the HeLa cells, a protective effect that was dose dependent (Figure 2).
No toxic effect could be seen on the eukaryotic cells treated with
INP0341 alone (data not shown). Both uninfected cells and cells
infected with the PAKexsA mutant, a strain that lacks the ability to
express any of the T3SS genes, were used as negative controls.1 None
of these cells showed any tendency to round up at any time point
during the experiment (Figure 2).

Inhibition of biofilm formation
The wild-type and motility mutant strain PAKfliA::Gm55 were grown
as biofilm in a microtiter plate under static conditions with 10% LB
diluted in PBS as nutritional source. Environmental conditions
(e.g., nutritional content of the medium) have been shown to play
an important role in the formation of biofilm in vitro.56 To investigate
the effect of INP0341 on biofilm formation, P. aeruginosa was
incubated in the presence or absence of the INP0341 at concentrations
of 0, 10, 20, 50 and 100 μM in a 96-well plate. DMSO was added to the
controls. Cells organized in biofilms can be seen as a thin layer at the
bottom of the wells or as a ring at the air liquid interface when stained
with crystal violet. Ethanol was used to elute the dye from the formed
biofilm and the OD of each well was measured by a microplate reader
at a wavelength of 595 nm. The ability of P. aeruginosa to form biofilm
in the presence of INP0341 was compared with bacteria incubated
with DMSO only. The samples that contained INP0341 showed a
dose-dependent inhibition of biofilm formation compared with the

control samples according to Student’s t-test, Po0.05 (Figure 3). The
mutant strain PAK was used as a negative control as it is deficient in
the initial step in biofilm formation.15

Inhibition of swimming
Swimming is a flagella-dependent motility method used by several
species of bacteria to move in liquids and soft agar plates. Flagella-
dependent motility has shown to be important for the virulence of
P. aeruginosa in animal models.57,58 The flagella show homology with
T3SS59 and these similarities between the two virulence systems
and the importance of the flagella for bacterial virulence prompted
us to investigate the effect of INP0341 on bacterial motility in a
P. aeruginosa swimming assay. INP0341 reduced the swimming zone
of P. aeruginosa, wild-type strain PAK already at 10 μM compared with
the DMSO control (Figure 4). A PAKfliA::Gm, flagella mutant, was
used as a negative control and could only move slightly in the agar.

Inhibition of swarming
Swarming is used by P. aeruginosa and other Gram-negative
bacteria to move across semisolid surfaces. Bacteria that swarm are
hyper-flagellated and move in a coordinated manner, most likely in
response to nutrients or by sensing the environment.60 P. aeruginosa
requires the flagella and the type IV pili to be able to swarm, and
this is not the case for other Gram-negative bacteria that use this
type of movement.16 To investigate the effect on surface motility
the swarming of the P. aeruginosa strain PAO1 was studied in the
presence of INP0341. INP0341 inhibits swarming completely already
at 5 μM compared with the DMSO control (Figure 5). An unflagellated
mutant showed no swarming (data not shown).

In vivo efficacy
The effect of INP0341 on survival of mice infected P. aeruginosa was
studied in a burn wound model essentially as described previously50

with BalB/c mice pretreated with cyclophosphamide. The wound was
infected topically with P. aeruginosa. A solution of INP0341 was
administered topically to the wound and the infection was followed for
72 h and the difference in survival between treated and untreated mice
was investigated. We found that survival was prolonged for mice
treated with INP0341 compared with untreated mice (Figure 6). The
result is significant (Po0.05 according to log-rank Mantel–Cox test).

DISCUSSION

Antibiotic resistance is a large, emerging, worldwide problem and the
need for new antimicrobial drugs is urgent. This challenge can be
addressed by development of therapeutic agents based on virulence
blocking compounds that disarm pathogenic bacteria without affecting
bacterial growth. Many virulence systems are not found in endogenous
bacteria and hence the normal flora will be left unaffected and
resistance is less likely to evolve and spread in the normal flora. In
addition, if the target for the virulence factor is located extracellular,
the resistance caused by the highly active efflux pump system in
P. aeruginosa will not be able to participate in the resistance
development.
The reduced secretion of ExoS, one of the effector proteins present

in the T3SS, by INP0341 shows that the substances affect an important
virulence mechanism in P. aeruginosa. The inhibition of motility by
INP0341 shows that it also interacts with the flagella system in
P. aeruginosa. The T3SS is important in the initial phase of infection,28

whereas the flagella system is needed for the initial step of biofilm
formation in P. aeruginosa.15,61 Our in vitro results show that biofilm
formation is reduced by adding INP0341 to the growth medium;

Figure 3 Inhibition of P. aeruginosa biofilm by INP0341. Wild-type
P. aeruginosa or a flagellar mutant (fliA::Gm) were grown for 24 h in 96-well
plates with or without INP0341 and the biofilm stained with crystal violet
and the relative absorbance was compared. Each bar represents mean values
of three independent experiments in triplicate and the formation of biofilm
by the wild-type P. aeruginosa was set to 100%. Addition of 50 and 100 μM
INP0341 has a statistically significant inhibition on biofilm formation
according to Student’s t-test, Po0.05.
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consequently, the development of antibiotic resistance will be reduced
as biofilm formation increases resistance 1000 times. Furthermore, we
show that eukaryotic cells can be protected from a P. aeruginosa
infection by addition of INP0341 to the growth medium without any
toxic effect on eukaryotic cells. Finally, we could show that INP0341
can work as topical treatment for burn wound mice infected with
P. aeruginosa. The topical treatment delayed the killing of the mice but
INP0341 was not able to stop the systemic spread of bacteria.
However, it might be possible to use the substance as preventive care
in uninfected burn wounds. Because of solubility problems we were
not able to increase the concentration of INP0341. It would have been
interesting to see whether we could observe a better effect by
increasing the dose. One problem when treating the animals topically
is that the burn wounds of the mice become dry and hard very fast
that might make it difficult for the substance to penetrate the wounds
after a few hours. Therefore, we chose to treat the mice more often the
first 24 h.
INP0341 belongs to the substance class salicylidene acylhydrazides.

The pharmacokinetic properties of salicylidene acylhydrazides have
previously been investigated.62 The small Cmax and short half-life
makes it difficult to administrate sufficient amount of these substances
systemically. Topical administration, as we have used in this study, is a

strategy to overcome this problem and Chlamydia vaginal infection in
mice has successfully been treated topically with salicylidene
acylhydrazide.49,63,64 A formulation for topical administration that
allows for slow release of INP0341 has been developed.63

The salicylidende acylhydrazones were found in a phenotypic
screen34 and Wang et al.65 identified putative target proteins in
E. coli by using an affinity reagent containing the salicylidene
acylhydrazide attached to plastic beads. Of the 16 putative targets
identified, the 3 most interesting proteins were deleted and the
transcriptomes were investigated of each deletion strain. The tran-
scriptomes showed that the flagella genes were upregulated and the
T3SS-associated genes were downregulated. This suggests an indirect
regulation of T3SS through upregulation of the flagella genes and
indicates that INP0341 targets multiple proteins.65 Multiple targets
increase the difficulty for the bacteria to develop resistance and
another advantage is that the substances can act on multiple
organisms. A drawback with multiple targets can be toxicity, but no
toxicity could be seen on HeLa cells with the addition of INP0341.
Slepenkin et al.47 studied the mechanism of INP0341 on Chlamydia

and found that the substance has an effect on the T3SS gene
expression during middle to late events in the Chlamydial develop-
ment cycle. Salicylidene acylhydrazides can chelate metal ions and it is
found that that the anti-chlamydial effect of INP0341 is the result of
depletion of intracellular iron. Many pathogenic bacteria are sensitive
to iron starvation and removal Fe(III) is a method used by the
human body to control infections.66 Chu et al.64 have shown that
INP0341 can function as a vaginal microbicide as it inhibits both
C. trachomatis and N. gonorrhoeae without effecting the normal vaginal
flora. Furthermore, INP0341 has anti HIV-activity in vitro67 and
consequently INP0341 and other salicylidende acylhydrazides are
interesting candidates for development of general vaginal microbicides.
A study by Rzhepishevska et al.68 showed that the inhibitory effect of
the Fe(III) antagonist Ga(III) on biofilm formation was increased
when a salicylidene acylhydrazide (ME0163) was in a complex with
Ga(III) and at the same time suppressing the T3SS in P. aeruginosa.
ME0163 has only a minor effect on the T3SS by itself and a recent
study with INP0341 together with Ga(III) showed a different
pattern on antibiofilm activity and ExoS secretion compared with
the ME0163 complex.69 The difference between the two hydrazine-Ga
(III) complexes with similar affinity for Ga(III) argues for additional

Figure 4 Inhibition of P. aeruginosa swimming ability in the presence of
INP0341. Bacteria were added to soft agar plates containing INP0341 at
different concentrations and the swimming zones created by the bacteria
were measured after 17 h. A reduction of swimming could be seen at 10 μM
of INP0341. Values presented in the graphs are mean values from three
separate experiments. Addition of 20 μM INP0341 has a statistically
significant inhibition on biofilm formation according to Student’s t-test,
Po0.01, and for 10 μM, P=0.05.

Figure 5 Inhibition of P. aeruginosa swarming by addition of INP0341.
P. aeruginosa PAO1 was inoculated on 0.5% agar plates based of M8
medium and 5 μM of INP0341 was added. The plates were incubated at
37 °C for 20 h.

Figure 6 The survival of P. aeruginosa-infected burn wound mice pretreated
and topically treated with INP0341. The mice were burn wounded
and pretreated with 500 μM INP0341 in 50% DMSO. Thereafter, the mice
were infected with P. aeruginosa strain 180 (1×106) and added to the
wound together with 70 μM INP0341 in NaOH. The mice were treated with
70 μM INP0341 in NaOH every 12 h (except the first 24 h when the mice
were treated 4 times) (5 mice/group). Po0.05 according to log-rank
(Mantel–Cox) test.
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target and not only iron-chelating properties, although Gallium
maltolate, a gallium formulation, has shown antibacterial activity
against P. aeruginosa in thermally injured mice.70

In conclusion, we can disarm P. aeruginosa by inhibiting the T3SS
and the flagella system with the virulence blocking agent INP0341.
Finally, we also inhibit biofilm formation and attenuate P. aeruginosa
burn wound infection in mice by a topical treatment with INP0341.
Our findings show that the salicylidende acylhydrazides are capable of
attenuating virulence in the highly pathogenic-resistant pathogen
P. aeruginosa.
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