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Polidocanol inhibits Enterococcus faecalis et

virulence factors by targeting fsr quorum
sensing system
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Abstract

Background The wide spread of antimicrobial resistance in Enterococcus faecalis is a critical global concern, leading
to increasingly limited treatment options. The fsr quorum sensing (QS) plays a critical role in the pathogenicity of £.
faecalis, allowing bacteria to coordinate gene expression and regulate many virulence factors. Therefore, fsr QS of £.
faecalis represents a potential therapeutic target that provides an effective strategy to treat antibiotic-resistant infec-
tions induced by E. faecalis.

Methods In this study, distribution of different virulence factors including, gelatinase, protease, cell surface hydro-
phobicity and biofilm formation in sixty clinical isolates of Enterococcus faecalis was investigated. Sixty-six compounds
were tested for their activity against fsr QS. The minimal inhibitory concentration of the tested compounds was evalu-
ated using the microbroth dilution method. The effect of sub-inhibitory concentrations of the tested compounds

on fsr QS was investigated using the gelatinase assay method. Additionally, the effect of potential QS inhibitor

on the virulence factors was estimated. Quantitative real-time PCR was used to investigate the effect of the potential
inhibitor on fsr QS related genes (fsrB-fsrC) and (gelE-sprE) and virulence associated genes including, asal and epbA.

Results The assessment of polidocanol activity against the fsr QS system was demonstrated by studying its effect
on gelatinase production in E. faecalis clinical isolates. Sub-lethal concentrations of polidocanol showed a significant
reduction in gelatinase and protease production by 54% to 70% and 64% to 85%, respectively. Additionally, it signifi-
cantly reduced biofilm formation (P<0.01) and interrupted mature biofilm at concentrations of ¥4, 1 xand 2 x MIC.
Furthermore, polidocanol significantly decreased cell surface hydrophobicity (P<0.01). Polidocanol at V> MIC showed
a significant reduction in the expression of QS genes including fsrB, fsrC, gelE and sprE by 57% to 97% without affect-
ing bacterial viability. Moreover, it reduced the expression of virulence associated genes (asal and epbA) (P<0.01).

Conclusion Polidocanol appears to be a promising option for treating of E. faecalis infections by targeting the fsr QS
system and exhibiting anti-biofilm activity.
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Background
Enterococcus faecalis is a Gram-positive bacterium
that typically resides in the human gastrointestinal
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can vary in severity and pose a life-threatening risk,
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particularly for individuals with compromised immune
systems [1]. Furthermore, enterococci have emerged as
one of the most frequent causes of nosocomial infec-
tions since the 1970s, with E. faecalis being responsible
for approximately 60% of these infections [2]. The rise
of E. faecalis infection as leading nosocomial pathogen
has paralleled the emergence of strains that are resist-
ant to a wide range of antimicrobial drugs including
vancomycin, which is considered the last defense line
[3].

E. faecalis has developed an array of virulence fac-
tors to successfully colonize and survive within the
host, evade the immune system, and induce tissue dam-
age. These factors include adherence, biofilm formation,
antiphagocytosis, exoenzyme, and exotoxin [4].

The main proteases produced by E. faecalis include
gelatinase enzyme (GelE) and serine protease (SprE).
GelE is classified as metalloprotease II that can break
down gelatin, fibrin, fibrinogen, collagen, hemoglobin,
complement components, casein, endothelin-1, and
other small peptides [5]. Additionally, GelE contributes
to the pathogenesis of E. faecalis by triggering the autoly-
sin responsible for biofilm formation [6], while SprE is a
glutamyl endopeptidase I that hydrolyze casein and con-
tributes to E. faecalis pathogenesis in various hosts [7].

The E. faecalis system regulator (fsr) is the major
quorum-sensing (QS) system in E. faecalis, compris-
ing four genes: fsrA, fsrB, fsrC, and fsrD. The fsr posi-
tively controls the production of gelatinase and serine
protease, encoded by gelE and sprE, respectively [4].
It is also responsible for controlling E. faecalis biofilm
formation by regulating gelatinase production [8]. The
fsrA gene encodes the FsrA protein, a member of the
LytTR family of DNA-binding domains. When phos-
phorylated, FsrA binds to LytTR-binding sites in the
upstream regions of fsrB and gelE, indicating its role as
a response regulator in the fsr system [9]. FsrB, encoded
by the fsrB gene, is a transmembrane protein belong-
ing to the accessory gene regulator protein B (AgrB)
family, responsible for processing the propeptide FsrD
(encoded by fsrD) to produce an autoinducer called
gelatinase biosynthesis-activating pheromone (GBAP).
This cyclic peptide contains 11 amino acid residues
which is then exported out of the cell [10]. The fsrC
gene encodes FsrC, a transmembrane histidine protein
kinase that serves as the sensor-transmitter component
of the fsr operon [11]. Once the extracellular concentra-
tion of GBAP reaches a certain threshold level, it acti-
vates a two-component regulatory system composed of
FsrC and FsrA. FsrC phosphorylates the intracellular
FsrA in response to extracellular GBAP. Activated FsrA
stimulates the expression of the fsrBDC transcript,
which is involved in an autoregulatory circuit that
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amplifies GBAP signaling and leads to the induction of
gelE-sprE transcription [7, 12].

Since enterococci able to resist to antibiotics of all
classes that have so far been introduced to practice,
there is a growing interest in exploring alternative
therapies to conventional antimicrobials as anti-vir-
ulent therapy. Interfering with the QS system in order
to combat E. faecalis infections shows great promise.
Nakayama found that a secondary metabolite produced
by actinomycetes, siamycin I, has inhibitory effects
on FsrC, a component of the fsr QS system [12]. Two
compounds, Y67-1 and Y67-2, were also extracted
from actinomycetes through high throughput screen-
ing analysis. Both of these compounds are receptor
antagonists of FsrC [13]. A different study with prom-
ising results discovered that ambuic acid, a secondary
metabolite, produced by fungi, was able to inhibit the
proteolytic modification of FsrD by binding to FsrB
[14].

In this particular context, the research focused on
the assessment of fsr related virulence factors among
E. faecalis clinical isolates including, gelatinase, pro-
tease, cell surface hydrophobicity and biofilm forma-
tion. Moreover, clinically approved medications were
evaluated for their potential inhibitory effect on the E.
faecalis fsr QS system. The effect of the potential inhibi-
tor on fsr related virulence factors was investigated
phenotypically and confirmed on the molecular level by
qRT-PCR.

Methods

Bacterial strains

Sixty clinical specimens, including blood, urine, stool
and pus samples, were collected from patients at some
healthcare facilities, including Mansoura University Hos-
pitals and Kasr Al-Ainy Hospital. This collection spanned
between February 2021 and July 2021. All specimens
were collected using a protocol approved by the Research
Ethics Committee of Faculty of Pharmacy, Mansoura
University with the ethical codes 2023—157. The isolates
were phenotypically identified as Enterococcus by streak-
ing them on bile esculin agar (Biolab®, Hungary) [15].
They were further genotypically verified as being of the
species faecalis through PCR analyses of species-specific
eda-genes (edal and eda2), which encode the enzymes
involved in the Entner—Doudoroft pathway, using primer
pairs listed in Table 1.

All isolates were routinely grown in double strength
tryptic soy broth (TSB) (Oxoid™, UK) at 37 °C for
approximately 24 h with shaking (150 rpm) and kept in
30% (v/v) glycerol stocks at—80 °C.
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Table 1 PCR primers utilized in PCR and gRT-PCR
Genes Genename Type Nucleotide sequence Amplicon  Temperature  Reference
(5to3) size (bp)
E. faecalis species identification genes eda-1 Fw GGGGACAGTTTTGGATGCTA 404 51 [16]
Rv TCCATATAGGCTTGGGCAAC
eda-2 Fw GCCGAAGCTTCATCTTCTTG 389
Rv AGGCGCAGGAACTGTTAGAA
fsr QS related genes fsrB Fw TCTTCTGTGAGCTTACCGTTT 210 61 [17]
Rv GACCGTAGAGTATTACTGAAGCA
fsrC Fw TGACGAAACATCGCTAGCTC 194 61 [18]
Rv ATGCGAGGATTTGTCACGGT
gelE Fw AGTGAACGCTACAGATGGAAC 145 60 [12]
Rv CGTTCCGTGTAAAGCAATTCC
sprE Fw AAGATCGTTACTGGACCCTGAG 239 59 [19]
Rv GACCTGGATAAAACCAAGCATC
Virulence determinant genes asal Fw GCACGCTATTACGAACTATGACC 378 57 [20]
Rv TAAGAAAGAACATCACCACGAGC
ebpA Fw CAACAACACCAGGGCTTTTTG 126 62 [21]
Rv ACCGGACCAGTCAACGACTAAG
Housekeeping gene 16 sSRNA Fw GTAGCGGTGAAATGCGTAGATA 160 61 [19]

Rv GAAACCCTCCAACACTTAGCAC

Fw: Forward
Rv: Reverse
bp: Base pair

Phenotypic characterization of the tested isolates
Assay of gelatinase and serine protease production
Gelatinase production among E. faecalis isolates was
qualitatively investigated using nutrient agar containing
3% (w/v) gelatin. Inoculated nutrient gelatin plates were
incubated overnight at 37 °C and were then flooded with
a saturated solution of ammonium sulphate. The pres-
ence of a distinct clear zone surrounding the colonies
indicated gelatinase production [22].

Whereas, protease activity was detected using agar
containing 1.5% (w/v) skimmed milk. A transparent zone
around colonies, observed after 24 h of incubation at
37 °C, was recorded as a positive indication of protease
activity [23].

Detection of hydrophobicity of E. faecalis isolates

The surface hydrophobicity of the bacterial cell was
assessed using BATH test (bacterial adhesion to hydro-
carbons) according to the method of Rosenberg and
coauthors [24]. This assay quantifies the reduction in
culture density within the aqueous solution following
mixing with and separation of the hydrocarbon layer.
Cells with low cell surface hydrophobicity, which are
hydrophilic, will remain in the aqueous layer. In contrast,
cells with higher cell surface hydrophobicity, which are
hydrophobic, will migrate into the hydrocarbon layer,

leading to a decrease in culture density in the aque-
ous layer [24, 25]. Bacterial cells were collected by cen-
trifugation at 3000 rpm at 4 °C for 15 min. Pellets were
washed twice with phosphate buffer saline (PBS) (10 mM
Na,PO,, 1.8 mM KH,PO,, 137 mM NaCl, and 2.7 mM
KCl, pH 7.0) and resuspended in PBS to achieve an ODg,,
am Of 1 (OD;). The bacterial suspension was then over-
laid with 250 pL of xylene (NATCO. Laboratory Chemi-
cals, India) with shaking for 2 min. The suspension was
initially incubated at room temperature for 15 min and
then incubated at 37 °C for 30 min. Subsequently, the
absorbance (ODy) of the aqueous layer was determined at
520 nm. The results were presented as the percentage of
cells extracted from the aqueous phase, calculated using
the equation: % adherence=[(1 -OD; /OD,)] x 100. The
bacterial cell surface hydrophobicity was categorized as
strongly hydrophobic (>50%), moderately hydrophobic
(20—50%) and hydrophilic (<20%) [25].

Biofilm assay

The capacity of the E. faecalis isolates to produce biofilm
was evaluated using biofilm plate assay [26]. Briefly, the
isolates were grown overnight in TSB at 37 °C. Then, the
cultures were adjusted to 10° CFU/mL and 20 pL was
inoculated into 180 pL of fresh TSB per well. Follow-
ing a 24 h incubation at 37 °C, the culture medium was



Ashraf et al. BMC Microbiology (2024) 24:411

discarded and the plates were rinsed three times with
PBS to remove non-adherent bacterial cells. Meanwhile,
the cells that adhere to the surface were treated with
absolute methanol for 15 min for fixation. Each well was
then stained by 2% (w/v) crystal violet for 20 min. Sub-
sequently, the plates were washed with distilled water
thrice and were air dried. The bound dye was resolubi-
lized by adding 33% (v/v) glacial acetic acid per well and
the optical density was measured at 490 nm using a micr-
otiter plate reader (Bio Tek instruments E1800, 29,274,
USA). All measurements were conducted in quadru-
plicates and the mean values of all measurements were
reported. The results were interpreted in accordance with
Emilia [27]. The cut-off OD (OD) was determined by
adding three times the standard deviation to the average
OD of the negative control. The average of the OD val-
ues for each isolate was subtracted from the average of
the OD of the negative control (ODi), and then compared
to the value of OD. All E. faecalis isolates were classi-
fied into four categories: non-adherent (ODi<OD,),
weakly adherent (OD-<ODi<20D.), moderately
adherent (20D-<ODi<40D¢), or strongly adherent
(40D < ODj).

Molecular detection of fsr QS and virulence factors
genes

Four isolated E. faecalis isolates (Ef10, Ef33, Ef35, and
Ef38) possessing edal and eda2 species specific genes
characterized by their ability to produce gelatinase and
protease enzymes were selected. The presence of fsr QS
related genes (fsrB and fsrC), gelatinase (gelE), serine
protease (sprE) and some virulence factors related genes
including the pilus protein gene (ebpA) and the aggre-
gation substance gene (asal) was identified through
PCR using the oligonucleotide primers listed in Table 1.
Bacterial DNA was prepared by boiling fresh bacterial
colonies suspended in RNase and DNase free water for
10 min [28]. PCR amplification was performed using
a ProFlexTM PCR System (Thermo Fisher Scientific,
USA). The amplification protocol consisted of an initial
denaturation at 95 °C for 2 min, followed by 40 cycles
of denaturation at 95 °C for 30 s, annealing at tempera-
tures specified in Table 1 for each primer pair for 30 s,
extension at 72 °C for 30 s, and a final extension step at
72 °C for 5 min. The PCR products were subsequently
examined using agarose gel electrophoresis and observed
under UV light.

Screening of different compounds for targeting E.
faecalis fsr QS system

In this study, sixty-six compounds (Supplementary
Table 1), were screened for their fsr QS inhibition activity
against two clinically isolated E. faecalis strains (Ef33 and
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Ef35). All experiments were conducted three times using
separate tests and each sample was tested in triplicate.

Detection of minimum inhibitory concentration

of the tested compounds

The MIC assay was conducted using the broth micro-
dilution method outlined by the Clinical and Laboratory
Standards Institute [29] to assess the antibacterial activ-
ity of the sixty-six tested compounds against E. faecalis
strains (Ef33 and Ef35). In a 96-well micro-test plate, a
series of two-fold serial dilutions for each compound
were prepared in Mueller Hinton broth (MHB) (Oxoid"",
UK). A 10 pL inoculum of the culture, containing
5% 10° CFU/mL, was added to each dilution. The micro-
plates were then incubated at 37 °C for 24 h. MIC values
were measured using a spectrophotometer at ODg ,,, tO
determine the lowest concentration that effectively hin-
dered the bacterial growth [30].

Gelatinase inhibition assay

The impact of sublethal concentrations (% and % MIC)
of each tested compound on gelatinase production was
measured using a semi-quantitative gelatinase assay
method [31]. Three microliters of grown overnight cul-
ture with (ODgyy ,,, =0.01) were inoculated into 500
puL of TSB medium with sub-lethal concentrations of
each compound and untreated cultures were prepared
by inoculating TSB without treatment [12]. After 5 h of
incubation at 37 °C, the cell free supernatants from both
treated and untreated cultures were applied to cups made
in gelatin agar plates. The plates were incubated at 37 °C
for 24 h and the zone of clearance was measured by pre-
cipitating unhydrolyzed gelatin using saturated ammo-
nium sulfate solution.

Growth inhibition assay of polidocanol

A comparative analysis was conducted to assess the
growth inhibitory effect of sub-inhibitory concentration
of polidocanol (% MIC) (Docavarico, AMOUN, Egypt)
on E. faecalis isolates (Ef33 and Ef35). The viable colonies
treated with this concentration were enumerated and
compared to the count of untreated E. faecalis (Ef33 and
Ef35), employing the surface drop method [32]. TSB with
polidocanol (% MIC) and a control without polidocanol
were inoculated with an overnight culture of E. faecalis.
The cultures were then incubated at 37 °C for 24 h. Addi-
tionally, the growth rate of both untreated E. faecalis and
cells treated with % MIC of polidocanol was observed.
Samples were collected at different time intervals and the
ODgg nm Was measured for both treated and untreated
cultures [33, 34].
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The impact of polidocanol as potential inhibitor

on E. faecalis virulence factors

To study the effect of polidocanol on E. faecalis viru-
lence factors, overnight culture of the selected four E.
faecalis isolates (Ef10, Ef33, Ef35 and Ef38) were inocu-
lated into TSB medium containing sub-lethal concen-
trations of polidocanol (% and % MIC). For comparison,
untreated cultures were prepared by inoculating TSB
without any drugs.

Gelatinase production assay

To confirm the effect of polidocanol on gelatinase activ-
ity, a quantitative assay was performed using azocoll
(Azocoll™ Substrate, <50 Mesh, Sigma-Aldrich, USA)
as a substrate [11]. Azocoll (0.25 g) was suspended in
50 mL of 50 mM Tris—HCI buffer (pH 7.8) containing 1
mM CaCl, and incubated statically at 37 °C for 90 min.
Then the supernatant was decanted and the precipi-
tate was resuspended in the same buffer. For the assay,
0.5 mL of this azocoll suspension was transferred to
an Eppendorf tube and incubated at 37 °C for 15 min
with shaking at 170 rpm. To investigate the inhibition
of gelatinase production, 25 uL of both treated and
untreated E. faecalis culture supernatants were added
to the preincubated azocoll suspension. The mixture
was further incubated for 4 h with shaking at 170 rpm,
then centrifuged at 9000 rpm for 5 min, and the ODg,,
am Of the supernatant was subsequently measured.

Quantitative assay of proteolytic activity

The impact of sub-MIC of polidocanol on protease
activity was quantitatively assayed using skimmed milk
assay method [35]. The cell free supernatants of both
treated and untreated E. faecalis cultures (1 mL) were
incubated with 1.5% skimmed milk solution (1 mL)
at 37 °C for 2 h. The OD of the supernatant was then
measured at 600 nm to determine the degree of proteo-
lytic activity, which was detected by assessment of the
digestion of milk protein casein in the reaction mixture.

Bacterial cell surface hydrophobicity assay

The effect of polidocanol on hydrophobicity of cell
surface was assessed by measuring the affinity of E.
faecalis isolates no. Ef10, Ef33, Ef35 and Ef38 towards
xylene after exposure to sub-lethal concentrations (%
and % MIC) of polidocanol as previously described. The
percentages of cells attached to xylene in treated and
untreated samples were compared [36].

The impact of polidocanol on biofilm formation
In this research, the impact of polidocanol on the
formation of E. faecalis biofilm was assessed. The
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polystyrene plates were inoculated with overnight bac-
terial suspensions, which were adjusted to 10® CFU/
mL in fresh TSB for the control groups and in TSB with
sub-lethal concentrations (% and % MIC) of polido-
canol for the treated groups. They were then incubated
for 24 h at 37 °C. After incubation, the biofilms were
stained using the previously described crystal violet
assay [26].

To assess the impact of polidocanol on mature biofilm,
different concentrations of polidocanol (%, %, 1xand
2x MIC) were applied to bacterial biofilms generated in
microtiter plates. Untreated wells filled with 200 uL PBS
served as the control. After incubation at 37 °C for 24 h,
the wells were drained and rinsed with PBS. The remain-
ing adherent cells were fixed with absolute methanol,
stained with crystal violet, and resolubilized with glacial
acetic acid. The optical density was then measured at
490 nm [37, 38].

The Tetrazolium chloride (TTC) reduction assay,
using (2,3,5-Triphenyltetrazolium, Technical, Fisher
Chemical ™, USA), was utilized to investigate the effect
of polidocanol on the metabolic activity of cells in E. fae-
calis biofilms [39, 40]. The level of biofilm viability was
assessed colorimetrically by quantifying the production
of reduced 1,3,5-triphenylformazan, which is generated
by metabolically active biofilm cells and appears red.
Biofilms were formed in flat-bottomed microtiter plates
using untreated and polidocanol treated bacterial cells.
After removing the planktonic cells and washing the
wells twice with PBS, 250 pL of a 0.01% TTC solution
was added to each well. The plates were then incubated in
the dark at 37 °C for 24 h. Following incubation, the TTC
solution was removed, and the wells were allowed to air
dry. To dissolve the metabolized TTC dye, 150 uL of an
80:20 solution of ethanol and acetone was added to each
well, and the optical OD of the solution was measured at
600 nm.

Gene expression analysis by quantitative real-time
polymerase chain reaction (qrt-PCR)

The impact of polidocanol on the expression of cer-
tain QS and virulence genes was assessed using qRT-
PCR. E. faecalis isolates Ef33 and Ef35 were exposed
to polidocanol (% MIC). Total RNA was extracted
from both treated and untreated isolates using TRIzol
(Sigma Chemicals, USA. E. faecalis isolates Ef33 and
Ef35 were grown in TSB medium with and without %
MIC of polidocanol for 10 h until they became in the
exponential phase (ODgy, ,,, =0.5-0.6). The bacterial
cells were then collected by centrifugation at 10,000
rpm for 20 min and then resuspended in TRIzol rea-
gent. The purified RNA was dissolved in diethyl pyro-
carbonate treated water (Thermo Scientific', USA)
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[41]. Subsequently, cDNA synthesis was prepared
using QuantiTect® Reverse Transcription kit (QIA-
GEN, Germany). Reaction mixture of qRT-PCR was
prepared using SYBER Green (Maxima SYBR Green,
Thermo Scientific', USA), along with the primers
specified in Table 1. The qRT-PCR procedure was per-
formed using a Rotor Gene Q thermocycler (QIAGEN,
Hilden, Germany) with the following program: initial
denaturation at 95° C for 15 min, followed by 45 cycles
of denaturation at 95 °C for 15 s, annealing for 30 s
according to temperatures specified in Table 1, and
extension at 72 C for 1 min. The levels of expression
for the investigated genes were standardized using the
16S ribosomal RNA (rRNA) gene of E. faecalis as an
internal standard. All measurements were performed
in duplicate. The fold difference in target gene expres-
sion was calculated based on the AACt method using
the cycle threshold values (Ct values). Ultimately, the
relative gene expression of the experimental (poli-
docanol-treated) group compared to the control
(untreated) group can be estimated as 2724t [42].

Statistical analysis

Data was collected in Excel (Microsoft Office) files,
and the mean and standard deviation were calculated.
Data was analyzed using GraphPad Prism version
8.4.2. Statistical analysis was conducted using a one-
way ANOVA, with Sidak’s multiple comparisons test.
All experiments were conducted three times in tripli-
cate or quadruplicate. A significant difference between
the treated and untreated groups was considered when
P<0.05.
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Results

Bacterial isolation and identification

Sixty clinical isolates of E. faecalis were obtained from
samples collected from Mansoura University Hospitals
(53.4%) and Kasr Al-Ainy Hospital (46.6%). The sam-
ples were obtained from different sources, including
blood (n=9), pus (n=6), urine (n=38) and stool (n=7)
(Supplementary Table 2). E. faecalis isolates were puri-
fied on bile esculin agar medium as small black colonies
with a surrounded black halo. The pure colonies were
stained with Gram stain and characterized as Gram-
positive small cocci in clusters or diplococci under the
microscope.

Then, species identification was performed using PCR
analysis through the detection of edal and eda2 genes
with amplicon sizes of 404 and 389 bp, respectively which
are specific to E. faecalis (Supplementary Fig. 1).

Distribution of virulence factors among E. faecalis
isolates
Prevalence of gelatinase and protease enzymes
among tested isolates
The screening of gelatinase enzyme activity in all iso-
lates was assessed by using gelatin agar medium. Positive
gelatinase producing isolates were detected by the pres-
ence of a distinct clear halo surrounding colonies after
flooding the plates with saturated ammonium sulfate
solution. Among the tested isolates, 12 (20%) were found
to be positive gelatinase producers (Fig. 1a and Supple-
mentary Fig. 2a).

The proteolytic activity was detected in 13 (21.6%) of
the tested isolates, as evidenced by the hydrolytic zones
formed around colonies on skimmed milk agar medium
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Fig. 1 Prevalence of virulence factors among E. faecalis tested isolates; (a) Gelatinase and protease among E. faecalis clinical isolates.
(b) Classification of E. faecalis clinical isolates according to cell surface hydrophobicity. (€) Capacity of biofilm formation among E. faecalis clinical

isolates
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resulting from the digestion of casein (Fig. 1la and Sup-
plementary Fig. 2b).

Detection of hydrophobicity of E. faecalis isolates

The cell surface hydrophobicity of E. faecalis isolates was
assessed through evaluating the affinity towards xylene in
a two-phase system. Among the tested isolates, 9 (15%)
were found to be highly hydrophobic, 22 (36.6%) were
moderately hydrophobic and 29 (48.3%) had a low degree
of hydrophobicity (Fig. 1b).

Biofilm production

The findings of biofilm formation by the E. faecalis
isolates are displayed in Fig. 1c. The criteria for bio-
film formation were elucidated as: OD<0.056 for
non-adherent, 0.056<0Di<0.112 for weakly adher-
ent, 0.112<0ODi<0.224 for moderately adherent and
ODi>0.224 for strongly adherent. Among the E. fae-
calis isolates, 7 (11.6%) exhibited strong adherence, 27
(45%) exhibited moderate adherence, 18 (30%) showed
weak adherence and only 8 (13.33%) were non biofilm
producers.

Detection of fsr QS and virulence genes by PCR

Four representative E. faecalis isolates (Ef10, Ef33, Ef35
and Ef38) were selected for their ability to produce
both gelatinase and protease enzymes. Moreover, these
strains exhibited biofilm formation capacity and cell sur-
face hydrophobicity as virulence factors. PCR was used
to detect fsr QS related genes (fsrB and fsrC), gelatinase
(gelE), serine protease (sprE), as well as virulence deter-
minant genes, pilus protein gene (ebpA) and aggregation
substance gene (asal). All QS related genes and viru-
lence genes were amplified in the four E. faecalis isolates
(Ef10, Ef33, Ef35 and Ef38) (Supplementary Fig. 3) and

a
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amplicons were detected at their corresponding sizes
(Table 1).

Targeting fsr system

A total of 66 compounds were tested to assess their abil-
ity to target fsr QS system in E. faecalis by examining
their impact on gelatinase production. For preliminary
screening, two E. faecalis isolates (Ef33 and Ef35) were
chosen based on their ability for production of gelatinase
enzyme. Subsequently, the potential inhibitors were also
tested for their effects on other virulence factors and the
expression of fsr QS related genes.

First, the MICs of the tested compounds were deter-
mined against E. faecalis isolates (Ef33 and Ef35) (Sup-
plementary Table 1). Then, the tested compounds at
sub-MICs were tested for their ability to target fsr QS
by semi-quantitative gelatinase assay method (Supple-
mentary Table 1). The initial screening results indicated
that polidocanol could inhibit gelatinase production. The
MIC of polidocanol was 4096 pg/mL against (Ef33 and
Ef35). Sub-MICs (% and % MIC) of polidocanol were
then used to investigate its inhibitory effect on fsr QS sys-
tem and various virulence factors.

Effect of polidocanol on microbial growth

The viability of E. faecalis was estimated after treating
two isolates (Ef33 and Ef35) with % MIC of polidocanol.
Cultivation of E. faecalis isolates with sub-MIC of poli-
docanol did not affect bacterial viability in comparison
to the untreated control cultures. The count of untreated
Ef33 and Ef35 was 5.6 x 10® CFU/mL and 5.89 x 108 CFU/
mL, respectively which was not affected by treatment
with % MIC of polidocanol, as the count of Ef33 and Ef35
treated with % MIC of polidocanol was 5.42x 10% CFU/
mL and 6.16x10® CFU/mL, respectively. Furthermore,

b
——Untreated Ef35 ( %3135/ Polidocanol Y2 MIC
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o

Fig. 2 Growth curve of E. faecalis; (a) Isolate no. Ef33. (b) Isolate no. Ef35 in absence and presence of /> MIC of polidocanol
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the ODg o Of both treated and untreated cultures was
assessed at various time intervals. The growth of bacte-
ria in cultures treated with % MIC of polidocanol did not
show any impact over time compared to untreated cul-
tures (Fig. 2).

Polidocanol inhibited E. faecalis fsr QS system

and virulence factors

Elimination of gelatinase production by polidocanol

The effect of polidocanol at % and % MICs on gelatinase
production from E. faecalis isolates Ef10, Ef33, Ef35 and
Ef38 was assessed using semi-quantitative gelatin agar
and quantitative azocoll methods.

In the semi-quantitative gelatin agar assay, the tested
isolates showed clear zones around inoculated cups indi-
cating positive gelatinase production. However, cups
filled with cell free supernatants of E. faecalis treated
with % and % MICs showed a loss of gelatinase activity as
evidenced by the absence of clear zones (Fig. 3a).

Confirmation of these findings was obtained through
the azocoll assay, which measured the degradation of azo-
coll in the cell free supernatant of the tested isolates. The
development of a red color, measured spectrophotomet-
rically at ODg,, ., indicated the presence of extracellular

‘/z MIC
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0.4 -
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gelatinase enzyme. However, supernatants of isolates cul-
tured with sub-MICs of polidocanol did not produce a
red color. Treatment with % MIC of polidocanol resulted
in significant (P<0.01) reduction in gelatinase activ-
ity of isolates Ef10, Ef33, Ef35, and Ef38, ranging from
73 to 83%. Similarly, E. faecalis isolates treated with %
MIC showed a significant reduction in gelatinase activity,
ranging from 51 to 71% (P<0.01) (Figs. 3b, c).

Inhibition of protease production by polidocanol

The effect of polidocanol on protease enzyme produc-
tion was assessed using skimmed milk by comparing the
absorbance of the supernatant from the culture grown in
the presence of polidocanol to that of the control culture
grown without polidocanol. Polidocanol at % MIC sig-
nificantly decreased protease production (P<0.05). The
ODygg nm Of the supernatant of treated cultures increased
by more than twofold to threefold compared to the
supernatant of untreated cultures due to a decrease in the
digestion of casein (Fig. 4).

Effect of polidocanol on cell hydrophobicity
The cell surface hydrophobicity of E. faecalis possesses
a critical function in the adhesion step during biofilm

Untreated
E. faecalis

; E. faecalis/
Polidocanol ¥: MIC

E. faecalis/
Polidocanol ¥ MIC

Fig. 3 Effect of sub-inhibitory concentrations of polidocanol on gelatinase production; (@) Semi-quantitative assay of polidocanol impact

on gelatinase production using gelatin agar plates. (b) Quantitative assay of the effect of polidocanol on gelatinase activity by azocoll. (c) Effect
of sub-lethal doses of polidocanol on gelatinase production using azocoll measured at ODs,g ... (Each experiment was performed three

times in triplicate and mean was calculated +SD, **P < 0.01)
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Fig. 4 Effect of sub-MICs of polidocanol (/2 and % MIC) on protease production from E. faecalis isolates no. Ef10, Ef33, Ef35 and Ef38. (Each
experiment was performed three times in triplicate and mean was calculated +SD, **P<0.01)

formation. To evaluate the ability of polidocanol to
alter the cell surface properties, the affinity of E. fae-
calis towards xylene was tested after being exposed
to sub-lethal doses of polidocanol (% and % MIC).
The findings indicated that polidocanol (% MIC) sig-
nificantly decreased the hydrophobic properties of E.
faecalis cell membrane by 46% to 80%, (P<0.01) with a
greater portion of bacterial cells in the aqueous phase
(Fig. 5).

()

Polidocanol
%, MIC

Untreated Polidocanol
% MIC

Untreated
Ef35

% of hydrophobicity

Effect of polidocanol on biofilm formation

The antagonist impact of sub-lethal concentrations of
polidocanol (% and % MIC) on biofilm formation of E.
faecalis isolates (Ef10, Ef33, Ef35 and Ef38) was tested
using CV staining assay. All four isolates were biofilm
producers, with isolate no. Ef10 being a strong biofilm
producer, while isolates no. Ef33, Ef35 and Ef38 were
moderate biofilm producers. In isolates treated with %
and % MIC of polidocanol, the capacity for biofilm for-
mation of the tested isolates was significantly decreased
by 58% to 70% (P <0.01) for both concentrations (Fig. 6a).
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B Untreated B Polidocanol %2 MIC 0OPolidocanol ¥ MIC

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

*%
*%
*%

*%

0% T T T 1
Ef10 Ef33 Ef35 Ef38

Number of isolates

Fig. 5 Effect of polidocanol at %2 and % MIC on E. faecalis surface hydrophobicity; (a) Cell surface hydrophobicity test. (b) Percentage
hydrophobicity of isolates treated with ¥ and V> MIC of polidocanol compared to untreated E. faecalis isolates no. Ef10, Ef33, Ef35 and Ef38. (Each
experiment was performed three times in triplicate and mean was calculated £ SD, **P<0.01)
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Fig. 6 Effect of polidocanol on biofilm formation by E. faecalis; (a) Biofilm inhibitory effect detected by crystal violet staining. (b) Biofilm eradication
by polidocanol detected by crystal violet staining. (c) The effect of polidocanol on biofilm metabolic activity detected by tetrazolium chloride
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The potential of polidocanol to eradicate mature bio-
films of tested E. faecalis isolates (Ef10, Ef33, Ef35 and
Ef38) was demonstrated using different concentrations
(%4, %, 1 xand 2x MIC) through the CV staining method.
Polidocanol at %, 1xand 2XMIC significantly reduced
the mature E. faecalis biofilms by 40% to 50%, 70% to 78%
and 78% to 85%, respectively (P<0.01) (Fig. 6b).

The viability of the biofilm was further estimated col-
orimetrically using the TTC reduction assay, which
quantified the production of formazan (red color) gen-
erated by metabolically active biofilm cells. Metabolic
activity within the developed biofilms by cultures of E.
faecalis isolates (Ef10, Ef33, Ef35 and Ef38) treated with
sub-MICs (% and % MIC) of polidocanol compared to
control biofilms of untreated cultures was estimated. The
TTC assay showed a significant decrease in metabolic
activity of cells in the biofilm matrix treated with sub-
MIC of polidocanol (% and % MIC) by 80% reduction
with P value<0.01 for both concentrations compared to
untreated cells (Fig. 6¢).

Suppression of QS and virulence factors related
genes

Suppression of QS associated genes

The impact of polidocanol on the expression of genes
related to the control of fsr QS of E. faecalis was

investigated using qRT-PCR in isolates Ef33 and Ef35.
The results showed that treatment with polidocanol (%
MIC) significantly decreased the expression of fsr QS sys-
tem associated genes. The expression of fsrB was signifi-
cantly reduced by 57% and 72% in isolates Ef33 and Ef35,
respectively (P<0.05). Additionally, more pronounced
reduction in the expression of fsrC by 94% and 85% was
observed in both isolates Ef33 and Ef35, respectively
(P<0.01) (Fig. 7a).

Similarly, the expression of genes encoding gelatinase
(gelE) and protease (sprE) was also down regulated with
P value<0.01 by 97% and 96% in isolates Ef33 and Ef35,
respectively (Fig. 7b).

Suppression of virulence associated genes

The relative expression of virulence genes that contrib-
ute to the pathogenesis of E. faecalis was also affected
by polidocanol (% MIC) treatment. In isolates Ef33 and
Ef35, the relative expression of the pilus protein gene
(ebpA) which contributes to the development of biofilm,
decreased significantly by 92% and 97%, respectively
(P<0.01).

Additionally, the relative expression of the asal gene
which is correlated with cell aggregation was signifi-
cantly reduced by 69% and 71% in isolates Ef33 and Ef35,
respectively (P<0.01) (Fig. 8).
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Fig. 8 The effect of polidocanol (/2 MIC) on the expression of virulence factors related genes (ebpA and asal) in E. faecalis isolates; (a) Ef33 and (b)
Ef35. (mean was calculated +SD, **P<0.01)

Discussion and gelatinase. Therefore, with the increasing emergence
The fsr QS system encoded by the fsr gene cluster mod-  of antimicrobial resistance, targeting the E. faecalis QS
ulates key pathogenic traits in E. faecalis including bio-  system could be an effective alternative approach to
film formation and secretion of extracellular protease antibiotics for controlling bacterial infections. The QS
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inhibitors (QSIs) interfere with the bacterial ability to
communicate and coordinate their virulence [43—45].

The fsr QS system controls the secretion of two pro-
teases, gelatinase (GelE) and serine protease (SprE)
and associated to the pathogenicity of E. faecalis. These
proteases assist in the pathogenicity of E. faecalis by
degrading of host tissue and facilitating the propaga-
tion of infection [46]. Additionally, GelE and SprE have
been demonstrated to control bacterial autolysis and the
release of extracellular DNA, thus contributing to E. fae-
calis biofilm formation [47].

In this study, 20% and 21.6% of E. faecalis clinical iso-
lates produced gelatinase and protease enzymes, respec-
tively. Similarly, gelatinase was detected in 22% of E.
faecalis tested isolates from Egypt [8]. While, it was
detected in 9.6% and 43.1% among E. faecalis isolates in
other studies from India and Brazil, respectively [48, 49].
Gelatinase contributes to virulence by degrading of col-
lagen, fibrinogen, fibrin and certain complement compo-
nents C3 and C3a which facilitate tissue invasion, impair
host defenses and promote the persistence of infection
[47].

For additional characterization of E. faecalis, the cell
surface hydrophobicity of the E. faecalis isolates is essen-
tial for bacterial adherence and biofilm formation. It
was analyzed by the microbial adhesion to hydrocarbon
layer. Examination of the hydrophobic characteristics of
the cell surface of E. faecalis showed that 15%, 36% and
48% of the tested isolates were high hydrophobic, mod-
erate hydrophobic and hydrophilic, respectively. At the
same instance, high and moderate hydrophobicity was
detected in 33% of E. faecalis isolated from free-living
birds [36].

Biofilm formation is a significant virulence character-
istic of E. faecalis that plays a role in the initiation and
dissemination of enterococcal infections. Biofilm pro-
duction confers resistance to antibiotics and the host
immune response [50]. The majority of the E. faecalis
clinical isolates had a moderate ability for biofilm for-
mation (45%) followed by 30% of isolates that were weak
biofilm producers and 11.6% that were strong producers.
These results are comparable to those of Lopez and coau-
thors who concluded that most E. faecalis tested isolates
purified from different clinical specimens were moder-
ate biofilm producers (48%), while 36% were low biofilm
producers, and 4.6% of tested isolates were strong biofilm
producers [51].

In this study, it was observed that around half of the
protease-producing E. faecalis isolates exhibited mod-
erate biofilm formation, with 8% showing strong bio-
film production. Hashem and colleagues also noted that
40% of gelatinase-producing E. faecalis clinical isolates
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displayed moderate biofilm formation, while 26% were
strong biofilm producers [52]. In terms of cell surface
hydrophobicity, 41.6% of protease producers exhib-
ited moderate hydrophobic characteristics, while 25%
displayed strong hydrophobic traits. Previous studies
have suggested a significant role of gelatinase activ-
ity in enhancing bacterial cell surface hydrophobicity
in E. faecalis [53, 54]. Furthermore, E. faecalis isolates
that were moderate and strong biofilm producers also
showed hydrophobic cell surface properties, consistent
with the findings of a study by Stepien-Py$niak and col-
leagues, which linked biofilm formation in E. faecalis
isolates from birds to surface hydrophobicity [36].

In an attempt to control the pathogenesis of E. fae-
calis by interfering with the fsr QS that regulates sig-
nificant virulence factors, a random screening approach
was used to assess the WHO approved compounds
and identify novel QSI activity [55]. A total of 66 com-
pounds were screened for targeting the fsr QS system.
As gelatinase production is one of the main virulence
factors that can be altered by QS [56], preliminary
screening was performed by evaluating the effect of
tested compounds on gelatinase activity using a semi-
quantitative method [31]. The MIC of each compound
was detected by the micro broth dilution method. Sub-
sequently, sub-MICs of each compound were used for
the initial screening of gelatinase activity.

In the preliminary screening, polidocanol, was found
to decrease gelatinase activity. Polidocanol is an FDA-
approved sclerosant indicated for treating uncom-
plicated spider veins and reticular veins in the lower
extremities [57].

This result was confirmed by a second quantitative
assessment of gelatinase production using azocoll.
Polidocanol significantly decreased gelatinase activity
at % and %4 MIC (P<0.01) without affecting bacterial
growth. The culture treated with % MIC of polidocanol
had the same growth curve as the untreated culture of
E. faecalis as both treated and untreated cells reached
the exponential growth at the same time. In a study
by Desouky and colleagues, 7 out of 54 compounds of
actinomycetes metabolites decreased gelatinase activity
by 80% through targeting fsr QS in E. faecalis [44].

Furthermore, polidocanol at % and % MIC signifi-
cantly reduced protease activity. The inhibitory effect
of polidocanol on protease activity could be attributed
to targeting fsr QS. Previous studies have shown that
interfering with fsr QS was associated with reduction
in E. faecalis protease production [33, 43]. Cinnamal-
dehyde at % MIC reduced protease activity due to its
effect on fsr QS [58]. Additionally, Salvadora persica
extract showed QSI activity against E. faecalis with a
reduction in protease activity [43].
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Furthermore, Polidocanol (% MIC) showed a signifi-
cant decrease (P<0.01) in hydrophobicity characteris-
tics. This observed decrease could be attributed to the
capability of polidocanol to alter the cell surface prop-
erties and to decrease the expression of one of the sur-
face proteins [59]. Several studies have investigated that
the hydrophobicity of the enterococcal cell surface is
increased by the expression of aggregation substances
regulated by aggregation genes such asal [31, 36]. Fur-
thermore, the gelatinase enzyme can increase cell sur-
face hydrophobicity by cleaving surface polypeptides at
hydrophobic residues. Therefore, the attenuation of the
fsr QS system may result in a reduction in surface hydro-
phobicity [60].

Additionally, Polidocanol at sub-MICs significantly
decreased biofilm formation and eliminated mature
biofilms at %, %, 1xand 2XMICs (P<0.01) in a dose
dependent response. The metabolic activity of biofilms
significantly reduced (P<0.01) at sub-MICs of polido-
canol. This could be attributed to the inhibition of gelE
and fsr regulated biofilm formation as the knockout
of gelE or fsr resulted in a decrease in biofilm formation
[54]. The study of Suttipalin and colleagues indicated that
the inhibition and eradication of E. faecalis biofilms by
curcuminoids were related to the inhibition of gelatinase
activity [61]. Similarly, Akshaya and coauthors reported
that inhibition of biofilm formation and viability by cin-
namaldehyde was due to the inhibition of gelatinase pro-
duction [58]. According to previous findings, the biofilm
inhibitory potential of polidocanol may be linked to a
reduction in gelatinase activity, as well as a decrease in
cell surface hydrophobicity. This conclusion is supported
by a study conducted by Fu et al.,, which indicated that
diacerein can also inhibit biofilm formation by reducing
cell surface hydrophobicity [62].

Based on the results of the observed phenotypes, the
effect of polidocanol on the expression of QS and viru-
lence genes was investigated using qRT-PCR. In the QS
circuit of E. faecalis, the fsrB gene encodes a transmem-
brane protein that processes a propeptide to produce a
peptide pheromone. The fsrC gene encodes a histidine
kinase sensor that responds to the peptide-signaling mol-
ecule, phosphorylates its response regulator, and then
activates the gelE-sprE encoding gelatinase and serine
protease enzymes [7]. Polidocanol at %2 MIC significantly
down regulated fsrB (P<0.05) and fsrC (P<0.01) gene
expression in E. faecalis isolates Ef33 and Ef35. In turn,
the expression of gelE-sprE was significantly reduced
(P<0.01) in Ef33 and Ef35 which could be attributed
to the inhibitory effect of polidocanol on fsrB and fsrC.
Deletion of fsrA, fsrB, or fsrC in the wild-type E. faeca-
lis strain OGIRF inhibits the expression of gelE and
sprE [63]. This supports the potential QSI activity of
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polidocanol and its ability to disrupt the QS pathway in
E. faecalis. The findings from the gene expression analy-
sis were consistent with the results of gelatinase activity.
Similarly, Islam and coauthors found that trans-cinna-
maldehyde at sub-MIC concentration attenuated the fsr
QS system by downregulation of fsrB and fsrC QS genes
led to downregulation of ge/E gene [33].

Suppression of the fsr QS system and inhibition of the
gelatinase production have been proposed as critical
factors that reduce the destruction of host tissue com-
ponents caused by bacterial colonization. Many stud-
ies have proved that biofilm formation in E. faecalis can
be managed by QS [64]. Downregulation of QS related
genes (gelE-sprE) leads to disruption and inhibition of
biofilm formation [65].

Besides gelE and sprE regulation, it has been revealed
that QS systems also indirectly control other virulence
genes included in surface adhesion and aggregation sub-
stances [7]. The activity of polidocanol against the fsr QS
system could explain its inhibitory effect on gene expres-
sion of other E. faecalis virulence factors. The qRT-PCR
results revealed that polidocanol significantly decreased
the expression of the virulence genes ebpA and asal
(P<0.01). Aggregation substance is a surface protein
encoded by the asal gene playing a crucial function
in biofilm formation and adherence to host tissues, an
important factors in pathogenesis [20]. The EbpA pro-
tein is a cell wall-anchored protein encoded by the ebpA
gene. EbpA is a subunit of the endocarditis and biofilm
associated pilus (Ebp), which is involved in the forma-
tion of biofilm and the development of endocarditis [66].
Attenuating the expression of ebpA resulted in decreased
biofilm formation and adherence to fibrinogen in vitro,
suggesting that EbpA is important for the formation and
stability of the Ebp pilus and bacterial attachment to host
tissues [67]. Therefore, polidocanol has the potential to
reduce E. faecalis pathogenicity by targeting the ebpA
and asal genes.

There are many hypotheses for inhibition of fsr QS
pathway including blocking the production of GBAP,
non-competitive inhibition of GBAP or disturb signal
transduction of the two-component regulatory sys-
tem and that may be related to structural activity. Fur-
ther investigations are needed to elucidate the potential
mechanism of QS inhibition of polidocanol.

Conclusion

The findings of this study display the ability of polido-
canol to interfere with fsr quorum sensing system in E.
faecalis without affecting bacterial growth. This inhibi-
tory effect could be attributed to the sub- inhibitory
concentration of polidocanol on the relative expression
of QS genes. The reduction in the relative expression of
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fsrB and fsrC QS genes was associated with a significant
suppression in gelE-sprE expression. Interference with
the QS system was associated with a significant inhibi-
tion of virulence traits including gelatinase activity, pro-
tease activity, cell surface hydrophobicity and biofilm
formation. Furthermore, it decreased the relative expres-
sion of ebpA and asal virulence genes. Overall, these
findings suggest that polidocanol can reduce the patho-
genesis and dissemination of E. faecalis infection via QS
interference. Additional research is needed to explore its
in vivo antipathogenic effect.

Abbreviations

E. faecalis  Enterococcusfaecalis

Fsr Enterococcusfaecalis System regulator

Qs Quorum sensing

GBAP Gelatinase biosynthesis-activating pheromone
GelE Gelatinase

SprE Serine proteas

Sub-MIC  Subinhibitory concentration

oD Optical density

PBS Phosphate buffer

TTC Tetrazolium chloride

TSB Tryptic soy broth

gRT-PCR  Quantitative Real-time Polymerase Chain reaction
Ct Cycle threshold

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512866-024-03548-2.

[ Supplementary Material 1. }

Acknowledgements
All appreciation to Mansoura University Hospitals and Kasr Al-Ainy Hospital for
providing the isolates.

Authors’ contributions

D.A. performed the practical work, analyzed the data, wrote the first draft of
the manuscript and revised the final format. M.LS suggested the research
point, lining out the protocol, supervised the practical work, revised the data
analysis, and revised the first and final manuscript. R.H. suggested the research
point, supervised the research, and revised the final manuscript. AM.A par-
ticipated in lining out the protocol, supervised the practical work, troubleshot,
revised the data analysis and revised the manuscript. All authors reviewed the
manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge
Bank (EKB). The funding for the publication of the article is provided through
financial support from EKB.

Availability of data and materials

All data developed or analysed during this research are provided in the manu-
script, the supplementary information files and available from the correspond-
ing author on reasonable request.

Data availability
No datasets were generated or analysed during the current study.

Page 14 of 16

Declarations

Ethics approval and consent to participate

All specimens were collected using a protocol approved by the Research
Ethics Committee of Faculty of Pharmacy, Mansoura University with the ethi-
cal codes 2023 - 157. Consent to participate is not applicable for this study
because the isolates included in the study were obtained from existing clinical
collections routinely assembled as part of laboratory practices of university
hospitals.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 14 December 2023 Accepted: 25 September 2024
Published online: 16 October 2024

References

1. SaillantV, Lipuma D, Ostyn E, et al. A novel Enterococcus faecalis heme
transport regulator (Fhtr) senses host heme to control its intracellular
homeostasis. MBio. 2021;12(1):03392-3320.

2. Guzman Prieto AM, van Schaik W, Rogers MR, et al. Global emergence
and dissemination of enterococci as nosocomial pathogens: Attack of
the clones? Front Microbiol. 2016;7:788.

3. Pontinen AK, Top J, Arredondo-Alonso S, et al. Apparent nosocomial
adaptation of Enterococcus faecalis predates the modern hospital era. Nat
Commun. 2021;12(1):1523.

4. YueJ,Hua M, Chen N, et al. Role of the fsr quorum-sensing system in
Enterococcus faecalis bloodstream infection. Appl Environ Microbiol.
2022,88(23):e01551-01522.

5. Gutiez L, Borrero J, Jimenez JJ, et al. Genetic and biochemical evidence
that recombinant Enterococcus spp. Strains expressing gelatinase
(GelE) produce bovine milk-derived hydrolysates with high angiotensin
converting enzyme-inhibitory activity (ACE-IA). J Agric Food Chem.
2014,62(24):5555-64.

6.  Thomas VC, Hiromasa Y, Harms N, Thurlow L, Tomich J, Hancock LE.

A fratricidal mechanism is responsible for eDNA release and contrib-
utes to biofilm development of Enterococcus faecalis. Mol Microbiol
2009;72(4):1022-36.

7. AliL, Goraya MU, Arafat Y, Ajmal M, Chen JL, Yu DJ. Molecular mechanism
of quorum-sensing in Enterococcus faecalis: its role in virulence and thera-
peutic approaches. Int J Mol Sci. 2017;18(5):960.

8. Hashem YA, Abdelrahman KA, Aziz RK, Resistance D. Phenotype-geno-
type correlations and distribution of key virulence factors in Enterococcus
faecalis isolated from patients with urinary tract infections. Infect Drug
Resist. 2021;14:1713-23.

9. Del Papa MF, Perego MJ. Enterococcus faecalis virulence regulator FsrA
binding to target promoters. J Bacterio. 2011;193(7):1527-32.

10. Nakayama J, Chen'S, Oyama N, et al. Revised model for Enterococcus
faecalis fsr quorum-sensing system: The small open reading frame fsrD
encodes the gelatinase biosynthesis-activating pheromone propeptide
corresponding to staphylococcal AgrD. J Bacteriol. 2006;188(23):8321-6.

11. Nakayama J, Cao Y, Horii T. Gelatinase biosynthesis-activating phero-
mone: A peptide lactone that mediates a quorum sensing in Enterococ-
cus faecalis. Mol Microbiol. 2001;41(1):145-54.

12. Nakayama J, Tanaka E, Kariyama R, et al. Siamycin attenuates fsr quorum
sensing mediated by a gelatinase biosynthesis-activating pheromone in
Enterococcus faecalis. Amn Soc Microbiol. 2007;189(4):1358.

13. Desouky SE, Shojima A, Singh RP, et al. Cyclodepsipeptides produced by
actinomycetes inhibit cyclic-peptide-mediated quorum sensing in Gram-
positive bacteria. FEMS Microbiol Lett. 2015;362(14):fnv109.

14. Nakayama J, Uemura'Y, Nishiguchi K, Yoshimura N, Igarashi Y, Sonomoto
K. Ambuic acid inhibits the biosynthesis of cyclic peptide quormones in
Gram-positive bacteria. Antimicrob Agents Chemother. 2009;53(2):580-6.


https://doi.org/10.1186/s12866-024-03548-2
https://doi.org/10.1186/s12866-024-03548-2

Ashraf et al. BMC Microbiology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34

35.

36.

(2024) 24:411

Gambarotto K, Ploy M-C, Turlure P, et al. Prevalence of vancomycin-
resistant enterococci in fecal samples from hospitalized patients and
nonhospitalized controls in a cattle-rearing area of France. J Clin Micro-
biol. 2000;38(2):620-4.

Peykov SZ, Aleksandrova VD, Dimov SG. Rapid identification of Enterococ-
cus faecalis by species-specific primers based on the genes involved in
the entner-doudoroff pathway. Mol Biol Rep. 2012;39:7025-30.
Pourhajibagher M, Chiniforush N, Bahador A. Antimicrobial action of
photoactivated C-phycocyanin against Enterococcus faecalis biofilms:
Attenuation of quorum-sensing system. Photodiagnosis Photodyn Ther
2019,28:286-91.

Fan W, Huang Z, Fan B. Effects of prolonged exposure to moderate static
magnetic field and its synergistic effects with alkaline pH on Enterococ-
cus faecalis. Microb Pathog. 2018;115:117-22.

Selleck EM, Van Tyne D, Gilmore MS. Pathogenicity of enterococci. 2019
7(4).

Vankerckhoven V, Van Autgaerden T, Vael C, et al. Development of a mul-
tiplex pcr for the detection of asal gele, cyla, esp, and hyl genes in ente-
rococci and survey for virulence determinants among european hospital
isolates of Enterococcus faecium. J Clin Microbiol. 2004;42(10):4473-9.
Gao P, Pinkston KL, Nallapareddy SR, van Hoof A, Murray BE, Harvey BR.
Enterococcus faecalis rmijB is required for pilin gene expression and biofilm
formation. J Bacteriol. 2010;192(20):5489-98.

Lopes MdFS, Simdes AP, Tenreiro R, Marques JJF, Crespo MTB. Activity
and expression of a virulence factor, gelatinase, in dairy enterococci. Int J
Food Microbiol. 2006;112(3):208-14.

El-Ghaish S, Dalgalarrondo M, Choiset Y, et al. Screening of strains of lac-
tococci isolated from Egyptian dairy products for their proteolytic activity.
Food Chem. 2010;120(3):758-64.

Rosenberg M, Gutnick D, Rosenberg E. Adherence of bacteria to hydro-
carbons: a simple method for measuring cell-surface hydrophobicity.
FEMS Microbiol Lett. 1980;9(1):29-33.

Woitschach F, Kloss M, Schlodder K; et al. Bacterial adhesion and biofilm
formation of Enterococcus faecalis on zwitterionic methylmethacrylat
and polysulfones. Front Cell Infect Microbiol. 2022;12:868338.

Anderson AC, Jonas D, Huber |, et al. Enterococcus faecalis from food,
Bclinical specimens, and oral sites: prevalence of virulence factors in
association with biofilm formation. Front Microbiol. 2016;6:1534.
Agostinho Davanzo EF, Dos Santos RL, Castro VHdL, et al. Molecular
characterization of Salmonella spp. and Listeria monocytogenes strains
from biofilms in cattle and poultry slaughterhouses located in the federal
district and state of Goias Brazil. Plos One. 2021;16(11):20259687.

Dashti AA, Jadaon MM, Abdulsamad AM, Dashti HM. Heat treatment of
bacteria: a simple method of DNA extraction for molecular techniques.
Kuwait Med J. 2009;41(2):117-22.

CLSI. Methods for dilution antimicrobial susceptibility tests for bacteria
that grow aerobically, 11th ed. CLSI supplement M07. Pennsylvania, Clini-
cal and Laboratory Standards Institute 2018; 19087-11898.

Shady AH, El-Essawy A, Salama M, El-Ayesh A. Detection and molecular
characterization of vancomycin resistant Staphylococcus aureus from clini-
cal isolates. Afr J Biotechnol. 2012;11(99):16494-503.

Golinska E, Tomusiak A, Gosiewski T, et al. Virulence factors of Enterococ-
cus strains isolated from patients with inflammatory bowel disease. World
J Gastroenterol. 2013;19(23):3562.

Naghili H, Tajik H, Mardani K, Rouhani SMR, Ehsani A, Zare P. Validation

of drop plate technique for bacterial enumeration by parametric and
nonparametric tests. Paper presented at: Veterinary research forum. Vet
Res Forum. 2013;4(3):179.

Ali IA, Matinlinna JP, Lévesque CM, Neelakantan PJA. Trans-cinnamal-
dehyde attenuates Enterococcus faecalis virulence and inhibits biofilm
formation. Antibiotics (Basel). 2021;10(6):702.

Dong L, Tong Z, Linghu D, et al. Effects of sub-minimum inhibitory
concentrations of antimicrobial agents on Streptococcus mutans biofilm
formation. Int J Antimicrob Agents. 2012;39(5):390-5.

Kumar S, Sharma NS, Saharan MR, Singh R. Extracellular acid protease
from Rhizopus oryzae: purification and characterization. Process Biochem.
2005;40(5):1701-5.

Stepien-Pysniak D, Hauschild T, Kosikowska U, Dec M, Urban-Chmiel R.
Biofilm formation capacity and presence of virulence factors among
commensal Enterococcus spp. from wild birds. Scientific reports.
2019,9(1):1-7.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Page 150f 16

Pereira UA, Barbosa LC, Maltha CR, Demuner AJ, Masood MA, Pimenta AL.
Eur J Med Chem. Inhibition of Enterococcus faecalis biofilm formation

by highly active lactones and lactams analogues of rubrolides. Eur J Med
Chem 2014;82:127-38.

Shahmoradi S, Shariati A, Zargar N, et al. Antimicrobial effects of selenium
nanoparticles in combination with photodynamic therapy against Ente-
rococcus faecalis biofilm. 2021;35: 102398.

Pourhajibagher M, Chiniforush N, Shahabi S, Ghorbanzadeh R. Bahador
A. Sub-lethal doses of photodynamic therapy affect biofilm formation
ability and metabolic activity of Enterococcus faecalis. 2016;15:159-66.
Fugaban JIl, Vazquez Bucheli JE, Holzapfel WH, Todorov SD. Assessment
of bacteriocin-antibiotic synergy for the inhibition and disruption of bio-
films of Listeria monocytogenes and vancomycin-resistant Enterococcus.
Microbiol Res. 2022;13(3):480-99.

Qayyum S, Sharma D, Bisht D. Khan A. Identification of factors involved in
Enterococcus faecalis biofilm under quercetin stress. 2019;126:205-11.
Livak KJ, Schmittgen TD. Analysis of relative gene expression data

using real-time quantitative PCR and the 2724, method. Methods.
2001;25(4):402-8.

Rezaei A, Oyong GG, Borja VB, et al. Molecular screening of anti-quorum
sensing capability of Salvadora persica on Enterococcus faecalis. J Hard
Tissue Biol. 2011;20(2):115-24.

Desouky SE, Abu-Elghait M, Fayed EA, et al. Secondary metabolites

of actinomycetales as potent quorum sensing inhibitors targeting
Gram-positive pathogens: In vitro and in silico study. Metabolites.
2022;12(3):246.

Desouky SE, Nishiguchi K, Zendo T, et al. High-throughput screening of
inhibitors targeting agr/fsr quorum sensing in Staphylococcus aureus
and Enterococcus faecalis. Biosci Biotechnol Biochem. 2013;77(5):923-7.
Ali 1A, Lévesque CM, Neelakantan P. Fsr quorum sensing system modu-
lates the temporal development of Enterococcus faecalis biofilm matrix.
Mol Oral Microbiol. 2022;37(1):22-30.

Nesuta O, Budésinsky M, Hadravova R, et al. How proteases from Entero-
coccus faecalis contribute to its resistance to short a-helical antimicrobial
peptides. Pathog Dis. 2017;75(7):ftx091.

Banerjee T, Anupurba S. Prevalence of virulence factors and drug resist-
ance in clinical isolates of enterococci: a study from North India. J Pathog.
2015;2015:692612.

Rotta IS, Rodrigues WF, Dos Santos CTB, et al. Clinical isolates of E.

faecalis and E faecium harboring virulence genes show the concomitant
presence of CRISPR loci and antibiotic resistance determinants. Microb
Pathog. 2002;171:105715.

Tsikrikonis G, Maniatis AN, Labrou M, et al. Differences in biofilm forma-
tion and virulence factors between clinical and fecal enterococcal isolates
of human and animal origin. Microb Pathog. 2012,52(6):336-43.
Lopez-Salas P, Llaca-Diaz J, Morfin-Otero R, et al. Virulence and antibiotic
resistance of Enterococcus faecalis clinical isolates recovered from

three states of Mexico detection of linezolid resistance. Arch Med Res.
2013;44(6):422-8.

Hashem YA, Amin HM, Essam TM, Yassin AS, Aziz RK. Biofilm formation in
enterococci: Genotype-phenotype correlations and inhibition by vanco-
mycin. Sci Rep. 2017,7(1):5733.

Guneser MB, Eldeniz AU. The effect of gelatinase production of Enterococ-
cus faecalis on adhesion to dentin after irrigation with various endodontic
irrigants. Acta Biomater Odontol Scand. 2016;2(1):144-9.

Hancock LE, Perego MJ. The Enterococcus faecalis fsr two-component
system controls biofilm development through production of gelatinase. J
Bacteriol. 2004;186(17):5629-39.

Singh RP, Nakayama J. (2014). Development of quorum-sensing inhibitors
targeting the fsr system of Enterococcus faecalis. Springer; 319-324.
Willett JL, Robertson EB, Dunny GM. The phosphatase Bph and peptidyl-
prolyl isomerase PrsA are required for gelatinase expression and activity
in Enterococcus faecalis. ) Bacteriol. 2022;204(7):e00129-00122.

Cottalorda J, Sabah DL, Monrigal PJ, et al. Minimally invasive treatment of
aneurysmal bone cysts: Systematic literature review. Orthop Traumatol
Surg Res. 2022;108(4):103272.

Akshaya BS, Premraj K, Iswarya C, et al. Cinnamaldehyde inhibits Entero-
coccus faecalis biofilm formation and promotes clearance of its coloniza-
tion by modulation of phagocytes in vitro. 2023;181: 106157.

Mu, Xie T, Zeng H, Chen W, Wan C, Zhang L. Streptomyces-derived
actinomycin D inhibits biofilm formation via downregulating ica locus



Ashraf et al. BMC Microbiology (2024) 24:411

60.

61.

62.

63.

64.

65.

66.

67.

and decreasing production of PIA in Staphylococcus epidermidis. J Appl
Microbiol. 2020;128(4):1201-7.

Thomas VC, Thurlow LR, Boyle D, Hancock LE. Regulation of autol-
ysis-dependent extracellular DNA release by Enterococcus faecalis
extracellular proteases influences biofilm development. J Bacteriol.
2008;190(16):5690-8.

Suttipalin S, Suttimas Y, Nirascha C. Effect of purified curcuminoids on
Enterococcus faecalis and its biofilm. Int J Clin Prev Dent. 2014;10(2):71-8.
Fu C, XuY, Zheng H, et al. In vitro antibiofilm and bacteriostatic activity of
diacerein against Enterococcus faecalis. AMB Express. 2023;13(1):85.

Qin X, Singh KV, Weinstock GM, Murray BE. Characterization of fsr, a
regulator controlling expression of gelatinase and serine protease in Ente-
rococcus faecalis OG1RF. J Bacteriol. 2001;183(11):3372-82.

McBrayer DN, Cameron CD, Gantman BK, Tal-Gan Y. Rational design of
potent activators and inhibitors of the Enterococcus faecalis fsr quorum
sensing circuit. ACS Chem Biol. 2018;13(9):2673-81.

LiY, Pan J, Wu D, et al. Regulation of Enterococcus faecalis biofilm forma-
tion and quorum sensing related virulence factors with ultra-low dose
reactive species produced by plasma activated water. Plasma Chem
Plasma Processing. 2019;39:35-49.

Montealegre MC, La Rosa SL, Roh JH, Harvey BR, Murray BE. The Ente-
rococcus faecalis EbpA Pilus Protein: Attenuation of Expression, Biofilm
Formation, and Adherence to Fibrinogen Start with the Rare Initiation
Codon ATT. mBio. 2015;26,6(3):e00467-15.

Flores-Mireles AL, Pinkner JS, Caparon MG, Hultgren SJ. EbpA vac-

cine antibodies block binding of Enterococcus faecalis to fibrinogen to
prevent catheter-associated bladder infection in mice. Sci Transl Med.
2014,6(254):254ra127-254ra127.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16



	Polidocanol inhibits Enterococcus faecalis virulence factors by targeting fsr quorum sensing system
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Bacterial strains

	Phenotypic characterization of the tested isolates
	Assay of gelatinase and serine protease production
	Detection of hydrophobicity of E. faecalis isolates
	Biofilm assay

	Molecular detection of fsr QS and virulence factors genes
	Screening of different compounds for targeting E. faecalis fsr QS system
	Detection of minimum inhibitory concentration of the tested compounds
	Gelatinase inhibition assay

	Growth inhibition assay of polidocanol
	The impact of polidocanol as potential inhibitor on E. faecalis virulence factors
	Gelatinase production assay
	Quantitative assay of proteolytic activity
	Bacterial cell surface hydrophobicity assay
	The impact of polidocanol on biofilm formation

	Gene expression analysis by quantitative real-time polymerase chain reaction (qrt-PCR)
	Statistical analysis
	Results
	Bacterial isolation and identification

	Distribution of virulence factors among E. faecalis isolates
	Prevalence of gelatinase and protease enzymes among tested isolates
	Detection of hydrophobicity of E. faecalis isolates
	Biofilm production

	Detection of fsr QS and virulence genes by PCR
	Targeting fsr system
	Effect of polidocanol on microbial growth
	Polidocanol inhibited E. faecalis fsr QS system and virulence factors
	Elimination of gelatinase production by polidocanol
	Inhibition of protease production by polidocanol
	Effect of polidocanol on cell hydrophobicity
	Effect of polidocanol on biofilm formation

	Suppression of QS and virulence factors related genes
	Suppression of QS associated genes
	Suppression of virulence associated genes

	Discussion
	Conclusion
	Acknowledgements
	References


