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Abstract: Background: The intestinal microbiota is a very active microbial community interacting
with the host in maintaining homeostasis; it acts in cooperation with intestinal epithelial cells, which
protect the host from the external environment by producing a diverse arsenal of antimicrobial
peptides (AMPs), including β-defensins-2 and 3 (HBD-2 and HBD-3), considered among the most
studied in this category. However, there are some circumstances in which an alteration of this eubiotic
state occurs, with the triggering of dysbiosis. In this condition, the microbiota loses its protective
power, leading to the onset of opportunistic infections. In this scenario, the emergence of multi-drug
resistant biofilms from Pseudomonas aeruginosa and Staphylococcus aureus is very frequent. Methods:
We created a Caco-2 intestinal epithelial cell line stably transfected with the genes, encoding HBD-2
and HBD-3, in order to evaluate their ability to inhibit the intestinal biofilm formation of P. aeruginosa
and S. aureus. Results: Both HBD-2 and HBD-3 showed anti-biofilm activity against P. aeruginosa and
S. aureus. Conclusions: The exploitation of endogenous antimicrobial peptides as a new anti-biofilm
therapy, in isolation or in combination with conventional antibiotics, can be an interesting prospect
in the treatment of chronic and multi-drug resistant infections.

Keywords: biofilm; intestinal microbiota; dysbiosis; antimicrobial peptides; Pseudomonas aeruginosa;
Staphylococcus aureus

1. Introduction

The intestinal microbiota is a very active microbial community comprised of 100
trillions of microbes, including bacteria, fungi, viruses and protozoa. Most microbial
colonisers are innocuous, beneficial, and able to mutually interact with the host to play
a role in homeostasis maintenance, and protect the host from the environment [1]. Such
microbiota are also involved in the storage of energy and are able, thanks to the production
of various enzymes, to influence the metabolism of the host. This feature is believed to be
an evolution of bacteria towards the condition of human symbionts [2].

In addition to microbiota, the cells of the intestinal epithelium represent the second
barrier in the line of defense between the host and the environment. This occurs through
the presence of tight junctions (TJs), which physically strengthen the barrier [3], and by
the production of molecules, such as cytokines, chemokines and antimicrobial peptides
(AMPs), capable of activating the mechanisms of the innate immune system [4–6]. AMPs
are highly conserved peptides expressed constitutively, or induced by microorganisms
through mechanisms involving the activation of Pattern Recognition Receptors (PRRs) in
intestinal epithelial cells [7,8]. The two main classes of AMPs include cathelicidins and
defensins of which β-defensin-2 and β-defensin-3 (HBD-2 and HBD-3) are of particular
importance [9,10].
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HBD-2 acts as an endogenous antibiotic in the defence against Gram-negative bacteria,
while HBD-3 exhibits antimicrobial activity against Gram-positive and Gram-negative
bacteria and fungi [9,10].

In physiological conditions, there is a balance and cooperation between microbiota
and the cells of the intestinal epithelium [11]; however, there are circumstances where an
alteration of this eubiotic state occurs, triggering microdysbiosis. This severe imbalance
of microbiota can occur due to various causes, such as antibiotic therapies, improper diet,
lifestyle or some pathological conditions [12,13]. Moreover, it can lead to the onset of
intestinal and extra-intestinal autoimmune and inflammatory diseases (type I diabetes,
rheumatoid arthritis, ankylosing spondylosis, IBD, lung disease, atopy, non-alcoholic fatty
liver disease, obesity, atherosclerosis and carcinogenesis among others) [14]. Furthermore,
since in this condition, the microbiota loses its protective power and ability to represent an
anti-infective barrier, the host can be more easily infected by pathogenic environmental
microorganisms and opportunistic members of the microbiota that have acquired the ability
to display their pathogenic potential, leading to the onset of opportunistic infections. Most
often, the transition from a healthy to a diseased microbiota is marked by the growth of
thick pathogenic polymicrobial biofilms [15,16].

Pseudomonas aeruginosa and Staphylococcus aureus infections are frequently found.
These two species are well-known opportunistic, potent, biofilm-producing, nosocomial
and food-borne pathogens, which can cause intestinal infections as common colonisers
of the human intestine in hospitalised, immune-compromised or antibiotic-treated pa-
tients [17–20].

P. aeruginosa is a ubiquitous Gram-negative opportunistic pathogen, for which the
human intestine of immune-compromised patients [17,21–25] or individuals suffering from
some pathologies such as irritable bowel syndrome or ulcerative colitis [26–28] represent a
natural reservoir. The intestinal transport of P. aeruginosa can cause diarrheic syndromes in
subjects exposed to prolonged antibiotic therapy [29], or intestinal diseases accompanied
by sepsis, such as “Shanghai fever” [30]. Its colonisation can be accompanied by invasion
of the bloodstream, resulting in bacteraemia. In such patients, intestinal colonisation by
P. aeruginosa alone has been associated with a three-fold increase in mortality in critically
ill patients [31]. Furthermore, the strong ability to form biofilms in many environments
renders antibiotic therapies ineffective and leads to the onset of chronic conditions [17,32].

S. aureus is a Gram-positive opportunistic and resilient human pathogen, a causative
agent of severe acute and chronic infections, that colonises mucous surfaces and is often
involved in polymicrobial co-infections [33]. It may interact with other species in a cooper-
ative manner, such as with Candida albicans [34,35], Enterococcus faecalis [36], Haemophilus
influenzae [37,38] and influenza virus, [39] or in competitive ways, such as with P. aeruginosa,
Streptococcus pneumonia [37,38], Lactobacillus spp. [40–42] and Corynebacterium spp. [43,44].
Several studies have shown that S. aureus colonises the intestines of newborns and that its
presence in these early stages of development may be related to allergic phenomena [45].
It is also one of the most common food-borne pathogens, responsible for over 240,000
gastrointestinal infections per year [46]. Its pathogenic potential has increased in recent
years following the emergence of multi-drug resistant strains, such as the MRSA strain
(Methicillin-resistant S. aureus), which represents an important public health problem as
it is easily isolated in community settings [47]. Its ability to produce biofilms is due to
the production of intercellular polysaccharide adhesion (PIA), one of the most important
biofilm components, encoded by the icaADBC cluster gene [48].

Due to the increased resistance to antibiotics and conventional treatment of bacteria in
biofilms, finding substances or new therapeutic approaches to inhibit biofilm formation or
trigger mature biofilm disassembly attracts considerable interest. In addition, inhibition of
bacterial virulence and/or biofilm formation by targeting non-microbicidal mechanisms,
are examples of increasingly explored antipathogenic strategies.
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We recently [10] created a Caco-2 cell line stably transfected with the genes encod-
ing the HBD-2 and HBD-3 antimicrobial peptides and evaluated their role during acute
infections with Salmonella enterica subsp. enterica serovar typhimurium [10] and C. albicans [3].

The aim of this work is to test a new approach in the prevention of and therapy for
biofilm-borne infections of P. aeruginosa and S. aureus, based on the increased production of
antimicrobial peptides HBD-2 and HBD-3

2. Materials and Methods
2.1. Cloning and Transfection

The cloning and transfection procedure has been described earlier [10]. Briefly, total
RNA was extracted using a High Pure RNA Isolation Kit (Roche Diagnostics, Monza, Italy)
from primary cultures of human keratinocytes stimulated with the LPS of P. aeruginosa and
TNF-α in order to obtain a high production of antimicrobial peptides. It was subsequently
transcribed into complementary Cdna, and two pairs of degenerate primers [10] designed
on their specific amino acid were used to amplify, by RT-PCR, genes coding HBD-2 and
HBD-3 with FastStart High Fidelity (Roche Diagnostics). The amplified DNA fragments
were subjected to restriction and sequencing analysis and cloned into the pEF/V5-HIS
TOPO (Invitrogen, Carlsbad, NM, USA) vector using the T4 DNA ligase (Invitrogen, USA),
in accordance with the manufacturer’s protocol and then transformed into Escherichia coli
TOP 10 (Invitrogen, USA). The cloning vectors, pEF/V5-HIS TOPO-HBD-2 and pEF/V5-
HIS TOPO-HBD-3, were extracted from the bacterial culture and amplified using a QIAprep
Spin Midiprep Kit (QIAGEN, Germantown, MD, USA). Caco-2 cells were transfected using
the IBAfect reagent (IBA), according to the manufacturer’s manuals. After incubation, the
success of the experiment was verified by the extraction of mRNA from treated cells and
by the amplification of HBD-2 and HBD-3 genes by PCR [10]. Cell-free supernatants of the
transfected cells were recovered by centrifugation and assayed for the HBD-2 and HBD-
3 concentration by an enzyme-linked immunosorbent assay (Phoenix Pharmaceuticals,
Burlingame, CA, USA). For blasticidin selection, untransfected and transfected cells were
cultured for 14 days in the presence of the following increasing concentrations of blasticidin
S (Sigma-Aldrich, Darmstadt, Germany): 5, 10, 20, 50, 100 and 250 µg/mL. Thereafter, MTT
labelling reagent was added at a final concentration of 0.5 mg/mL [10].

2.2. Cell Culture

Caco-2 cells (Human Caucasian colon adenocarcinoma cells, ATCC® HTB-37™) were
routinely cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco, Waltham, MA,
USA), supplemented with 1% Penstrep, 1% glutamine, and 10% foetal calf serum (Gibco,
USA) at 37 ◦C at 5% CO2. After transfection, the cells were grown in the presence of
250 µg/mL blasticidin (InvivoGen, San Diego, CA, USA) in a sterile 25 cm2 flask at
a concentration of 3 × 105 to confluence for 21 days to reach full differentiation and
polarisation [3,10]. The culture medium was changed every two days.

2.3. Bacterial Strains

P. aeruginosa ATCC® 9027™ and S. aureus ATCC® 6538™ were cultured in Bacto
Tryptic Soy Broth (TSB—Difco Laboratories, Detroit, MI, USA). These strains were grown
at 37 ◦C for 18 h.

2.4. Biofilm Formation Assay

For the biofilm assay, overnight cultures of P. aeruginosa and S. aureus were diluted
with TSB (Oxoid), as positive control in cell culture supernatants of Caco-2, Caco-2/HBD-2
and Caco-2/HBD-3 to obtain a concentration of 107 CFUs/mL; aliquots (200 µL) of the
diluted bacterial suspension were placed into 96-well, flat-bottomed, sterile polystyrene
microplates (Costar, Corning, Inc., New York, NY, USA) and incubated overnight at 37 ◦C in
aerobic conditions. The biofilm formed was quantified by a modification of the crystal violet
assay (O’Toole et al.) [49]. Briefly, after 2, 4, 6 and 24 h, the attached bacteria were washed
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twice with 200 µL of PBS and air-dried for 45 min. The wells were then stained with 200 µL
of 0.5% aqueous crystal violet solution for 45 min. The plates were rinsed with 200 µL of
sterile distilled water to remove excess dye and air-dried. The dye associated with attached
biofilm was dissolved in a solution of 200 µL of 100 ethanol, and the OD570/655 absorbance
was measured on a microplate reader (580 Biorad, Laboratories, Segrate, Milan, Italy).

2.5. Biofilm Evaluation with Conventional Plate Counting

For the determination of the number of viable sessile cells, the mature biofilm, obtained
as described, was washed twice with sterile PBS to eliminate the planktonic cells and re-
suspended after vigorous cracking in TSB. Subsequently, serial dilutions were inoculated
on TSA and incubated at 37 ◦C for 24 h, followed by the counting of CFUs/mL. The
experiments were carried out in triplicate [50].

2.6. Biofilm Evaluation with Fluorescence Microscopy

Biofilm formation was visualised using FilmTracer™ LIVE/DEAD® Biofilm Viability
Kit (Invitrogen, USA) containing SYTO 9 dye (3.34 mM) and propidium iodide (20 mM).
Briefly, the biofilm formed on 96-well, flat-bottomed, sterile polystyrene microplates as
previously described, was stained for 30 min in the dark at room temperature, as manu-
facturer’s instructions, then visualised with fluorescence microscopy. Fluorescent images
were collected using a Nikon Ti2-U research inverted fluorescence microscope, (Nikon
Instruments, Amsterdam, Netherlands) with beam path settings for FITC and TRITC-like
labels. Stacks of about 20 images were collected using a 20 × objective lens. The stain
differentiates live bacteria from dead by staining living bacteria fluorescent green and the
dead ones fluorescent red, while the background remains virtually non-fluorescent.

2.7. Evaluation of Biofilm-Associated Gene Expression

For the evaluation of the expression levels of genes associated with biofilm formation
in P. aeruginosa and S. aureus, the mRNA of viable sessile cells, obtained following biofilm
formation as previously described, was extracted using the Tri-Reagent as per manufac-
turer’s instructions. Two hundred nanograms of mRNA were reverse-transcribed (Expand
Reverse Transcriptase, Roche Dignostic, Italy) into complementary DNA (cDNA) using
random hexamer primers (Random hexamers, Roche Diagnostic, Italy) at 42 ◦C for 45 min,
according to the manufacturer’s instructions [3,10].

To confirm the success of the extraction, the samples were subjected to amplification
of the 16S sequence by PCR using primers 27F’-GGTAGAGTTTGATCCTGGCTCAG-3′ and
518R 5′-ATTACCGCGGCTGCTGG-3′ with the following program: initial denaturation at
94 ◦C for 1′, followed by 94 ◦C for 1′, 58 ◦C for 1′ and 72 ◦C for 90” for 30 cycles and final
elongation at 72 ◦C for 10′ (data not shown).

Real time PCR was carried out with the LC Fast Start DNA Master SYBR Green kit
using 2 µL of cDNA, corresponding to 10 ng of total RNA in a 20 mL final volume, 3 mM
MgCl2 and 0.5 mM sense and antisense primers (Table 1).

After amplification, melting curve analysis was performed by heating to 95 ◦C for 15 s
with a temperature transition rate of 20 ◦C/s, cooling to 60 ◦C for 15 s with a temperature
transition rate of 20 ◦C/s and then heating the sample at 0.1 ◦C/s to 95 ◦C. The results were
then analysed using LightCycler software (Roche Diagnostics). The standard curve of each
primer pair was established with serial dilutions of cDNA. All PCR reactions were run in
triplicate. The specificity of the amplification products was verified by electrophoresis on a
2% agarose gel and visualisation by ethidium bromide staining [3,10].
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Table 1. Primer sequences and amplification programs used in this work.

Gene Primers Sequence Conditions Product
Size (bp)

lasI 5′-CTACAGCCTGCAGAACGACA-3′

5′-ATCTGGGTCTTGGCATTGAG-3′
2′ at 50 ◦C, 10′ at 94 ◦C, and for 40 cycles

5”at 94 ◦C, 30”at 60 ◦C for 40 cycles 168

lasR 5′-ACGCTCAAGTGGAAAATTGG-3′

5′-GTAGATGGACGGTTCCCAGA-3′
2′ at 50 ◦C, 10′ at 94 ◦C, 5” and for 40

cycles 5” at 94 ◦C, 30” at 60 ◦C 247

pslA 5′-TCCCTACCTCAGCAGCAAGC-3′

5′-TGTTGTAGCCGTAGCGTTTCTG-3′
5′ at 95 ◦C, and for 40 cycles 5” at 95 ◦C,

10” at 65 ◦C, 10” at 72 ◦C 656

ppyR 5′-CGTGATCGCCGCCTATTTCC-3′

5′-ACAGCAGACCTCCCAACCG-3′
5′ at 95 ◦C, and for 40 cycles 5” at 95 ◦C,

10” at 65 ◦C, 5” at 72 ◦C 160

icaAD 5′-GACAGTCGCTACGAAAAG-3′

5′-AATAAGCTCTCCCTAACTA-3′
5′ at 95 ◦C, and for 40 cycles 5” at 95 ◦C,

10” at 55 ◦C, 7” at 72 ◦C 211

bap 5′-GGCGCAAGCAGCAGAATTA-3′

5′-CATAGTTCTTTGTGGTGTTGC-3′
5′ at 95 ◦C, and for 40 cycles 5” at 95 ◦C,

10” at 63 ◦C, 20” at 72 ◦C 901

2.8. Statistical Analysis

Significant differences among groups were assessed through two-way ANOVA by
using GraphPad Prism 6.0 (6.0 version, GraphPad Software, San Diego, CA, USA, 2012),
and the comparison between the means was calculated by t-student test. The data are
expressed as means ± standard deviation (SD) of three independent experiments.

3. Results
3.1. Biofilm Formation Assay

The ability of P. aeruginosa and S. aureus to form biofilms was tested after re-suspension
of the bacteria in conditioned media of Caco-2, Caco-2/HBD-2 and Caco-2/HBD-3 cells
by staining with crystal violet. The results, as shown in Figure 1, indicate that biofilm
formation of P. aeruginosa is significantly inhibited in the presence of HBD-2 and slightly
in the presence of HBD-3, while in the case of S. aureus, the biofilm formation is strongly
inhibited in the presence of both anti-microbial peptides.
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Figure 1. Evaluation of biofilm formation in P. aeruginosa and S. aureus re-suspended in conditioned
media of Caco-2, Caco-2/HBD-2 and Caco-2/HBD-3 by crystal violet staining. Data are representative
of three different experiments ± SD. Significant differences are indicated by * p < 0.05, ** p < 0.01.
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3.2. Viable Sessile Cells Counting

Following the biofilm formation, the number of viable sessile cells was obtained by
counting the CFU/mL with serial dilutions plating on agar plates. As shown on Figure 2,
for P. aeruginosa there is a significant decrease in viable cells, compared to the supernatants
of Caco-2 (~8 × 108 CFU/mL), only in the presence of HBD-2 (~7.8 × 107 CFU/mL), while
no reduction was found in the presence of HBD-3 (~7.5 × 108 CFU/mL). In this case,
however, for S. aureus, the reduction is significant in the presence of both antimicrobial
peptides (~7.8 × 108 CFU/mL for Caco-2, ~6 × 106 CFU/mL for both Caco-2/HBD-2
and -HBD-3).
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Figure 2. Viable cells counting of P. aeruginosa and S. aureus re-suspended in conditioned media of
Caco-2, Caco-2/HBD-2 and Caco-2/HBD-3 after biofilm formation. Data are representative of three
different experiments ± SD. Significant differences are indicated by ** p < 0.01, *** p < 0.001.

3.3. Fluorescence Detection

The biofilm analysis, performed with a fluorescence microscope following Live/Dead
staining (Figure 3), shows an extended P. aeruginosa biofilm (Figure 3a) with a clear majority
of live cells in the supernatants of the untransfected Caco-2 cells. The presence of HBD -2
induces a significant decrease of biofilm formation and, in the presence of HBD-3, inhibition
of biofilm formation is present but less significant. S. aureus biofilm, present with the Caco-2
supernatants, almost completely disappears in the presence of HBD-2 and HBD-3, where
only isolated colonies with a predominance of dead cells are shown (Figure 3b).
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Figure 3. Live/Dead fluorescence 20× images of biofilms of (a) P. aeruginosa and (b) S. aureus re-
suspended in conditioned media of Caco-2, Caco-2/HBD-2 and Caco-2/HBD-3 cells. The panels
show FITC-label (1), TRITC-label (2) and a merged image of both types of staining (3).

3.4. Evaluation of Biofilm-Associated Gene Expression

The evaluation of expression of P. aeruginosa biofilm-associated genes conducted by
Real-Time PCR (Figure 4), shows a marked downregulation of all the genes analysed
(lasI, lasR, pslA and ppyR) in the presence of HBD-2, compared to the supernatants of
untransfected Caco-2. In the presence of HBD-3, no modulation is detected in most cases,
except for the lasI gene which is strongly upregulated. In S. aureus, on the other hand,
the analysed genes (icaAD and bap) are both strongly reduced in the presence of both
antimicrobial peptides.
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associated genes in P. aeruginosa (a) and S. aureus (b) re-suspended in conditioned media in Caco-
2/HBD-2 and Caco-2/HBD-3 cells, shown as relative gene expression. Data are representative of
three different experiments ± SD. Significant differences are indicated by * p < 0.05, ** p < 0.01.

4. Discussion

The ability of microorganisms to produce biofilms is considered an important viru-
lence factor. During biofilm formation, microorganisms secrete natural polymers called
highly hydrated extracellular polymeric substances (EPS), including polysaccharides, pro-
teins and extracellular DNA (eDNA) [51] that embed bacteria and protect them from
antimicrobial agents [52]. This enables the embedded bacteria to escape the defence mech-
anisms even of the host, and to resist much more than their planktonic counterparts to
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unfavourable conditions, such as a limited supply of nutrients, pH or inappropriate tem-
perature. Increasing evidence suggests that the ability to form biofilms in many organisms
involves quorum sensing (QS) regulation. QS is a cell density-dependent signalling system,
in which bacteria produce and release a series of low molecular weight molecules called
self-inductors which, once certain extracellular concentrations are reached, bind to their
receptors present on bacterial cells, and regulate the expression of some genes fundamental
for the formation of the biofilm [53].

In our experimental system, we created a line of human epithelial colorectal adeno-
carcinoma Caco-2 cells, stably transfected with the genes encoding the HBD-2 and HBD-3.
Supernatants of transfected and untransfected cells were used to evaluate whether the pres-
ence of high concentration HBD-2 and HBD-3 may affect the intestinal biofilm formation
of S. aureus and P. aeruginosa.

Biofilm production in S. aureus is linked to the release of an intercellular polysaccharide
adhesin (PIA), involved in bacterial adhesiveness to target surfaces [54], which is the first
critical event in the onset of infection [55]. PIA is encoded by the ica operon and its activity
is linked to that of the biofilm associated protein (bap), a surface protein encoded by the
homonymous gene [54].

The pronounced ability of P. aeruginosa to develop biofilm-associated disease has drawn
considerable interest over the past decade to develop strategies to target their disassembly.

The QS system in P. aeruginosa controls over 10% of the entire genome, mainly regu-
lating the expression of virulence factors, swarming motility, secondary metabolite pro-
duction and biofilm formation. In particular, it consists of two subordinate systems, las
and rhl. Specifically, the synthase lasI produces the self-inductor, N- (3-oxododecanoyl)
-L-homoserine lactone (3O-C12-HSL), which can bind and activate its transcriptional reg-
ulator, lasR [56,57]. In addition, pslA genes play a significant role in the formation of
carbohydrate-rich structure of biofilm matrix. The activation of the pslA operon is closely
related to that of the ppyR operon (putative transmembrane protein), a highly conserved
gene responsible for the expression of the virulence genes of numerous clinical isolates,
which enhance biofilm formation, and is endowed with elastase activity (as a virulence
factor) [58]. In fact, it has been shown that psl operon was repressed following inactivation
of the ppyR gene, and biofilm formation decreased [58].

For this purpose, cultures of S. aureus and P. aeruginosa, re-suspended in the super-
natants of transfected and untransfected Caco-2, were tested for their ability to form
biofilms according to different methods: first, the staining assay crystal violet was per-
formed, followed by a biofilm evaluation with conventional plate counting. A microscopy
analysis was also performed with the Live/Dead system using the fluorescence microscope.
Finally, the expression of some of the genes mainly involved in the formation of the biofilm
of the two bacterial species was evaluated by Real-Time PCR.

The results obtained showed that the S. aureus biofim is strongly inhibited by the
presence of both peptides, both phenotypically and genotypically, while in the case of P.
aeruginosa, the inhibition is significant in the presence of HBD-2. In the presence of HBD-3,
only a slight decrease in biofilm formation is detected, which is not accompanied by a
lowering of the expression levels of the biofilm-associated genes. The difference in this
behaviour is probably due to the different compositions of cell wall and external structure
of the two bacterial strains.

On the other hand, it was demonstrated that a complex matrix of biofilm can be
affected in different ways by HBD-2 and HBD-3. For example, alginate has been shown
to affect antimicrobial peptide conformation inducing alpha-helices contingent on the
hydrophobicity, and HBD-2 and HBD-3 substantially differ in their hydrophobicity, with
HBD-2 being more hydrophobic than HBD-3 [59].
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5. Conclusions

Biofilm formation is often correlated with the onset of multidrug-resistant strains [58,59],
which poses a threat to public health, as it results in increased patient morbidity with
persistent infection, increased treatment costs, and hospitalisation rates [60].

The search for alternative therapeutic strategies is constantly evolving. For this
purpose, it can be an interesting resource to increase in some way the production of
enndogenous antimicrobial peptides through the intake of probiotics or functional and/or
enriched foods (that stimulate their production). In this way, they could be tested alone or
in combination with conventional antibiotic therapies.
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