Adv Exp Med Biol - Advances in Microbiology, Infectious Diseases and Public Health (2017) 7: 53-70

DOI 10.1007/5584_2016_93
(© Springer International Publishing Switzerland 2016
Published online: 19 November 2016

Activity of Norspermidine on Bacterial
Biofilms of Multidrug-Resistant Clinical
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Abstract

Biofilm formation is a major virulence factor for numerous pathogenic
bacteria and is cited as a central event in the pathogenesis of chronic human
infections, which is in large part due to excessive extracellular matrix
secretion and metabolic changes that occur within the biofilm rendering
them highly tolerant to antimicrobial treatments. Polyamines, including
norspermidine, play central roles in bacterial biofilm development, but
have also recently been shown to inhibit biofilm formation in select strains
of various pathogenic bacteria. The aim of this study was to evaluate
in vitro the biofilm dispersive and inhibitory activities of norspermidine
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1

Introduction

A.P. Cardile et al.

against multidrug-resistant clinical isolates of Acinetobacter baumannii
(n = 4), Klebsiella pneumoniae (n = 3), Pseudomonas aeruginosa
(n = 5) and Staphylococcus aureus (n = 4) associated with chronic
extremity wound infections using the semi-quantitative 96-well plate
method and confocal laser microscopy. In addition to the antibiofilm
activity, biocompatibility of norspermidine was also evaluated by measur-
ing toxicity in vitro to human cell lines and whole porcine tissue explants
using MTT viability assay and histological analysis. Norspermidine
(5—20 mM) had variable dispersive and inhibitory activity on biofilms
which was dependent on both the strain and species. Of the clinical
bacterial species evaluated herein, A. baumannii isolates were the most
sensitive to the effect of norspermidine, which was in part due to the
inhibitory effects of norspermidine on bacterial motility and expression
of genes involved in the production of homoserine lactones and quorum
sensing molecules both essential for biofilm formation. Importantly, expo-
sure of cell lines and whole tissues to norspermidine for prolonged periods
of time (>24 h) was observed to reduce viability and alter tissue histology
in a time and concentration dependent manner, with 20 mM exposure
having the greatest negative effects on both tissues and individual cell
lines. Collectively our findings demonstrate that, similar to other
polyamines, norspermidine displays both inhibitory and dispersive
activities on biofilms of clinical multidrug-resistant bacterial isolates, in
particular for strains of A. baumannii. Additionally our findings suggest
that direct application may be considered on tissues, albeit for limited
exposure times.

Keywords
Norspermidine ¢ Polyamine ¢ Biofilm dispersal ¢ Biofilm inhibition
Wound infection

bacteria, the excessive extracellular matrix secre-
tion and concurrent metabolic changes that bac-

Bacteria can exist in either a planktonic, free-
living individual state, or as a part of a surface-
attached multicellular community embedded
within a self-produced extracellular polymeric
matrix, known as a biofilm (Costerton 1999;
Costerton et al. 1999;  Hall-Stoodley
et al. 2004). To date numerous studies have
demonstrated that bacterial biofilms can develop
within host tissues and are cited as a significant
bacterial virulence factor contributing to chronic
wound infections (Bjarnsholt et al. 2008;
Costerton et al. 1999; Hall-Stoodley et al. 2004;
James et al. 2008). In contrast to planktonic

teria undergo while in a biofilm render them
highly tolerant to antimicrobial treatments,
often up to 1000-fold compared to their plank-
tonic counterparts (Anderson and O’ Toole 2008;
Mah and O’Toole 2001; Kouidhi et al. 2015).
Consequently, the wuse of conventional
antimicrobials for the treatment of biofilm-
related infections, including chronic wounds,
has limited efficacy as they fail to eradicate bac-
teria within the biofilms. Given the limitations of
antimicrobials against biofilm bacteria, efforts by
many groups have been directed towards
identifying substances as well as developing
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strategies to inhibit and/or trigger dispersal of
biofilms (Romling and Balsalobre 2012).
Biofilm development involves an elaborate
life cycle, initiated by the attachment of
microorganisms to the surface, followed by
continued growth and eventual maturation. As
the biofilm matures, resources become limited
and waste products accumulate, initiating a cas-
cade of events that lead to the disassembly of
extracellular matrix and dispersal of bacteria
from the biofilm. Studies evaluating the signals
and cues utilized by bacteria to initiate dispersal
have led to the identification of a diverse group of
secreted  diffusible = molecules  including
polyamines (Kaplan 2010; Kostakioti
et al. 2013). Polyamines are small molecular
weight, cationic molecules that have been
broadly implicated in bacterial growth due to
their ability to interact with nucleic acids and
protein  translation machinery, to exert
antibacterial action against a number of various
human pathogens, and contribute to disease path-
ogenesis by enhancing the expression of bacterial
virulence factors (Karatan and Michael 2013).
Polyamines have also been shown to play an
essential role in biofilm formation (Wortham
et al. 2007; Kolodkin-Gal et al. 2012). For exam-
ple, putrescine is essential for biofilm formation
in Yersinia pestis and Escherichia coli (Patel
et al. 2006; Wortham et al. 2010). Similarly,
spermidine and its shorter structural analog,
norspermidine, have been reported to enhance
biofilm formation in Bacillus subtilis and Vibrio
cholera (Lee et al. 2009) respectively. Interest-
ingly, polyamines have also been reported to
inhibit biofilm formation of B. subtilis, Staphylo-
coccus aureus and E. coli, and promote the dis-
assembly of B. subtilis biofilms (Kolodkin-Gal
et al. 2012; Karatan and Michael 2013). Based on
the chemical nature of polyamines and the likely
interaction with polyanions, interactions between
polyamines with exopolysaccharides within the
biofilm matrix were presumed to destabilize the
matrix promoting disassembly and dispersal of
biofilms (Kolodkin-Gal et al. 2012; Wortham
et al. 2007). However, recent reports have pro-
posed that norspermidine may inhibit biofilm
formation through polysaccharide-independent

mechanism of bacterial growth inhibition, in
part explaining the inhibitory activity on biofilms
of B. subtilis (Hobley et al. 2014). While these
studies have provided preliminary evidence
supporting the antibiofilm activities of
norspermidine in vitro, these original studies
were limited to only a few bacterial species
and did not evaluate the biocompatibility of
norspermidine, which is of particular impor-
tance given its suggested clinical use as a topi-
cal agent within studies. Therefore, the aim of
the present study was to evaluate the inhibitory
and dispersive activities of norspermidine on
biofilms of several clinical isolates of
multidrug-resistant organisms (MDRO)
associated with chronic wound infections, as
well as the potential clinical use as a topical
agent by assessing biocompatibility using cell
lines and whole tissues in vitro.

2 Results
2.1 Preliminary Screening

of the Inhibitory and Dispersive
Activity of Norspermidine
Against Bacterial Biofilms

Exposure  of  preformed  biofilms to
norspermidine, at concentrations between 0.1
and 20 mM, had only modest dispersive activity
against preformed biofilms of representative
strains of K. pneumoniae and S. aureus, reducing
biomass between 20 and 38 % of the untreated
control group (Fig. 1a). In contrast, significant
dispersal activity of norspermidine was observed
against preformed biofilms of isolates of
A. baumannii and P. aeruginosa following
overnight exposure to norspermidine. For
A. baumannii and P. aeruginosa, dispersive
activity was concentration-dependent, with sig-
nificant activity at 20 mM, and between 5 and
20 mM, against A. baumannii and P. aeruginosa
biofilms, respectively. In contrast to the disper-
sive activity against preformed biofilms,
norspermidine had a much greater effect on
inhibiting biofilm formation. The activity, as
with dispersal, was also dose-dependent and
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Fig. 1 Screening of the antibiofilm and antimicrobial
activity of norspermidine on bacterial isolates. Screen-
ing of the dispersive (a) and inhibitory (b) activity of
norspermidine, at concentrations ranging from 0.1 to
20 mM in HEPES buffer (pH ~7.4), putrescine
(0.1 mM) and spermidine (0.1 mM) against preformed
biofilms (a) or following overnight incubation in the
presence of norspermidine (b) against four representative
clinical isolates of A. baumannii (AB1), K. pneumoniae
(KP1), P. aeruginosa (PAl), and S. aureus (SAl)
(described in Table 1). Biomass was determined using

most effective at concentrations between 5 and
20 mM. Notably, while the dispersive activity of
norspermidine was observed primarily against
A. baumannii and P. aeruginosa, significant
inhibitory activity was observed against the
majority of the representative clinical isolates
tested (Fig. 1b). Importantly, while
norspermidine was observed to have dispersive
and inhibitory activity herein, this activity was
only observed at much higher concentrations
compared to other classes of polyamines previ-
ously shown to have antibiofilm activity, includ-
ing putrescine and spermidine (Goytia
et al. 2013; Nesse et al. 2015; Ramon-Perez
et al. 2014) (Fig, 1a, b).

2.2 Effect of Norspermidine

on Bacterial Growth

In light of previous reports suggesting that the
antibiofilm activity of norspermidine may occur

& 12 18 24 ° & 12 18 24
Time (hours) Time (hours)

the crystal violet method and reported as the percentage
of biofilm dispersal and inhibition to untreated controls.
(¢) Planktonic bacterial growth up to 24 h in liquid media
supplemented with norspermidine (0.1-20 mM), putres-
cine (0.1 mM) and spermidine (0.1 mM), as determined
by measuring the optical density at 600 nm and plotted
over time. Bars/lines represent the average + SD of three
independent experiments. Statistical analysis was
performed using a student’s ¢ test; p < 0.05 was consid-
ered to be statistically different from the untreated control

group

as a consequence of inhibition of bacterial
growth, we also evaluated the effect of exposure
to norspermidine on bacterial growth using the
representative isolates evaluated above. With the
exception of S. exposure  to
concentrations of norspermidine up to 20 mM
had minor, albeit insignificant, activity on plank-
tonic bacterial growth (Fig. Ic). Increasing
concentrations of norspermidine had the least
effect on the growth of P. aeruginosa, whereas
the 20 mM concentration resulted in only minor
and insignificant impairments on the growth of
A. baumannii and K. pneumoniae. In contrast to
most of the other bacterial species evaluated,
exposure of S. aureus to norspermidine at
20 mM essentially abolished the growth of the
strain. Consistent with the growth curves, enu-
meration of each bacterial strain at similar time
points at each tested concentration in a plank-
tonic growth assay confirmed only moderate
reductions of bacterial numbers in the presence
of norspermidine up to 20 mM. S. aureus

aureus,
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viability was significantly reduced following
exposure to norspermidine at 20 mM. These
findings suggest that the inhibitory and disper-
sive activity of norspermidine is, with the excep-
tion of S. aureus, largely independent of
planktonic growth inhibition, and is exclusive to
the biofilm phenotype.

23 Norspermidine Inhibits
and Disperses Biofilms of Clinical
Isolates Associated with Chronic

Human Infections

Consistent with preliminary screening results
above, norspermidine at 5 and 20 mM
demonstrated both dispersive and inhibitory
activity against a panel of genetically diverse
clinical isolates associated with chronic human
infections (Fig. 2a, b). The activities of
norspermidine against the biofilms of clinical
isolates were both species- and strain-dependent.
Notably, clinical isolates of A. baumannii were
the most sensitive to the effects of
norspermidine. Although the activity was vari-
able amongst the strains, exposure to
norspermidine on average resulted in > 60 %
dispersion and > 80 % inhibition of
A. baumannii biomass. In contrast, the dispersive
activity of norspermidine was variable against
isolates of P. aeruginosa and S. aureus. For
isolates of K. pneumoniae, dispersive activity
tended to increase with rising norspermidine con-
centration, with the greatest effect on biofilm
inhibition following exposure to 20 mM. Impor-
tantly, for P. aeruginosa, exposure to
norspermidine in some cases significantly
enhanced biofilm formation (Fig. 2a, b). As
with the results in the preliminary screenings,
the activity of norspermidine required much
higher concentrations to achieve a significant

effect compared to other previously
characterized polyamines, putrescine and
spermidine  (Goytia et al. 2013; Nesse

et al. 2015; Ramon-Perez et al. 2014). As a

qualitative confirmation of the above findings,
visualization of bacterial biofilms by confocal
laser microscopy (CLSM) showed similar effects
of norspermidine on biofilm inhibition and dis-
persion, with A. baumannii and K. pneumoniae
having the most visually significant changes in
the biofilm phenotype (Fig. 2¢).

24 Norspermidine Inhibits Motility
and Quorum Sensing

in A. baumannii

Among the isolates tested, A. baumannii biofilms
were more sensitive to the activity of
norspermidine. Given the propensity for multi-
drug resistance among A. baumannii isolates, as
well as reports indicating biofilm formation by
this pathogen may be a risk factor for the devel-
opment of persistent infections associated with
traumatic wounds (Akers et al. 2014), we further
evaluated the effects of norspermidine on aspects
crucial for A. baumannii biofilm formation
including bacterial motility and quorum sensing.

In the presence of norspermidine at 5 and
20 mM, migration (i.e. bacterial motility) of all
three clinical isolates of A. baumannii on 0.3 %
TSA plates was significantly reduced (Fig. 3a, b).
For A. baumannii isolates 2 and 4, supplementa-
tion of TSA plates with 5 and 20 mM
norspermidine significantly reduced bacterial
motility compared to control groups; whereas
for isolate 3, a significant effect on bacterial
migration was only observed following exposure
to 20 mM norspermidine. In addition to bacterial
motility, expression of a gene operon identified
in A. baumannii strain 17978 known to be related
to quorum sensing production in A. baumannii
(A1S_0109, A1S_0112, A1S_0113, A1S_0114)
was slightly decreased (<1 fold) compared to
untreated controls (Fig. 3c). This effect of
norspermidine on the expression of genes
involved in quorum sensing was also observed
in two of the A. baumannii clinical isolates
(Fig. 3d).
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Fig. 3 Effect of norspermidine on bacterial motility
and quorum sensing in Acinetobacter baumannii. (a)
Representative images of semi-solid 0.3 % TSA plates
with or without norspermidine (NrSP) (5 and 20 mM)
after 24 h growth at 37 °C demonstrating the motility of
A. baumannii strains. (b) bacterial motility, as determined
by measuring the diameter of the motility zone (the dif-
ference between white and black dashed lines in (a)) in
mm. (¢, d) comparison of the expression levels of genes

25 Assessment of Biocompatibility
of Norspermidine on Whole Cell
Tissues and Human Cell Lines

in vitro

As an initial assessment for the potential clinical
application of norspermidine as a topical agent
for wounds, we evaluated the effect of
norspermidine on porcine whole tissues. Direct
application of norspermidine to whole tissues
was observed to have a time- and
concentration-dependent detrimental effect on
tissue viability. In particular, exposure of tissues
to concentrations of norspermidine exceeding
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related to homoserine lactone synthesis (see Table 2) in
A. baumannii reference strain 17978 (c¢) and clinical
strains (d) as determined by qRT-PCR assays following
exposure to norspermidine. Bars represent the average +
SD of three independent experiments. Statistical analysis
was performed using an ANOVA One-Way; p < 0.05
was considered to be statistically different from the
untreated control group

5 mM had the greatest effect, significantly alter-
ing tissue histology and reducing tissue viability
after 6 and 24 h of exposure (Fig. 4a—c). In
contrast, concentrations at <5 mM did not
impair tissue viability even following exposures
up to 24 h. Having observed the effect of
norspermidine on whole tissues, we further
evaluated its effect on individual cell lines. Con-
sistent with the experiments performed in whole
tissues, both a concentration- and time-
dependent effect of norspermidine was observed
on the individual cell lines (Fig. 4d, ). As with
the whole tissues, exposure of cell lines, human
keratinocytes and fibroblasts to concentrations
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Fig. 4 Assessment of the

biocompatibility of
norspermidine in vitro. In vitro evaluation of the effect
of norspermidine, 1, 5, and 20 mM, on whole tissue
porcine explants following overnight exposure. (a, b)

Representative  images (10X; 20X inset) of
norspermidine-treated porcine tissues as evaluated by
H&E staining (a) and immunohistochemistry using an
antibody to activated caspase-3 (b). (¢) Cell viability of
tissues as determined using the MTT viability assays and

exceeding 5 mM were associated with significant
losses in cell viability, evident at 6 h and increas-
ing up to 48 h. Consistent with the whole tissue
experiments, exposure to concentrations below
5 mM were associated with minor reductions in
cell viability.

3 Discussion

Polyamines are small molecular weight, cationic
molecules that have been broadly implicated in a
number of bacterial processes including biofilm
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reported as an index of viability relative to the control
(media only) group. A heat-treated group was included as
a negative control. (d, e) Bars represent the average +
SD of three independent experiments. Values above the
bars represent the % viability loss for each group. Statis-
tical analysis was performed using an ANOVA One-Way;
p < 0.05 was considered to be statistically different from
the untreated control group

formation. In a recent study, Kolodkin-Gal
et al. speculated that the polyamine
norspermidine inhibited biofilm formation by
B. subtilis (NCB13610), S. aureus (SC01), and
E. coli (MC4100), and dispersed mature biofilms
of B. subtilis via destabilizing interactions with
exopolysaccharide polymers within the biofilm
matrix (Kolodkin-Gal et al. 2012). Recent
findings have challenged this proposed mecha-
nism, however, instead suggesting a
polysaccharide-independent ~ mechanism  of
action (Hobley et al. 2014). While these studies
provide insight into the potential antibiofilm
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activities of norspermidine, they are limited to
evaluating a select few bacterial species; more-
over, there has been discourse surrounding
variability in concentrations required to exert
this effect on bacterial biofilms. To address this,
herein we evaluated the inhibitory/dispersive
activity of norspermidine using a panel of genet-
ically distinct multidrug-resistant clinical strains
of Gram-negative and Gram-positive organisms
associated with chronic wound infections. Addi-
tionally, we evaluated the biocompatibility of
norspermidine using whole tissues and cell lines
to determine the potential application of
norspermidine as a strategy to control bacterial
biofilms. Collectively, we demonstrated that
5-20 mM norspermidine has inhibitory and dis-
ruptive activity against biofilms of clinical
isolates of various bacterial species, including
A. baumannii, K. pneumoniae, P. aeruginosa,
and S. aureus, with the greatest effect on clinical
strains of A. baumannii. Importantly, exposure of
whole tissues and cell lines revealed a concentra-
tion- and time-dependent cytotoxic effect, poten-
tially delineating limits to concentration and/or
duration of application for clinical use. To our
knowledge, this is one of the few studies
evaluating the activity of norspermidine against
clinical isolates of Gram-negative and Gram-
positive bacteria associated with chronic human
infections and is the first to evaluate the biocom-
patibility as an initial assessment of its potential
clinical utility.

Norspermidine was observed to have anti-
biofilm, and in some instances antimicrobial,
activity against the bacterial species we
evaluated herein. The activity of norspermidine
was observed to be both species- and strain-
dependent, with A. baumannii isolates being the
most sensitive to these effects. Strain- and
species-dependent differences in the response of
isolates to norspermidine are consistent with pre-
vious studies and have been previously
documented (Nesse et al. 2015; Ramon-Perez
et al. 2014). This may be due differences
between strains in their ability to develop
biofilms on abiotic surfaces, differences in the
composition of polymeric matrix, and undefined
mechanisms impeding biofilm formation or

dispersal initiation. Notably, while anti-biofilm
activity was observed with norspermidine, this
activity required much higher concentrations
compared to putrescine and spermidine (Goytia
et al. 2013; Nesse et al. 2015; Ramon-Perez
et al. 2014). Because other polyamines have sim-
ilar chemical properties and are suggested to
have similar mechanisms of biofilm disruption
to norspermidine, given the specific activity on
biofilm but not planktonic growth, it is possible
that relative differences may arise from
differences in solubility, and/or other undefined
mechanisms of activity, for the species evaluated
herein.

With the exception of S. aureus, the antimi-
crobial activity of norspermidine was largely
independent of planktonic bacterial growth inhi-
bition, and was specific to biofilms. Our
observations of a limited effect of norspermidine
on bacterial cell growth for most species contrast
with previous findings reported by Hobley et al.,
who noted significantly impaired growth of
B. subtilis at concentrations > 1 mM (Hobley
et al. 2014). Our findings showing minimal effect
of norspermidine on planktonic growth of the
Gram-negative species evaluated herein are con-
sistent previous studies evaluating the effect of
norspermidine at concentrations up to 5 mM on
the planktonic growth of E. coli and Salmonella
enterica (Nesse et al. 2015). Similarly, studies
evaluating the activity of the related polyamine,
spermine, on biofilms of Neisseria gonorrhoeae
have reported that concentrations as high as
4 mM inhibited biofilm formation but had no
notable effect on bacterial growth (Goytia
et al. 2013). In contrast, exposure of S. aureus
to norspermidine at 20 mM was associated with a
negative effect on cell growth. While the antimi-
crobial mechanism is not currently known, it is
possible that susceptibility to norspermidine of
Gram-positive organisms, such as B. subtilis and
S. aureus, would differ from Gram-negative
organisms.

The concentrations of norspermidine required
for activity observed in our study are much
higher than those reported by Kolodkin-Gal
et al., who reported activity with concentrations
as low as 25 pM for B. subtilis, and between
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100 and 500 pM for S. aureus and E. coli for
biofilm inhibition (Kolodkin-Gal et al. 2012).
Although we did not evaluate their strains, for
S. aureus we observed activity only at
norspermidine concentrations > 5 mM (i.e., a
~10-40 fold difference). Recent studies
evaluating the antibiofilm  activity of
norspermidine and other polyamines against
clinical isolates have demonstrated that higher
concentrations are required for biofilm inhibi-
tion. In one such study, concentrations of
norspermidine between 500 and 5000 pM were
required to inhibit biofilms of clinical isolates of
E. coli, (Nesse et al. 2015) whereas the inhibitory
activity of spermine on N. gonorrhoeae biofilm
formation required concentrations as high as
4 mM (Goytia et al. 2013). Aside from inhibition
of biofilm formation, dispersal of biofilms was
also observed. Although Kolodkin-Gal et al.
showed that norspermidine was capable of dis-
persing biofilms of B. subtilis, their study did not
evaluate its dispersive activity against S. aureus
or E. coli (Kolodkin-Gal et al. 2012).

Importantly, we are not the first to observe
discrepancies in potency compared to the report
of Kolodkin-Gal et al. (Hobley et al. 2014).
These differences between studies have been
attributed to differences in strain and/or species;
however they may also relate to the use of
strongly alkaline (high pH) commercial
preparations of norspermidine. To eliminate the
antimicrobial effect of pH, we neutralized
norspermidine solutions with HEPES buffer to
near neutral pH (7-7.4) before experimental use.
This important step was not mentioned in the
methods of the original study by Kolodkin-Gal
et al., and subsequent studies using neutral
preparations have demonstrated the need for
higher concentrations of norspermidine (Goytia
et al. 2013; Hobley et al. 2014; Nesse et al. 2015;
Ramon-Perez et al. 2014). Despite methodologi-
cal differences making comparisons difficult,
numerous reports indicate that norspermidine
and other polyamines do have antibiofilm activ-
ity, and may ultimately prove to be clinically
useful to regulate biofilm formation.

A. baumannii isolates were most susceptible
to the effect of norspermidine among the various
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species tested. Recently, A. baumannii has
received significant attention for its propensity
to acquire resistance to multiple antibiotics and
its ability to cause a spectrum of severe
infections (Corbella et al. 2000; Dijkshoorn

et al. 2007; Gordon and Wareham 2010;
Munoz-Price and Weinstein 2008; Peleg
et al. 2008). Additionally, the ability of

A. baumannii to develop biofilms has been
implicated as an important pathogenic mecha-
nism (Gurung et al. 2013; Lee et al. 2008;
Rodriguez-Bano et al. 2008; Sanchez
et al. 2013; Wand et al. 2012), and identified as
a potential risk factor for the development of
persistent wound infections (Akers et al. 2014).
A major component of A. baumannii biofilm
matrices, similar to that described for the staphy-
lococcal species, are polysaccharides, in particu-
lar poly-f-1,6-N-acetylglucosamine (Bentancor
et al. 2012; Choi et al. 2009). Because the main
mode of action described for norspermidine was
the interference of interactions between
polysaccharides central to the development of a
stable biofilm matrix (Kolodkin-Gal et al. 2012),
interface with the polysaccharide components
could in part explain the potent activity observed
herein. This is consistent with previous reports
involving S. epidermidis biofilms (Ramon-Perez
et al. 2014). However, exposure of A. baumannii
isolates to norspermidine also reduced bacterial
motility and the expression of genes involved in
the synthesis of the quorum sensing signal, acyl-
homoserine  lactone = (ACH), potentially
contributing to the observed potency of
norspermidine in these isolates (Rumbo-Feal
et al. 2013; Saroj and Rather 2013).

Pili-like structures have been shown to con-
tribute to the initial steps of bacterial attachment
and formation of biofilms on abiotic surfaces
(Gaddy and Actis 2009; Longo et al. 2014). The
pili-like structures, including fimbriae encoded
by the csuA/BABCDE gene and the type IV
pilus, are involved in different stages of
Acinetobacter biofilm development, and are
widely distributed among clinical strains (Nait
Chabane et al. 2014; Tomaras et al. 2003). The
general loss of bacterial motility observed herein,
which is largely dependent on these structures,
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are similar to findings in a previous study
evaluating the effect of virstatin, a small organic
molecule capable of targeting virulence factors
including the type I and type IV pili (Cegelski
et al. 2009; Clemmer et al. 2011; Hung
et al. 2005). In this study, virstatin was shown
to inhibit bacterial motility and consequently
decrease in biofilm formation by clinical isolates
of A. baumannii, in part through the activities on
pili biogenesis (Nait Chabane et al. 2014).
Although we did not directly evaluate the effect
of norspermidine on pili biogenesis, our findings
do suggest a potential role of norspermidine on
motility.

Interestingly, the expression of genes
involved in the synthesis of quorum signaling
molecules was also diminished following expo-
sure to norspermidine. Biofilm formation for
many bacteria, including A. baumannii, is
mediated through quorum-sensing pathways
(Gaddy and Actis 2009; Longo et al. 2014;
Rodriguez-Bano et al. 2008). Surface motility
for A. baumannii is regulated by diverse
mechanisms, including quorum  sensing
(Clemmer et al. 2011; Saroj and Rather 2013).
Previous studies evaluating this relationship have
shown that strains of A. baumannii deficient in
the genes responsible for quorum signal produc-
tion were also hindered in motility as well as
biofilm formation (Clemmer et al. 2011). Collec-
tively, our findings indicate that norspermidine
has multiple effects on biofilms independent of
interactions  with  polysaccharides. = For
A. baumannii, the loss in motility and subse-
quently biofilm formation could in part have
been due to interference with quorum sensing.
Future studies evaluating the effects of similar
aspects of biofilm formation for other bacterial
species are necessary.

As a preliminary evaluation of the potential
clinical application of norspermidine, we
evaluated the associated toxicity on whole tissues
as well as individual cell lines following expo-
sure to norspermidine for specified periods of
time. Both a concentration- and time-dependent
cytotoxic effect of norspermidine was observed

within tissues as well as on individual cells lines
following exposure to concentrations of
norspermidine of 20 mM at times exceeding
6 h. Exposure of tissues beyond 6 h was
associated with significant changes in tissue his-
tology, as well as a significant increase in the
number of apoptotic cells. Likewise, when
evaluated wusing individual cell lines of
keratinocytes and fibroblasts, we observed simi-
lar negative effects on viability. Given that the
optimal biofilm dispersive and inhibitory
activities of norspermidine were observed at
higher concentrations, our findings indicate that
direct application of norspermidine may incur a
risk of local tissue toxicity, particularly when the
higher concentrations are used for extended
periods. However, it is important to note that
while these in vitro findings suggest high tissue
toxicity, similar findings have been reported for
other commonly used wound irrigants, such as
Dakin’s Solution (buffered sodium hypochlorite)
for which clinical use is well accepted (Siala
et al. 2014). While host tissue toxicity may
limit prolonged, direct application of
norspermidine, further studies evaluating brief
exposure to higher concentrations, and/or
prolonged exposures (>24 h) to lower biocom-
patible concentrations, are warranted. Addition-
ally, further studies examining the potentiating
effect of topical norspermidine on systemic
antimicrobials (Siala et al. 2014) may be helpful
to inform the potential clinical utility of
norspermidine as an adjunctive treatment for
wound infections.

4 Conclusions

Biofilm formation is recognized as a significant
pathogenic mechanism contributing to the devel-
opment of chronic human infections. Herein, we
demonstrate that the polyamine norspermidine
has inhibitory and dispersive activity against
clinical isolates of Gram-positive and Gram-
negative multidrug-resistant bacteria obtained
from persistent human infections. Norspermidine
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appears to be particularly potent against biofilms
of A. baumannii, presumably due to multiple
mechanisms of biofilm inhibition. Our in vitro
assessment suggests a potential risk for tissue
toxicity from norspermidine at  higher
concentrations (5-20 mM), with more favorable
biocompatibility at concentrations below 5 mM.
While this may limit its suitability as a topical
anti-biofilm agent, further studies should explore
treatment  strategies using norspermidine
concentrations below 5 mM, with or without
conventional antibiotics, to optimize the treat-
ment of biofilm-related bacterial wound
infections.

5 Methods
5.1 Bacterial Strains and Culture
Conditions

Bacterial isolates used in this study were pro-
spectively collected from wound infections, as
defined by criteria of the U.S. National
Healthcare Safety Network, of the upper and
lower extremities of injured U.S. military person-
nel as part of the Trauma Infectious Disease
Outcomes Study (Table 1) (Akers et al. 2014;
Tribble et al. 2011). All isolates were originally
collected from patients as a part of treatment and
not related to research. All isolates were previ-
ously determined to be phenotypically positive
for biofilm formation according to the crystal
violet assay (Akers et al. 2014; Sanchez
et al. 2013). Isolates were considered to be
associated with persistent infections if they
were recovered from the same anatomic site
>14 days after the initial isolate of the same
species. For this study, only isolates associated
with persistent wound infections were selected to
ensure that strains evaluated were likely to be
biofilm producers in vivo, as well as in vitro,
given the chronicity of infection. Organisms
were defined as multidrug-resistant if they
exhibited resistance to at least three of the
major antibiotic classes (aminoglycosides,
B-lactams, carbapenems, and fluoroquinolones)
or produced either extended spectrum
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B-lactamases or K. pneumoniae carbapenemases.
Bacterial isolates were recovered from frozen
storage at —80 °C and sub-cultured on blood
agar plates (Remel, Lenexa, KS) overnight at
37 °C prior to each experimental assay. Bacterial
cultures were grown in cation adjusted Mueller-
Hinton Broth (MHB-II) with agitation at 37 °C.

5.2 Reagents and Preparation

of Norspermidine

Norspermidine (bis-(3- aminopropyl)-amine),
putrescine, and spermidine were purchased
from Sigma-Aldrich (St. Louis, MO). For use in
experimental assays, norspermidine was diluted
into MHB-II containing 100 mM HEPES buffer,
to maintain a near-neutral pH, at the tested
concentrations. Putrescine and spermidine were
diluted in sterile water per the recommendations
of the manufacturer.

5.3 Biofilm Formation

and Dispersal/Inhibition Assays

Biofilm formation was examined under static
conditions using the semi-quantitative 96-well
plate (Corning, Inc., Corning, NY, USA) biofilm
model as previously described (Christensen
et al. 1985). Briefly, overnight bacterial cultures
were diluted 1:100 in fresh MHB-II and individ-
ual wells were filled with 180 pL and incubated
at 37 °C for 24 h. Following overnight incuba-
tion, plates were gently washed with 1X phos-
phate buffered saline (PBS; pH 7.4) to remove
non-adherent bacteria and stained with 100 pL of
0.1 % (w/v) crystal violet (Sigma-Aldrich,
St. Louis, MO) for 30 min at room temperature.
Excess crystal violet was removed by washing
with PBS, and resulting biofilm was quantified
by measuring the corresponding ODs7¢ nm of the
dye following solubilization in 70 % ethanol
(v/v). Biofilm biomass was determined by mea-
suring the absorbance of solubilized stain at
570 nm using a microtiter plate reader.

To assess the biofilm dispersal activity of
norspermidine, culture medium from biofilms
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Table 1 Characteristics of bacterial strains used in this study

Bacterial Specific
species Isolate® | Source | site Phenotypeb
Acinetobacter baumannii
AB 1 Wound | Lower MDR
leg
AB 2 Wound | Forearm | MDR
AB 3 Wound | Lower MDR
leg
AB 4 Wound | Upper MDR
arm
Klebsiella pneumoniae
KP 1 Wound | Thigh MDR
KP 2 Wound | Thigh MDR
KP 3 Wound | Upper MDR
arm
Pseudomonas aeruginosa
PA 1 MDR
PA2 Wound | Forearm | MDR
PA3 Wound | Thigh MDR
PA 4 Wound | Thigh MDR
PA'S Wound | Thigh MDR
Staphylococcus aureus
SA'1 Wound | Bone MSSA
SA 2 Wound | Foot MRSA
SA3 Wound | Foot MRSA
SA 4 Wound | Knee MRSA

Pulsed-field Type | Days from initial Biofilm

(PFT) isolate former
01]Y
7 20 |Y
50 21 |Y
44 24 |Y
01|Y
68 44 | Y
67 15]1Y
Y
26 14 |Y
25 47 |Y
29 16 |Y
32 17 |Y
USA 200 - Y
USA 100 206 | Y
17 20 |Y
16 91 |Y

“Isolates collected from wound infections of the upper and lower extremities of injured U.S. military personnel as part of
the Trauma Infectious Disease Outcomes Study (Tribble et al. 2011; Akers et al. 2014)

A multidrug-resistant (MDR) organism was defined as an organism resistant to antimicrobials in 3 or more classes of
antimicrobial agents (penicillins/cephalosporins, carbapenems, aminoglycosides, and quinolones) not including
tetracyclines or colistin. MSSA/MRSA: methicillin-susceptible/-resistant S. aureus

was removed after 24 h, and 200 pL of culture
medium supplemented with norspermidine in
100 mM HEPES buffer at the indicated
concentrations was added into individual wells
with the pre-established biofilm. After overnight
treatment, plates were gently washed with PBS to
remove unattached cells, stained with crystal
violet, rinsed, and then solubilized with ethanol
as described above. For assays evaluating the
ability of norspermidine to inhibit biofilm forma-
tion, cells were grown as described above in the
presence of media containing norspermidine at
the indicated concentrations. Dispersive and
inhibitory activity of norspermidine was reported
as a percentage dispersal (or inhibition) relative
to the untreated control group, exposed to media

containing 100 mM HEPES buffer. For each
clinical strain tested, biofilm assays were
performed in triplicate with a minimum of three
replicates per experiment, and the mean biofilm

absorbance value of the replicates was
determined.
5.4  Confocal Scanning Laser

Microscopy (CLSM)

Bacterial biofilms were visualized using an
Olympus FluoView confocal laser scanning
microscope (Olympus, Pittsburgh, PA). Briefly,
biofilms were grown as described above using
glass chamber slides, as previously described
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(Cardile et al. 2014). Following overnight treat-
ment (inhibition or dispersal), biofilms were
gently washed with sterile PBS, fixed for
10 min at room temperature with 4 % parafor-
maldehyde in PBS, and stained using Film Tracer
™ SYPRO® Ruby Biofilm Matrix Stain,
according to the manufacturer’s instructions
(Molecular Probes, Eugene, OR). CLSM images
were acquired at 20X magnification using an
argon laser (488 nm). Image analysis and
Z-stacks were acquired using the Olympus
FluoView software. Images were taken from
three distinct regions on the slide, and represen-
tative images were selected for each treatment

group.

5.5 Motility Assays

Bacterial motility was analyzed as previously
described on 0.5 % agar TSB plates
supplemented with 5 g/L tryptone, 2.5 g/L. NaCl
and 100 mM HEPES, pH 7 (Nait Chabane
et al. 2014; Skiebe et al. 2012). Briefly, single
bacterial colonies cultured on blood agar plates
were selected with a sterile pipet tip. This tip was
then used to puncture the agar to inoculate bacte-
ria directly into the motility plate. Motility was
analyzed after 24 h of growth at 37 °C, by mea-
suring the radius, in millimeters (mm), of the
motility zone of bacteria growing between the
bottom of the agar layer and the polystyrene
petri dish. Assays were repeated in triplicate.

5.6 RNA Isolation and Quantitative
Real Time Reverse Transcription

PCR (qRT-PCR)

To evaluate the effect of norspermidine on the
expression of genes related to homoserine lac-
tone synthesis (A1S_0109-A1S_0114) in
A. baumannii, including a reference strain
ATCC 17978 as well as three representative
clinical isolates, biofilms were formed in 6-well
tissue culture plates using previously described
methods in the presence of 5 and 20 mM
norspermidine (in 100 mM HEPES) for 24 h at
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37 °C (Cardile et al. 2014; Malachowa
et al. 2011). Following overnight incubation,
supernatants were removed, individual wells
were gently washed with PBS and attached bac-
teria (i.e. biofilm bacteria) were detached from
wells by scraping with pipette tips and
resuspended in 500 pL of PBS. Bacteria were
harvested by centrifugation, washed, lysed, and
the RNA was isolated using PureLink RNA Mini
Kit (Life Technologies, Grand Island, NY) fol-
lowing treatment of samples with Bacterial-RNA
Protect (Qiagen, Valencia, CA) as recommended
by the manufacturer. Isolated RNA was reverse
transcribed using the High Capacity cDNA
reverse transcription kit (Life Technologies),
per the manufacturer’s protocol. Quantitation of
gene expression was via TaqMan (Life
Technologies) methodology using the relative
standard curve method. The gene-specific PCR
primers (Table 2) were developed with Primer
Express software (Life Technologies). Real-time
quantitative PCR reactions consisted of the
cDNA template (1.5 ng), 1X Universal PCR
Master Mix for Gene Expression (Life
Technologies), gene specific primers (900 nM)
and probe (250 nM) in a total volume of 20 pL.
Standard curves consisted of ten-fold dilutions of
a positive control sample. PCR reactions were
performed in triplicate and cycled in a 7900HT
Sequence Detection System using standard
protocols (Applied Biosystems, Grand Island,
NY). Transcript levels were normalized to the
expression levels of the internal control mRNA,
Gyrase B (gyrB) and fold-regulation changes was
calculated using 272" method.

5.7 Tissue Viability Evaluation

Tissues used in this study were harvested from
the dermis of Sinclair Miniature pigs (Sus scrofa)
which was provided post-mortem as part of a
tissue sharing agreement and in compliance
with an approved animal study protocol through
the Animal Welfare Act and the implementing
Animal Welfare Regulations. For the
experiments in this study, no direct animal exper-
imentation was involved. Briefly, porcine skin
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Table 2 Quantitative real-time PCR (qQRT-PCR) primers and probes used in this study

Gene Primer/Probe name
DNA gyrase A1S_004-F
A1S_004-R

A1S_0109-F
A1S_0109-R

Homoserine lactone synthase

A1S_0112-F
A1S_0112-R

Acyl-CoA synthetase

A1S_0113-F
A1S_0113-R

Acyl-CoA dehydrogenase

A1S_0114-F
A1S_0114-R

Acyl-carrier protein

explants were extracted from tissues using a
6 mm biopsy punch. Tissues were washed with
PBS and then sterilized by 15 min exposures to
70 % ethanol solution followed by 0.615 %
sodium hypochlorite solution prepared in PBS
(Yang et al. 2013). Biopsied tissues (n = 6)
were then exposed to norspermidine at the
designated concentrations diluted in saline with
100 mM HEPES buffer for 24 h. Following
exposure, tissues were washed twice with PBS,
transferred to a 96-well plate, and incubated with
MTT cell viability reagent (ATCC, Manassas,
VA) for 2 h at 37 °C. Tissues were then trans-
ferred to individual wells of a 96-well plate
containing dimethyl sulfoxide (0.07 mL) and
incubated for an additional 1 h at 37 °C to extract
the MTT reagent. Solubilized formazan was
quantified by measuring the absorbance at
540 nm. As a positive control for the MTT
assay, a group of tissue samples were heated to
200 °C for 5 min. The average of optical density
values of the positive control were then
subtracted from the absorbance values obtained
for all other samples. Tissue viability of explants
was expressed as the ratio between the observed
ODs40,m and the weight of the explant in grams,
and reported as a percentage to non-treated con-
trol as previously described (Castagnoli
et al. 2003).

A1S_004 PROBE

A1S_0109 PROBE

A1S_0112 PROBE

A1S_0113 PROBE

A1S_0114 PROBE

Sequence
5'-GATGATGCGCGTGAAGGTTT-3'
5'-GACGAGAATTTCGGATCAGGAA-3’
5'-ACAGCCATTATTTCTG-3’
5'-GATTTTTCAAATCCGCCTTCCT-3’
5'-TGCAATTGAGACCGGTGATG-3’
5'-AGCAGTCAGGCTGTG-3’
5'-GATCGGCTCGGTTTTGCA-3'
5'-GCGGCGACATGACATAACAA-3’
5'-ACCGTATATGTGGGACTGA-3’
5'-TCGCTACAGCTTATGCCTACCTT-3’
5'-TCGCGCACCAACAAGTGA-3’
5'-TAGCGGCTGAGGTGTT-3'
5'-AAGCTTACTGGAGCGCAATCA-3’
5'-CAGGCTCTACGCGCATCTCT-3'
5'-TCGTACGCTAGTCGCT-3'

5.8 Histological Analysis

and Immunohistochemistry

Excised tissue sections were fixed in 10 % neutral
buffered formalin for 48 h, embedded in paraffin,
and then cut into 7 pm cross-sectional slices. Slides
were deparaffinized in xylene, rehydrated in water
and stained with Weigert’s iron hematoxylin solu-
tion kit (Sigma Aldrich, St. Louis, MO).
Immunohistochemistry was performed as follows:
heat-mediated antigen retrieval with 0.01 M citrate
buffer at 95-98 °C for 15 min, blocking with 10 %
horse serum in Hanks’ balanced salt solution
(HBSS) for 30 min at room temperature, followed
by incubation with a 1:300 dilution of rabbit poly-
clonal antibody to caspase-3 (Abcam, Cambridge,
MA) overnight at 4 °C. Following overnight incu-
bation, slides were washed with HBSS and
exposed to horse anti-rabbit biotinylated second-
ary antibody for 60 min at room temperature (Vec-
tor Labs, Burlingame, CA). Tissue sections were
then incubated with Vectastain-RTU Kit solution
and ImmPACT DAB Diaminobenzidine (Vector
Laboratories) followed by counterstaining with
hematoxylin and dehydration prior to cover slip-
ping. Representative images of H&E and caspase-
3 stained tissue sections were captured at 10 and
20 X magnifications using a Zeiss AxioScan Z1
slide scanner (Munich, Germany).
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5.9 Cell Lines and Viability Assays
Human epidermal keratinocytes (HEKOOI;

ATCC CRL-2404; ATCC, Manassas, VA,
USA) were grown in keratinocyte serum-free
medium (GIBCO, Grand Island, NY)
supplemented with 5 ng/ml of human recombi-
nant epidermal growth factor (EGF) and 2 mm of
L-glutamine. Human dermal fibroblasts
(PromoCell, Heidelberg, Germany) were grown
in Dulbecco Modified Eagle Medium
supplemented with 10 % fetal bovine serum,
10 U/mL of penicillin, and 10 pg/mL of strepto-
mycin. Cell lines were grown and maintained at
37 °C in 5 % carbon dioxide. Cellular viability
assays were performed as previously described
(Barsoumian et al. 2013), which in brief
consisted of exposing confluent monolayers of
cells to norspermidine (1, 5, 25 mM in 100 mM
HEPES buffer (pH 7)) diluted into the appropri-
ate cell medias for up to 24 h at 37 °Cin 5 %
CO,. Following exposure, cells were washed,
resuspended in phosphate buffered saline
(pH 7.4), and cell viability measured using Cell
Titer-Fluor assay (Promega, Madison, WI, USA)
as recommended by the manufacturer. As a neg-
ative control, cells were exposed to media
containing only 100 mM HEPES buffer and via-
bility reported as a percentage of the non-treated
control group. Assays were performed at least
twice with a minimum of three technical
replicates per test condition.

5.10 Statistical Analysis

Where appropriate, statistical analysis was
performed using an unpaired, two-tail student’s
t test or a One-way ANOVA with a Dunnett’s
post-hoc evaluation for comparison of the control
group between multiple treatment groups.
P values of <0.05 were considered to be statisti-
cally significant.

Authors’ Contributions APC, RLW and CJS conceived
and designed the experiments. RLW, SCB, RAG and CJS
performed the experiments. APC and CJS analyzed the
data. APC, KM, KSA, JCW and CJS contributed to

A.P. Cardile et al.

preparation and review of the final manuscript. All
authors read and approved the final manuscript.

Acknowledgments This work was supported by intra-
mural funding from the Combat Casualty Research Pro-
gram, Medical Research and Materiel Command.
Additional support for this work (IDCRP-024) was
provided by in part by the Infectious Disease Clinical
Research Program (IDCRP), a Department of Defense
program executed through the Uniformed Services Uni-
versity of the Health Sciences. This project has been
funded by the Department of Defense Global Emerging
Infections Surveillance and Response System (GEIS), a
division of the Armed Forces Health Surveillance Center,
National Institute of Allergy and Infectious Diseases,
National Institute of Health, under Inter-Agency Agree-
ment Y 1-AI-5072, and the Department of the Navy under
the Wounded, Ill, and Injured Program. We are indebted
to the Infectious Disease Clinical Research Program
TIDOS study team. Lastly we would also like to thank
Kinton Armmer and Douglas Cortez for their assistance
with isolation and preparation of the porcine tissues used
in this study.

Competing Interests The authors declare that they have
no competing interests.

Disclaimer The opinions or assertions contained herein
are the private views of the authors are not to be construed
as official or as reflecting the views of the Uniformed
Services University of the Health Sciences, the National
Institute of Health or the Department of Health and
Human Services, the Department of Defense, the
Departments of the Army, Navy or Air Force, or the
United States Army Institute of Surgical Research. Men-
tion of trade names, commercial products, or organization
does not imply endorsement by the U.S. Government.

References

Akers KS, Mende K, Cheatle KA, Zera WC, Yu X,
Beckius ML, Aggarwal D, Li P, Sanchez CJ, Wenke
JC, Weintrob AC, Tribble DR, Murray CK, Infectious
Disease Clinical Research Program-Trauma Infec-
tious Disease Outcomes Study Group (IDCRP-
TIDOS) (2014) Biofilms and persistent wound
infections in United States military trauma patients: a
case-control analysis. BMC Infect Dis 14:190

Anderson GG, O’Toole GA (2008) Innate and induced
resistance mechanisms of bacterial biofilms. Curr Top
Microbiol Immunol 322:85-105

Barsoumian A, Sanchez CJ, Mende K, Tully CC, Beckius
ML, Akers KS, Wenke JC, Murray CK (2013) In vitro
toxicity and activity of Dakin’s solution, mafenide



Activity of Norspermidine on Bacterial Biofilms of Multidrug-Resistant. . . 69

acetate, and amphotericin B on filamentous fungi and
human cells. J Orthop Trauma 27(8):428-436

Bentancor LV, O’Malley JM, Bozkurt-Guzel C, Pier GB,
Maira-Litran T (2012) Poly-N-acetyl-beta-(1-6)-glu-
cosamine is a target for protective immunity against
Acinetobacter baumannii infections. Infect Immun
80(2):651-656

Bjarnsholt T, Kirketerp-Moller K, Jensen PO, Madsen
KG, Phipps R, Krogfelt K, Hoiby N, Givskov M
(2008) Why chronic wounds will not heal: a novel
hypothesis. Wound Repair Regen 16(1):2-10

Cardile AP, Sanchez CJ Jr, Samberg ME, Romano DR,
Hardy SK, Wenke JC, Murray CK, Akers KS (2014)
Human plasma enhances the expression of staphylo-
coccal microbial surface components recognizing
adhesive matrix molecules promoting biofilm forma-
tion and increases antimicrobial tolerance in vitro.
BMC Res Notes 7:457

Castagnoli C, Alotto D, Cambieri I, Casimiri R, Aluffi M,
Stella M, Alasia ST, Magliacani G (2003) Evaluation
of donor skin viability: fresh and cryopreserved skin
using tetrazolioum salt assay. Burns 29(8):759-767

Cegelski L, Pinkner JS, Hammer ND, Cusumano CK,
Hung CS, Chorell E, Aberg V, Walker JN, Seed PC,
Almgqvist F, Chapman MR, Hultgren SJ (2009) Small-
molecule inhibitors target Escherichia coli amyloid
biogenesis and biofilm formation. Nat Chem Biol
5(12):913-919

Choi AH, Slamti L, Avci FY, Pier GB, Maira-Litran T
(2009) The pgaABCD locus of Acinetobacter
baumannii encodes the production of poly-beta-1-6-
N-acetylglucosamine, which is critical for biofilm for-
mation. J Bacteriol 191(19):5953-5963

Christensen GD, Simpson WA, Younger JJ, Baddour LM,
Barrett FF, Melton DM, Beachey EH (1985) Adher-
ence of coagulase-negative staphylococci to plastic
tissue culture plates: a quantitative model for the
adherence of staphylococci to medical devices. J
Clin Microbiol 22(6):996-1006

Clemmer KM, Bonomo RA, Rather PN (2011) Genetic
analysis of surface motility in Acinetobacter
baumannii. Microbiology 157(Pt 9):2534-2544

Corbella X, Montero A, Pujol M, Dominguez MA,
Ayats J, Argerich MJ, Garrigosa F, Ariza J, Gudiol F
(2000) Emergence and rapid spread of carbapenem
resistance during a large and sustained hospital out-
break of multiresistant Acinetobacter baumannii. J
Clin Microbiol 38(11):4086—4095

Costerton JW (1999) Introduction to biofilm. Int J
Antimicrob Agents 11(3—4):217-221; discussion
237-219

Costerton JW, Stewart PS, Greenberg EP (1999) Bacterial
biofilms: a common cause of persistent infections.
Science 284(5418):1318-1322

Dijkshoorn L, Nemec A, Seifert H (2007) An increasing
threat in hospitals: multidrug-resistant Acinetobacter
baumannii. Nat Rev Microbiol 5(12):939-951

Gaddy JA, Actis LA (2009) Regulation of Acinetobacter
baumannii biofilm formation. Future Microbiol
4(3):273-278

Gordon NC, Warecham DW (2010) Multidrug-resistant
Acinetobacter baumannii: mechanisms of virulence
and resistance. Int J Antimicrob Agents 35(3):219-226

Goytia M, Dhulipala VL, Shafer WM (2013) Spermine
impairs biofilm formation by Neisseria gonorrhoeae.
FEMS Microbiol Lett 343(1):64—69

Gurung J, Khyriem AB, Banik A, Lyngdoh WV,
Choudhury B, Bhattacharyya P (2013) Association of
biofilm production with multidrug resistance among
clinical isolates of Acinetobacter baumannii and Pseu-
domonas aeruginosa from intensive care unit. Indian J
Crit Care Med 17(4):214-218

Hall-Stoodley L, Costerton JW, Stoodley P (2004) Bacte-
rial biofilms: from the natural environment to infec-
tious diseases. Nat Rev Microbiol 2(2):95-108

Hobley L, Kim SH, Maezato Y, Wyllie S, Fairlamb AH,
Stanley-Wall NR, Michael AJ (2014) Norspermidine
is not a self-produced trigger for biofilm disassembly.
Cell 156(4):844-854

Hung DT, Shakhnovich EA, Pierson E, Mekalanos JJ
(2005) Small-molecule inhibitor of Vibrio cholerae
virulence and intestinal colonization. Science
310(5748):670-674

James GA, Swogger E, Wolcott R, Pulcini E, Secor P,
Sestrich J, Costerton JW, Stewart PS (2008) Biofilms
in chronic wounds. Wound Repair Regen 16(1):37—44

Kaplan JB (2010) Biofilm dispersal: mechanisms, clinical
implications, and potential therapeutic uses. J Dent
Res 89(3):205-218

Karatan E, Michael AJ (2013) A wider role for
polyamines in biofilm formation. Biotechnol Lett
35(11):1715-1717

Kolodkin-Gal I, Cao S, Chai L, Bottcher T, Kolter R,
Clardy J, Losick R (2012) A self-produced trigger
for biofilm disassembly that targets
exopolysaccharide. Cell 149(3):684—692

Kostakioti M, Hadjifrangiskou M, Hultgren SJ (2013)
Bacterial biofilms: development, dispersal, and thera-
peutic strategies in the dawn of the postantibiotic era.
Cold Spring Harb Perspect Med 3(4):a010306

Kouidhi B, Al Qurashi YM, Chaieb K (2015) Drug resis-
tance of bacterial dental biofilm and the potential use
of natural compounds as alternative for prevention and
treatment. Microb Pathog 80:39—49

Lee HW, Koh YM, Kim J, Lee JC, Lee YC, Seol SY, Cho
DT, Kim J (2008) Capacity of multidrug-resistant
clinical isolates of Acinetobacter baumannii to form
biofilm and adhere to epithelial cell surfaces. Clin
Microbiol Infect 14(1):49-54

Lee J, Sperandio V, Frantz DE, Longgood J, Camilli A,
Phillips MA, Michael AJ (2009) An alternative poly-
amine biosynthetic pathway is widespread in bacteria
and essential for biofilm formation in Vibrio cholerae.
J Biol Chem 284(15):9899-9907

Longo F, Vuotto C, Donelli G (2014) Biofilm formation
in  Acinetobacter  baumannii. New  Microbiol
37(2):119-127

Mah TF, O’Toole GA (2001) Mechanisms of biofilm
resistance to antimicrobial agents. Trends Microbiol
9(1):34-39



70

Malachowa N, Whitney AR, Kobayashi SD, Sturdevant
DE, Kennedy AD, Braughton KR, Shabb DW, Diep
BA, Chambers HF, Otto M, DeLeo FR (2011) Global
changes in Staphylococcus aureus gene expression in
human blood. PLoS One 6(4):€18617

Munoz-Price LS, Weinstein RA (2008) Acinetobacter
infection. N Engl J Med 358(12):1271-1281

Nait Chabane Y, Mlouka MB, Alexandre S, Nicol M,
Marti S, Pestel-Caron M, Vila J, Jouenne T, De E
(2014) Virstatin inhibits biofilm formation and motil-
ity of Acinetobacter baumannii. BMC Microbiol
14:62

Nesse LL, Berg K, Vestby LK (2015) The effect of
norspermidine and spermidine on biofilm formation
by potentially pathogenic Escherichia coli and Salmo-
nella enterica wild type strains. Appl Environ
Microbiol 81(6):2226-2232

Patel CN, Wortham BW, Lines JL, Fetherston JD, Perry
RD, Oliveira MA (2006) Polyamines are essential for
the formation of plague biofilm. J Bacteriol
188(7):2355-2363

Peleg AY, Seifert H, Paterson DL (2008) Acinetobacter
baumannii: emergence of a successful pathogen. Clin
Microbiol Rev 21(3):538-582

Ramon-Perez ML, Diaz-Cedillo F, Contreras-Rodriguez-
A, Betanzos-Cabrera G, Peralta H, Rodriguez-
Martinez S, Cancino-Diaz ME, Jan-Roblero J,
Cancino Diaz JC (2014) Different sensitivity levels
to norspermidine on biofilm formation in clinical and
commensal Staphylococcus — epidermidis — strains.
Microb Pathog 79C:8-16

Rodriguez-Bano J, Marti S, Soto S, Fernandez-Cuenca F,
Cisneros JM, Pachon J, Pascual A, Martinez-
Martinez L, McQueary C, Actis LA, Vila J, Spanish
Group for the Study of Nosocomial I (2008) Biofilm
formation in Acinetobacter baumannii: associated
features and clinical implications. Clin Microbiol
Infect 14(3):276-278

Romling U, Balsalobre C (2012) Biofilm infections, their
resilience to therapy and innovative treatment
strategies. J Intern Med 272(6):541-561

Rumbo-Feal S, Gomez MJ, Gayoso C, Alvarez-Fraga L,
Cabral MP, Aransay AM, Rodriguez-Ezpeleta N,
Fullaondo A, Valle J, Tomas M, Bou G, Poza M
(2013) Whole transcriptome analysis of Acinetobacter
baumannii assessed by RNA-sequencing reveals dif-
ferent mRNA expression profiles in biofilm compared
to planktonic cells. PLoS One 8(8):72968

Sanchez CJ Jr, Mende K, Beckius ML, Akers KS,
Romano DR, Wenke JC, Murray CK (2013) Biofilm

A.P. Cardile et al.

formation by clinical isolates and the implications in
chronic infections. BMC Infect Dis 13:47

Saroj SD, Rather PN (2013) Streptomycin inhibits quo-
rum sensing in Acinetobacter baumannii. Antimicrob
Agents Chemother 57(4):1926-1929

Siala W, Mingeot-Leclercq MP, Tulkens PM, Hallin M,
Denis O, Van Bambeke F (2014) Comparison of the
antibiotic activities of Daptomycin, Vancomycin, and
the investigational Fluoroquinolone Delafloxacin
against biofilms from Staphylococcus aureus clinical
isolates. Antimicrob Agents Chemother
58(11):6385-6397

Skiebe E, de Berardinis V, Morczinek P, Kerrinnes T,
Faber F, Lepka D, Hammer B, Zimmermann O,
Ziesing S, Wichelhaus TA, Hunfeld KP, Borgmann S,
Grobner S, Higgins PG, Seifert H, Busse HJ, Witte W,
Pfeifer Y, Wilharm G (2012) Surface-associated motil-
ity, a common trait of clinical isolates of Acinetobacter
baumannii, depends on 1,3-diaminopropane. Int J Med
Microbiol 302(3):117-128

Tomaras AP, Dorsey CW, Edelmann RE, Actis LA
(2003) Attachment to and biofilm formation on abiotic
surfaces by Acinetobacter baumannii: involvement of
a novel chaperone-usher pili assembly system. Micro-
biology 149(Pt 12):3473-3484

Tribble DR, Conger NG, Fraser S, Gleeson TD,
Wilkins K, Antonille T, Weintrob A, Ganesan A,
Gaskins LJ, Li P, Grandits G, Landrum ML,
Hospenthal DR, Millar EV, Blackbourne LH, Dunne
JR, Craft D, Mende K, Wortmann GW, Herlihy R,
McDonald J, Murray CK (2011) Infection-associated
clinical outcomes in hospitalized medical evacuees
after traumatic injury: trauma infectious disease out-
come study. J Trauma 71(1 Suppl):S33—-S42

Wand ME, Bock LJ, Turton JF, Nugent PG, Sutton JM
(2012)  Acinetobacter  baumannii ~ virulence is
enhanced in Galleria mellonella following biofilm
adaptation. J] Med Microbiol 61(Pt 4):470-477

Wortham BW, Patel CN, Oliveira MA (2007) Polyamines
in bacteria: pleiotropic effects yet specific
mechanisms. Adv Exp Med Biol 603:106-115

Wortham BW, Oliveira MA, Fetherston JD, Perry RD
(2010) Polyamines are required for the expression of
key Hms proteins important for Yersinia pestis biofilm
formation. Environ Microbiol 12(7):2034-2047

Yang Q, Phillips PL, Sampson EM, Progulske-Fox A,
Jin S, Antonelli P, Schultz GS (2013) Development
of a novel ex vivo porcine skin explant model for the
assessment of mature bacterial biofilms. Wound
Repair Regen 21(5):704-714



	Activity of Norspermidine on Bacterial Biofilms of Multidrug-Resistant Clinical Isolates Associated with Persistent Extremity ...
	1 Introduction
	2 Results
	2.1 Preliminary Screening of the Inhibitory and Dispersive Activity of Norspermidine Against Bacterial Biofilms
	2.2 Effect of Norspermidine on Bacterial Growth
	2.3 Norspermidine Inhibits and Disperses Biofilms of Clinical Isolates Associated with Chronic Human Infections
	2.4 Norspermidine Inhibits Motility and Quorum Sensing in A. baumannii
	2.5 Assessment of Biocompatibility of Norspermidine on Whole Cell Tissues and Human Cell Lines in vitro

	3 Discussion
	4 Conclusions
	5 Methods
	5.1 Bacterial Strains and Culture Conditions
	5.2 Reagents and Preparation of Norspermidine
	5.3 Biofilm Formation and Dispersal/Inhibition Assays
	5.4 Confocal Scanning Laser Microscopy (CLSM)
	5.5 Motility Assays
	5.6 RNA Isolation and Quantitative Real Time Reverse Transcription PCR (qRT-PCR)
	5.7 Tissue Viability Evaluation
	5.8 Histological Analysis and Immunohistochemistry
	5.9 Cell Lines and Viability Assays
	5.10 Statistical Analysis

	References


