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Abstract: Diabetic foot ulcers are recognized to be a severe complication of diabetes, increasing
the risk of amputation and death. The bacterial infection of Diabetic foot ulcers with virulent
and resistant bacteria as Proteus mirabilis greatly worsens the wound and may not be treated with
conventional therapeutics. Developing new approaches to target bacterial virulence can be helpful to
conquer such infections. In the current work, we evaluated the anti-virulence activities of the widely
used antibacterial metronidazole. The minimum inhibitory concentrations (MIC) and minimum
biofilm eradication concentrations (MEBC) were determined for selected antibiotics which P. mirabilis
was resistant to them in the presence and absence of metronidazole in sub-MIC. The effect of
metronidazole in sub-MIC on P. mirabilis virulence factors as production of exoenzymes, motilities,
adhesion and biofilm formation, were evaluated. Furthermore, molecular docking of metronidazole
into P. mirabilis adhesion and essential quorum sensing (QS) proteins, was performed. The results
revealed a significant ability of metronidazole to in-vitro inhibit P. mirabilis virulence factors and
antagonize its essential proteins. Moreover, metronidazole markedly decreased the MICs and
MBECs of tested antibiotics. Conclusively, metronidazole in sub-MIC is a plausible anti-virulence
and anti-QS agent that can be combined to other antibiotics as anti-virulence adjuvant to defeat
aggressive infections.
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1. Introduction

Diabetic foot ulcers are the most serious complication of diabetes mellitus and the
most common lower extremity injuries that are ended by amputation. The non-traumatic
amputations are mainly observed among diabetics. For instance, the rate of amputations
in diabetics is 30 to 40 times higher than in non-diabetics. The diabetic foot ulceration
risk is considerably high among diabetics and may reach 25%; the majority will suffer
from amputation within few years after first diagnosis [1]. Unfortunately, mortality rate
within five years after amputation is predicted to be 40% to 70% [2]. There are several risk
factors account for the increase in the incidence of diabetic foot. Neuropathy and peripheral
arterial occlusive disease are considered among the major causes of diabetic foot according
to epidemiological studies [3]. The management of ulcerations in diabetic foots requires a
professional management emphasizing the interdisciplinary cooperation between various
medical health care providers [2]. The worst could happen when minor trauma or any
breakdown in the skin integrity that leads to chronic diabetic foot wounds. Neuropathy,
low vascularity and compromised immunity increase the chance to the flourishment of
microbial infection especially bacterial infections [4,5]. The diabetic foot bacterial infections
are very parlous and if not controlled may spread deeper in underlying tissues and bones.
The necessity to an efficient anti-bacterial therapy is mandatory to control infections in early
stages and to minimize the necessity to surgical interventions in later stages. Frequently,
the diabetic foot ulcers can be infected by diverse Gram-positive or -negative bacteria that
are characterized by high resistance to antibiotics [2,4]. Infection with Proteus mirabilis is
recognized among the most serious diabetic foot ulcers infections.

Proteus mirabilis is a motile and non-lactose fermenter member of Gram-negative Enter-
obacteriaceae family. To describe Proteus species shapeshifting, Hauser (1885) named it after
the sea-God Proteus in Homer’s Odyssey. P. mirabilis is characterized by its dimorphic short
rods and elongated swarmer cells that express a lot of flagella [6]. P. mirabilis causes a broad
range of pathogenesis, it causes more than 3% of all nosocomial infections and up to 44% of
catheter-associated urinary tract infections [7]. P. mirabilis is one of the most serious diabetic
foot ulcers infectious agents that isolated in percentage about 18% [8-10]. The P. mirabilis
virulence factors are encoded on chromosomally integrated or even extra-chromosomally
imported genes [11]. Theses virulence factors are widely assorted from constitutional
organelles as flagella swarming motility and adhesive fimbria to production of various
extracellular enzymes and toxins as protease, urease and hemolysins [6,7]. Quorum sensing
(QS) system is a signaling system to regulate the bacterial pathogenesis, QS plays crucial
roles in organization of P. mirabilis infection, colonization and biofilm formation [12]. Fur-
thermore, P. mirabilis incessantly develops a resistance to various antibiotics [13,14]. The
infectious ability of P. mirabilis is mostly related to the biofilm formation, that constitutes an
additional difficulty in treatment by conventional antibiotics [7,12,14]. Critically, resistance
development beside biofilm formation worsens the P. mirabilis infections to diabetic foot
ulcers and impede the therapeutic treatment towards favoring surgical interventions [9,13].

In such aggressive bacterial infections as those in diabetic foot ulcers, it is essential
to invent new strategies to guarantee an effective treatment by antibiotics. One of these
strategies is crippling bacterial virulence and targeting its QS [15-18]. Without affecting the
bacterial growth, this strategy decreases the possibility of the bacterial resistance develop-
ment [19-21]. In this direction, several groups investigated the anti-virulence and anti-QS
activities of safe naturally products or FDA approved drugs [16,17,21-27]. Metronidazole is
very widely used antimicrobial mainly against most anaerobic Gram-negative and -positive
bacteria and protozoans [28]. It is considered gold standard antimicrobial which all other
anaerobic active antibiotics should be compared [29]. In this work, we aimed to investigate
the anti-virulence activities of metronidazole on highly resistant P. mirabilis isolated from
macerated diabetic foot ulcer.
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2. Materials and Methods
2.1. Bacterial Strain and Materials

Clinical P. mirabilis specimen was isolated from macerated incurable diabetic foot
ulcers (grade 3: deep with osteitis) of an admitted female patient (62 years old) in Hospitals
of Zagazig University; it was Gram stained and biochemically identified [20,30]. Luria-
Bertani (LB) broth and agar, Tryptone soya broth (TSB) and Mueller Hinton (MH) broth and
agar were purchased from Oxoid (Hampshire, UK). The used chemicals and solvents in
this study were of pharmaceutical grade. Metronidazole was ordered from Sigma-Aldrich
(St. Louis, MO, USA).

The pus in the deep wound was aspirated, Gram stained and cultured on LB and
MH agar and TSB broth. The isolated pure colonies were identified biochemically. The
isolates were Gram-negative rods, produced yellowish lactose non-fermenting colonies
on MacConkey’s agar and showed significant P. mirabilis swarming on nutrient agar.
Furthermore, the pure isolates did not ferment indole and showed black due to hydrogen
sulphide production in triple sugar iron (TSI) agar.

2.2. Minimum Inhibitory Concentration (MIC) Determination

The MICs of antibiotics or metronidazole to P. mirabilis were detected by the mi-
crodilution in broth according to Clinical Laboratory and Standards Institute Guidelines
(CLSI, 2012) [19,25]. In this assay we used antibiotics: ciprofloxacin, cefoperazone, amoxi-
cillin/clavulinic acid, imipenem, gentamycin, tetracycline, chloramphenicol and metron-
idazole in concentrations ranged from 0.5 pg/mL to 20 mg/mL. Escherichia coli ATCC 25922
was used as bacterial control. Briefly, P. mirabilis inoculum was cultivated overnight in
TSB and then standardized to have a turbidity equivalent 0.5 McFarland with MH broth.
The bacterial suspensions were diluted with PBS to approximately 10 CFU/mL. Equal
volumes of serially diluted concentrations of metronidazole or antibiotics and bacterial
suspension aliquots were added to wells of 96-microtite plate and incubated at 37 °C
for 24 h. The test was conducted in triplicate and the MIC was observed as the lowest
concentration that did not show turbidity in wells.

2.3. Effect of Metronidazole in Sub-MIC on P. mirabilis Growth

The metronidazole in sub-MIC effect on the tested P. mirabilis growth was evaluated to
exclude any effect of metronidazole on the bacterial growth [16,24,31]. P. mirabilis overnight
cultures were prepared in LB broth and adjusted to standard 0.5 McFarland. Fresh LB broth
tubes with or without metronidazole (% MIC or 411 MIC) were inoculated with P. mirabilis
(1 x 108 CFU/mL) and were overnight incubated at 37 °C. The experiment was conducted
in triplicate and the broth cultures’ optical densities were measured at 600 nm.

2.4. Protease Assay

The production of protease was assayed in presence and absence of metronidazole
using casein substrate as described previously [20,32]. Briefly, P. mirabilis overnight cultures
were grown in LB broth in presence or absence of metronidazole in % MIC or 411 MIC at
37 °C for 24 h and then the supernatants were collected by centrifugation. Supernatants
(1 mL) were mixed with 1 mL of 2% casein in phosphate buffer (0.05 M) and NaOH
(0.1 M) at pH 7.0. After incubation for 10 min at 37 °C; the reaction was stopped at room
temperature by adding 0.4 M Trichloroacetic acid (2 mL) for 30 min. The precipitates were
removed by centrifugation and the optical densities were detected at 660 nm. The assays
were performed triplicate and the obtained optical densities were compared in presence
of metronidazole to untreated bacteria (positive control) and negative control (PBS). the
protease inhibition percentage was calculated by employing the following equation:

Metronidazole (sub — MIC) treated or untreated P. mirabilis — Negative control

e : x 100
Positive control — Negative control
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Pink zone diameter of control — Pink zone diameter in presence of metronidazole in sub — MIC

2.5. Hemolysis Assay

P. mirabilis isolate was overnight grown in LB broth containing or not metronidazole
% MIC or % MIC at 37 °C. The supernatants were collected by centrifugation of bacterial
suspensions for hemolysin assay [16,23,25]. Briefly, half mL of supernatants was mixed with
erythrocyte suspensions (2%) in sterile saline (0.8 mL), kept at 37 °C for 2 h and centrifuged.
The optical densities of released hemoglobin was assayed at 540 nm. Negative control of
un-hemolyzed erythrocytes and positive control of completely hemolyzed erythrocytes by
adding Sodium Dodecyl Sulfate (0.1%) were prepared in the same conditions. The assay
was done in triplicate and the hemolysis inhibition percentage was evaluated by employing
the following equation:

Metronidazole (sub — MIC) treated or untreated P. mirabilis — Negative control

x 100
Positive control — Negative control

2.6. Urease Assay

In order to evaluate the inhibitory effects of metronidazole on production of urease
was performed as described earlier [20]. Five pL from P. mirabilis overnight cultures
were impeded on the center of the Christensen’s urea agar plates supplemented with
metronidazole in % MIC or 411 MIC and incubated at 37 °C for 24 h. The color change of
the pH indicator from yellow to pink indicates the urease activity. Control plates were
prepared in the same manner; pink zones were measured in mm. The assay was repeated
triplicate and the percentages of urease inhibition was calculated:

x 100

Motility diameter of control — Motility diameter in presence of metronidazole in sub — MIC

Pink zone diameter of control

2.7. Assay of P. mirabilis Motilities

The inhibitory effects of metronidazole on swarming and swimming were evalu-
ated [15,23,25]. Overnight P. mirabilis cultures were prepared and 5 pL from these cultures
were inoculated on the center of the dried surfaces of either LB swarming (1.5% agar) or
swimming (0.4% agar) plates with or without different sub-MIC of metronidazole (3 MIC
or % MIC). After overnight incubation at 37 °C; the motility zones were measured in mm.
The test was performed triplicate and control plates without metronidazole were prepared
in the same conditions. The percent of motility inhibition was calculated as:

x 100

Motility diameter of control

2.8. Adhesion Assay

In order to evaluate the effect of metronidazole on bacterial adhesion, P. mirabilis
overnight cultures were prepared, diluted with fresh TSB and adjusted to a cell density of
1 x 10°® CFU/mL for adhesion assay [33].

2.8.1. Adhesion to Epithelial Cells

Epithelial cells were obtained from urine of pregnant woman, washed and resus-
pended in phosphate buffer saline. Epithelial cells were counted, eventually distributed
in microtiter-plate and co-cultured with P. mirabilis in total volume 200 pL in presence or
absence of metronidazole in concentrations % MIC or % MIC. After incubation for 1 h at
37 °C, cells were washed with PBS 3 times, fixed for 25 min at 60 °C, simple stained with
equal volume of safranin for 45 min and excess day was washed out. The bacterial cells
adhered to epithelial cells were counted on at least 20 epithelial cells.
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2.8.2. Adhesion to Abiotic Surfaces

P. mirabilis was grown with metronidazole in sub-MIC concentrations (3 MIC or
% MIC) in microtiter-plate, incubated at 37 °C for 1 h, washed, fixed at 20 min for 60 °C,
stained with crystal violet in equal volume for 20 min and the excess dye was washed
out. Ethanol was added to extract the dye of adhered bacterial cells and optical densities
were detected at 590 nm. The experiment was performed triplicate and the percentage of
adhesion inhibition was calculated:

OD590 of control — OD590 in presence of metronidazole in sub — MIC y

OD590 of control 100

2.9. Biofilm Formation Assay
2.9.1. Assessment of Biofilm Formation

Overnight cultures of P. mirabilis were prepared, diluted with fresh TSB and the cell
density was adjusted to 1 x 10 CFU/mL for evaluation of biofilm production [15,25,34].
Aliquots of the bacterial suspension (200 pL) were transferred to sterile microtiter plates
and incubated overnight at 37 °C. The non-adherent bacterial cells were washed out and
methanol (99%) was used to fix the adherent cells for 25 min. The fixed cells were stained
with crystal violet for 25 min, the excess dye was washed out, the plates were dried and the
bounded dye was extracted with ethanol (95%). The experiment was conducted triplicate
and the optical densities were detected at 590 nm. The cut off OD (ODc) was calculated
as 3 times standard deviation above the negative control mean OD. The isolate can be
classified into one of 4 groups; strong biofilm-forming (OD > 4 x ODc), moderate biofilm-
forming (OD > 2x ODc, but <4x ODc), weak biofilm-forming (OD > ODc, but <2x ODc),
or not biofilm-forming (OD < ODc) [34].

2.9.2. Biofilm Production Assay

For assessment of metronidazole inhibitory effects on biofilm formation; similar steps
used to assess the biofilm formation were performed. Aliquots of P. mirabilis suspensions
(100 uL) were transferred to 96-microtitre plates containing 100 uL of metronidazole (% MIC
or 411 MIC). The optical densities of the stain extracted form biofilms were detected at a
wavelength of 590 nm in the presence or absence of metronidazole. The assay was repeated
triplicate and the inhibition of biofilm formation was calculated:

OD590 of control — OD590 in presence of metronidazole in sub — MIC y

OD590 of control 100

2.9.3. Minimum Biofilm Eradication Concentration (MBEC) Determination

The MBECs of the metronidazole or antibiotics were determined by broth dilution
method [35]. Adjusted overnight cultures with TSB equivalent to 0.5 McFarland standard,
were transferred to the wells of microtiter plates (100 pL). After incubation overnight
at 37 °C, the wells were washed out and air dried. One hundred pL equivalent to 2-
fold dilution of metronidazole or the respective antibiotic in MH broth were mixed with
established biofilms. The plates were incubated at 37 °C for 20 h, the experiment was
repeated triplicate and MBEC was considered the lowest concentration that showed no
turbidity in the wells.

2.10. Combination of Metronidazole with Antibiotics

To evaluate the outcome of combining metronidazole in sub-MIC with antibiotics,
the MICs of these antibiotics were detected in the presence of metronidazole (% MIC). The
96-well plates were provided with 50 uL of 4-fold the final concentrations of each metronida-
zole and antibiotics and then cultured with adjusted bacterial inoculum (5 x 10° CFU/ mL)
and overnight incubated at 37 °C. The MICs were observed and Fractional inhibitory
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concentration (FIC) of antibiotic was calculated [36]. The result of the combination: FIC > 4
(antagonistic), FIC > 0.5 to 4 (indifferent), or FIC < 0.5 (synergistic).

MIC drug A in combination

FIC of drug A = MIC drug A alone

2.11. Molecular Docking of Metronidazole onto P. mirabilis Proteins

Docking analysis was performed using the Discovery Studio 2.5 software (Accel-
rys Inc., San Diego, CA, USA). Totally automatic docking tool using “Dock ligands
(CDOCKER)” was used. The docked compounds were assembled by a software Chem 3D
ultra 12.0 [Chemical Structure Drawing Standard; Cambridge Soft corporation, USA (2010)]
and then the Discovery Studio 2.5 software. Procedure of automatic protein formulation
was conducted through the MMFF94 forcefield with the binding site sphere recognized by
the software. The receptors were defined as “input receptor molecule” in the CDOCKER
protocol. Force fields were used on the tested compounds to achieve the minimum lowest
energy structures. These poses were ranked and studied thoroughly, presenting the best
ligand-interactions from the calculations and 2D and 3D examinations [37-39].

2.12. Statistical Analysis

The experiments were conducted triplicates and the results are expressed as the
mean =+ standard error. The statistically significant difference between the control and
metronidazole was analyzed by one-way ANOVA test (Graphpad Prism 8 software). The
results were significant statistically in case of p values < 0.05.

3. Results
3.1. Determination of MIC and MBEC

The MICs of antibiotics or metronidazole were estimated by the broth microdilution
method and the results were summarized in Table 1.

Table 1. Metronidazole and Antibiotics MIC and MBEC to P. mirabilis isolated from diabetic foot.

Tested Agent MIC MBEC Ratio MBEC/MIC
Metronidazole 10 mg/mL 40 mg/mL 4
Ciprofloxacin 2 ug/mL 128 ug/mL 64
Cefoperazone 64 pg/mL 1024 pg/mL 16
Amoxicillin/Clavulinicacid 256 pg/mL 2048 pg/mL 8
Imipenem 4 ug/mL 8 ug/mL 2
Gentamycin 16 pg/mL 512 pg/mL 32
Tetracycline 64 pg/mL 2048 pg/mL 32
Chloramphenicol 64 pg/mL 2048 pg/mL 32

3.2. Effect of Metronidazole in Sub-MIC on Bacterial Growth

To confirm the absence of any effect of metronidazole in sub-MIC on the bacterial
growth, the optical densities of overnight bacterial growth in precence and absence of
metronidazole (% MIC or }1 MIC) were measured at 600 nm. No significant difference was
observed between the growth of the bacterial suspensions with or without metronidazole,
that means metronidaole (sub-MIC) did not affect the bacterial growth (Figure 1).
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OD at 600 nm

Figure 1. Effect of metronidazole in sub-MIC on P. mirabilis growth. LB broth with or without
metronidazole (% MIC or % MIC) was inoculated with a fresh inoculum of adjusted P. mirabilis to 0.5
McFarland Standard equivalent and the optical densities were measured after overnight culturing
at 37 °C. One-Way ANOVA test was applied to compare between bacterial growth in presence and
absence of metronidazole; statistical significance was assumed when p values < 0.05. There was no
statistical significance between metronidazole treated and untreated cultures (p > 0.05).

It is worthy to confirm that we tested the effect of DMSO in the used concentration
(1.5%) on the bacterial growth and virulence and used it as control in each experiment.
We did not observe any significant difference between DMSO treated cultures and un-
treated cultures.

3.3. Effect of Metronidazole in Sub-MIC on Production of Bacterial Virulence Enzymes

To evaluate the anti-virulence activities of metronidazole in sub-MIC on P. mirabilis
virulence. The inhibition effect of metronidazole on production of some virulent exoen-
zymes were assessed. Significantly, metronidazole in sub-MIC reduced the production of
protease, hemolysins and urease (Figure 2).

3.4. Effect of Metronidazole in sub-MIC on Bacterial Motilities

Bacterial motility is important for adhesion and biofilm formation and diminishing
effect of metronidazole of bacterial motility indicate its anti-QS and anti-virulence activities.
The diameters of P. mirabilis swimming and swarming were measured on LB agar (0.4% or
1.5%, respectively) plates with or without metronidazole (% MIC or % MIC). Significantly,
metronidazole diminished the bacterial motility (Figure 3). Moreover, light microscope
images were taken for the P. mirabilis cells at the center and edge of swarming. Clearly,
cells at the edge which represent the swarmer cells were larger and longer than those in
the center. In the presence of metronidazole (% MICQ), the cells at the sizes of swarmer cells
were smaller than swarmer cells in absence of metronidazole (Figure 3A).

3.5. Effect of Metronidazole in Sub-MIC on Bacterial Adhesion

Biofilm formation and bacteria invasion are basicaly depend on the capability of
bacterial cells to adhere either to living cells or inanimate objects. In order to evalute the
effect of metronidazole on bacterial adhesion to cells or abiotic surfaces; P. mirabilis treated
or untreated with metronidazole were cocultured with epithelial cells or in microtitre
plates, repectively. Markedly, the numbers of adhered bacterial cells to epithelial cells
were reduced in precence of metronidazole (Figure 4A,B). Furthermore, P. mirabilis treated
or untreated with metronidazole (% MIC or % MIC) was incubated in microtitre plate for
60 min and the optical denisties of atained adhered cells were measured. As metronidazole
reduced the adherence of bacterial cells to epithelial cells, metronidazole significantly
reduced the adhesion to abiotic surfaces (Figure 4C).
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Furthermore, the structural interaction between metronidazole and the Zn-dependent
receptor-binding domain of P. mirabilis MR /P fimbrial adhesin MrpH, was in-silico evalu-
ated. The results indicated that metronidazole fit nicely into the binding site of P. mirabilis
adhesin MrpH (PDB ID: 6Y4F) with the formation of two hydrogen bonds with Thr116 via
the oxygen atom of NO; group and Arg118 through the proton of OH group, in addition
to many hydrophobic interactions with Thr116, Arg118 and Ile140. Notably, metronidazole
engaged in the formation of one metal acceptor bond with ZN:201 with the oxygen atom
of OH group (Figure 4D).

3.6. Effect of Metronidazole in Sub-MIC on Biofilm Formation

To evaluate the biofilm production, P. mirabilis was considerd according [34] as strong
biofim forming when OD > 4x ODc (OD = 0.34 and OD = 0.064). The MBECs were
determined and presented for the selected antibiotics and metronidazole in Table 1.

% Hemolysis
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Figure 2. Effect of metronidazole in sub-MIC on P. mirabilis virulence enzymes. One-way ANOVA
test was employed to compare between the metronidazole in % MIC or % MIC treated and untreated
bacterial cultures. The data were presented as mean =+ standard error of percentage change from
untreated cultures; and were considered statistically significant when p values < 0.05. (A) Protease
production: significantly, metronidazole reduced the protease production in comparison to untreated
cultures (p < 0.0001). (B) Hemolytic activity: metronidazole in sub-MIC significantly decreased the
hemolytic activity (p < 0.0001). (C,D) Urease inhibition: Christensen’s urea agar plates containing
different sub-MIC of metronidazole were used. The change in the color of the pH indicator from
yellow to pink indicates the urease activity and pink zones were measured in mm. Metronidazole
significantly reduced the production of ureases (p < 0.0001), *** = p < 0.001.
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Figure 3. Effect of metronidazole in sub-MIC on P. mirabilis motility. One-way ANOVA test was used to compare between the
metronidazole in % MIC or % MIC treated and untreated bacterial cultures. The data were shown as mean =+ standard error

of percentage change from untreated cultures; and were considered statistically significant when p values < 0.05. (A) Light

microscope image of simple stained P. mirabilis at the center (non-swarmer cells), the edge of swarming (elongated larger

swarmer cells) and swarmer cells in precence of metronidazole. Clearly, the swarmer cells in precence of metronidazole

is smaller than those in absence of metronidazole. (B,C) Metronidazole in sub-MIC significantly reduced the swarming

motility (p < 0.0001). (D,E) The diameters of swimming motiliy were significantly decreased in precence of meetonidazole
in sub-MIC (p < 0.0001). *** = p < 0.001.

In order to evaluate the metronidazole inhbitory effect on biofilm production; P. mirabilis
treated or untreated with metronidazole (% MIC or % MIC) was cultured in microtite plate
overnight at 37 °C. In addition, the biofilm forming bacterial cells were crystal violet stained
and optical densities were measured. Significantly, metronidazole prevented the biofilm
formation (Figure 5).

3.7. In-Silico Docking of Metronidazole into P. mirabilis QS Eseential Proteins

To give a hint into the capability of metronidazole to antagonize the QS essential
proteins; the interaction between metronidazole and QS proteins was evaluated. P. mirabilis
QS protein was retrieved from UniProtKB (PMI1345) and molecular docking was carried
out. The results showenin Figure 6, displayed that thereceptor well accommodating
metronidazole inside the binding cavity and establishing appropriate interactions involved
the formation of three hydrogen bonds; the proton of OH group engaged in one hydrogen
bond with Glu57. The oxygen atom of NO; involved in the formation of two hydrogen
bonds with Gly129 and Thr130 amino acid residues. Additionally, the oxygen of OH
group and the oxygen of NO, group of metronidazole engaged in the formation of two
important metal acceptor bonds with ZN:1. Moreover, metronidazole incorporated in
many hydrophobic interactions with His54, Glu57, Cys128 and ZN:1. These results may
explain the possible reasons for enhanced anti-QS activity of metronidazole.
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Figure 4. Effect of metronidazole in sub-MIC on P. mirabilis adhesion. (A) Adhesion to epithelial cells: epithelial cells
from urine of pregnant were cocultured with P. mirabilis treated or untreated with metronidazole in % MIC or i MIC.
(B) Metronidazole significantly reduced the number of adhered bacterial cells to epithelial cells (p < 0.0001 and 0.0095
for % MIC or % MIC, respectively). (C) Adhesion to abiotic surface: P. mirabilis was cultured in presence or absence of
metronidazole in % MIC or i MIC, incubated at 37 °C for 60 min. The adhered cells were crystal violet stained and
their optical densities were measured at 590 nm. Significantly, metronidazole reduced the bacterial adhesion (p < 0.0001).
One-way ANOVA test was used to compare between the metronidazole in § MIC or 1 MIC treated and untreated bacterial
cultures. The data were expressed as mean =+ standard error of percentage change from untreated cultures; and were
considered statistically significant when p values < 0.05. (D) Interactions of metronidazole into the active site of P. mirabilis
adhesin MrpH (PDB: ID 6Y4F): (i,ii) three dimensional and (iii) two dimensional interactions. ** = p < 0.01, *** = p < 0.001.
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% Biofilm Formation

Figure 5. Effect of metronidazole in sub-MIC on biofilm formation. P. mirabilis cultures were grown
in presence or absence of metronidazole (% MIC or % MIC) and incubated overnight at 37 °C. The
optical densities of stained adhered cells were measured at 590 nm. Significantly, metronidazole
diminished the biofilm formation (p < 0.0001). One-way ANOVA test was used to compare between
the metronidazole in 1 MIC or % MIC treated and untreated bacterial cultures. The data were
presented as mean =+ standard error of percentage change from untreated cultures; and and statistical
significance was considered when p values < 0.05, *** = p < 0.001.
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Figure 6. Interactions of metronidazole into the active site of P. mirabilis QS protein (PMI1345). (A,B) three dimensional and

(C) two dimensional.

3.8. MICs and MBECs of Tested Antibiotics in Precence of Metronidazole in Sub-MIC

To evalutae the effect of metronidazole in sub-MIC as anti-virulence agent on de-
creasing of MICs and MIBCs of selected antibiotics; the MICs and MIBCs of comined
metronidazole and selected antibiotics were determined. The outcomes of the combined
effect of netronidazole (% MIC) and selected antibiotics were calculated according [36]. The
results were summarized in Table 2. Obviously, metronidazole decreased the MICs and
MIBCs of antibiotics and showed considerable synergism.
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Table 2. The susceptibility of isolated P. mirabilis to antibiotics in presence of Metronidazole (% MIC).

Antibiotic MIC MICpet FIC MBEC MBECmet FIC
Ciprofloxacin 2 ug/mL 1 pg/mL 0.5 128 ug/mL 32 ug/mL 0.25
Cefoperazone 64 pg/mL 16 pg/mL 0.25 1024 ug/mL 256 pg/mL 0.25

Amoxmu:;i/fla"mmm 256 pg/mL 32 ug/mL 0.125 2048 pg/mL 512 pg/mL 0.25

Imipenem 4 ug/mL 2 ug/mL 0.5 8 ug/mL 4 ug/mL 0.5

Gentamycin 16 pg/mL 16 pg/mL 1 512 pg/mL 256 pg/mL 0.5
Tetracycline 64 pg/mL 64 pg/mL 1 2048 pg/mL 1024 pg/mL 0.5
Chloramphenicol 64 pg/mL 16 pg/mL 0.25 2048 pg/mL 256 pg/mL 0.125

MIC and MBEC: Minimum eradication concentration and minimum biofilm inhibitory concentration of tested antibiotics. MICpet
and MBECet: Minimum inhibitory concentration and minimum biofilm eradication concentration of tested antibiotics in presence of
metronidazole in concentration of 1 MIC. FIC: Fractional inhibitory concentration = MIC drug in combination/MIC drug alone. The result
of the combination may be antagonistic (FIC > 4), indifferent (FIC > 0.5 to 4), or synergistic (FIC < 0.5).

4. Discussion

P. mirabilis causes a wide range of infections and its spread is owed to an inherent
translocation capability using peritrichous flagellar. Moreover, P. mirabilis harbors a con-
sidered arsenal of exoenzymes as urease, protease and hemolysins and strong biofilm
formation capability [6,40]. In the current study, we aimed to evaluate the effects of metron-
idazole on bacterial pathogenesis by challenging the virulence of highly resistant P. mirabilis
isolated from diabetic foot ulcers. Metronidazole is the most globally used nitroimidazole
antimicrobial agent, it is usually prescribed to anaerobic infection and is considered as
gold standard which all other anaerobic acting antibiotics should be referenced [28,29].
Metronidazole interacts with bacterial DNA and consequently inhibits the bacterial protein
synthesis. Metronidazole has activity on wide range of bacteria and its use possess several
advantages as good tissue penetration, rapid bacterial killing and low cost [29].

In order to evaluate the effect of metronidazole on P. mirabilis virulence, we used
metronidazole in sub-MICs to avoid any effect on bacterial growth. In a previous work,
metronidazole and secnidazole which harbor similar chemical moiety were efficiently
able to curtail the Pseudomonas aeruginosa pathogenesis [41,42]. Obviously, metronidazole
has no influence at all on the bacterial growth. The proteolytic enzyme protease cleaves
various essential proteins as casein, secretory components, serum albumin and gelatin.
Furthermore, protease is able to breakdown 2 classes of immunoglobulins A and G which
facilitate the spread of microbial infection and lowering the defense of the host [43,44].
Urease enzyme is a significant virulence factor that is used by pathogens of urinary and
gastrointestinal tracts as P. mirabilis. While the production of urease is constitutive in most
strains of P. mirabilis, it is inducible in some strains by pH changes [6,44,45]. Its capability
to recycle the nitrogenous compounds enhances the resistance to several biocides [43,45].
Importantly, the degraded urea due to urease provides an alkaline optimal condition for
protease action and in turn increase the microbial spread and increase the production of
both urease and protease in repeated cycles [6,46]. The cytotoxicity of hemolysin that
is encoded by 2-component secretion system hpmBA genes greatly enhance P. mirabilis
pathogenesis [6,47]. These three enzymes, protease, hemolysins and urease play crucial
roles in the spread of bacterial infection especially in lack of efficient immunity as in diabetic
foot ulcers [10,20]. Significantly, metronidazole in sub-MIC reduced the production of P.
mirabilis exoenzymes protease, urease and hemolysins.

The P. mirabilis invading ability to epithelial cells is fundamentally owed to swarmer
cells but not vegetative cells [6,44]. Flagellum dependent P. mirabilis motilities (swarming
and swimming) facilitate the spread of infection and formation of biofilms [7,48]. Moreover,
the formation of hyperflagellated swarmer cells is linked to significant increases in the
production of other virulence factors as protease and urease [45,49]. It was suggested a
close correlation between biofilm formation and bacterial motility; as the formation of
biofilms is decreased in the non-motile bacteria [8]. As a consequence, the bacterial biofilm
formation capability beside its motility result in spreading of infection and enhancing of
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antibiotic resistance of the persistent microbes in diabetic foot ulcers [10]. Our findings
revealed a significant diminishing effect of metronidazole on P. mirabilis motilities.

Biofilm formation is characteristic feature of the life style of pathogenic bacteria; It is
composed of embedded microbial cells in dynamic communities that accumulate either
on abiotic or living surfaces [50,51]. In sequential manner and after bacterial adhesion to
surfaces, free floating vegetative cells start to produce extracellular polymeric substances
which leads to irreversible attachment and entrapping of bacteria in biofilms [52]. The
flagella-driven motilities are needed for P. mirabilis adhesion, which followed by its colo-
nization and biofilm formation [49,53,54]. In compliance with our previous findings that
showed the inhibition effect of metronidazole on P. mirabilis motilities; metronidazole is
significantly reduced the adhesion of P. mirabilis to both abiotic surfaces and epithelial
cells and also significantly decreased the biofilm formation. Moreover, MICs and MBECs
for the tested antibiotics were markedly lowered when combined with metronidazole
(% MIC). The synergistic effect of metronidazole at sub-MIC when combined with tested
antibiotics indicate that these antibiotics can be used to treat diabetic foot ulcers in lower
concentration, which may decrease the side effects, the resistance development and costs.

Molecular docking is one of the most widely applied approaches for the study of
protein-ligand interactions and for drug discovery and development. Therefore, molecular
docking studies were carried out to get structural insights into the interaction between
metronidazole and P. mirabilis QS proteins and the Zn-dependent receptor-binding domain
of P. mirabilis MR /P fimbrial adhesin MrpH. Mannose Resistant Proteus like fimbriae (MRP)
that are encoded by mrpABCDEFGH] operon, are the most widely studied P. mirabilis
fimbriae. MRP fimbriae are greatly essential for P. mirabilis aggregation, biofilm formation
and colonization in kidney and bladder [55,56]. MrpH is one of the main virulence involved
fimbrial proteins in P. mirabilis [56]. In this study, we showed that metronidazole has
a considerable affinity to the binding site of P. mirabilis adhesin MrpH. The molecular
docking results emphasize our earlier finding in which we observed the reduction of
adhesion in presence of metronidazole. QS is signaling system which organize the bacterial
pathogenesis and QS targeting is one of the efficient approaches to diminish microbial
virulence [16,17,23]. We hypothesized that hindering of metronidazole to QS system and
bacterial adhesion leads to diminishing of the P. mirabilis virulence factors armory and help
greatly in treating aggressive infections as diabetic foot ulcers. In this context, we examined
the capability of metronidazole to antagonize the P. mirabilis QS essential proteins. One of
the most crucial role players in P. mirabilis QS, is protein PMI1345 as it catalyzes the transfer
of the phosphoribosyl group of 5-phosphorylribose-1-pyrophosphate to anthranilate to
yield N-(5'-phosphoribosyl)-anthranilate [57]. While LuxS and MtnN proteins are involved
in the biosynthesis of autoiducers-2; PMI1345 and MnmC proteins are involved in the
translocation machinery in the QS system [58]. Essentially, Pawar et al., analysis revealed
PMI1345 to be the prominent Eigenvector centrality protein in the 139th core of the P.
mirabilis genome [57]. Our molecular docking study showed the ability of metronidazole
to antagonize the essential QS protein PMI1345. Although more detailed molecular and
in-vivo investigations are needs, these findings give a preliminary expectation about the
metronidazole ability to hinder the QS system. It needs further pharmacological and
pharmaceutical studies to validate the application of metronidazole as anti-virulence agent
beside its antimicrobial activities.

5. Conclusions

Diabetic foot ulcers infections are among the most wretched clinical conditions, es-
pecially if the infection was with tenacious microbe as P. mirabilis. In the current study,
we evaluated the anti-virulence activities of one of the most globally used antibacterial
metronidazole. Our results revealed the inhibitory effectiveness of metronidazole in sub-
MIC concentrations to various P. mirabilis virulence factors. Here, we introducing a new
primary insight about the use of metronidazole as an anti-virulence and anti-QS agent that
could be attractive for researchers and clinicians to further in-vivo investigations.
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