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Abstract

:

The problem of antibiotic resistance is a global critical public health concern. In light of the threat of returning to the pre-antibiotic era, new alternative approaches are required such as quorum-sensing (QS) disruption and virulence inhibition, both of which apply no discernible selective pressure on bacteria, therefore mitigating the potential for the development of resistant strains. Bearing in mind the significant role of QS in orchestrating bacterial virulence, disrupting QS becomes essential for effectively diminishing bacterial virulence. This study aimed to assess the potential use of sub-inhibitory concentration (0.25 mg/mL) of glyceryl trinitrate (GTN) to inhibit virulence in Serratia marcescens and Pseudomonas aeruginosa. GTN could decrease the expression of virulence genes in both tested bacteria in a significant manner. Histopathological study revealed the ability of GTN to alleviate the congestion in hepatic and renal tissues of infected mice and to reduce bacterial and leukocyte infiltration. This study recommends the use of topical GTN to treat topical infection caused by P. aeruginosa and S. marcescens in combination with antibiotics.
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1. Introduction


Bacterial resistance poses a significant challenge to public health, stemming from the ongoing development of antibiotic resistance by bacteria and the reduced introduction of new antibiotics to the market. About 700,000 annual deaths occur globally due to infections with resistant bacteria. This number is expected to reach 10 million annual deaths by 2050. Resistant bacterial infections will be the leading cause of death by 2050 [1,2,3]. The issue of resistance development is amplified and has become more pressing, especially when dealing with highly virulent bacteria like Pseudomonas aeruginosa.



P. aeruginosa belongs to the group of ESKAPE pathogens, which encompasses the foremost six bacteria responsible for healthcare-associated infections with multidrug-resistant traits [4,5,6]. Being an opportunistic bacterium, P. aeruginosa has the potential to induce various infection types, particularly in individuals with compromised immune systems [4,7]. These infections encompass pneumonia, urinary tract infections, surgical site infections, and bloodstream infections [8,9,10]. Additionally, it can trigger burn and wound infections, as well as ocular infections [11,12]. P. aeruginosa has an exceptional resistance to antibiotics, either intrinsic or acquired [13]. Furthermore, it has a powerful arsenal of virulence factors that help adhere, colonize, and invade host tissue [14,15]. This arsenal includes protease, elastase, phospholipase, hemolysin enzymes, biofilm formation, and pyocyanin pigment [16,17]. Also, the ability of this bacterium to swim, swarm, and twitch enables it to attach to host tissue to initiate biofilm formation [12,18,19]. Biofilm formation capability adds to the virulence and antibiotic resistance of P. aeruginosa because of the impermeability of the biofilm matrix to antibiotics and the host immune cells [20,21].



Like P. aeruginosa, Serratia marcescens shows resistance to different groups of antibiotics, including beta-lactams, fluoroquinolones, and aminoglycosides [22,23,24]. S. marcescens is one of the Gram-negative bacilli and a member of the family Enterobacteriaceae. It is one of the important emerging healthcare-associated bacteria as it ranks seventh among bacteria that cause nosocomial pneumonia and tenth among bacteria that cause nosocomial bloodstream infections [25,26,27]. It also causes about 11% of burn-related surgical wound infections. Endocarditis, urinary tract infection, and osteomyelitis are also on the list of infections that can be caused by S. marcescens [28,29,30]. To cause infection, S. marcescens employs its arsenal of virulence factors that include hemolysin, protease, nuclease, chitinase, and lipase [31,32]. S. marcescens moves by swimming and swarming motilities and can form biofilms that increase its resistance to antibiotics [23,26]. It produces a characteristic red pigment termed prodigiosin that helps suppress immunity [33,34].



In light of the high resistance and virulence of both P. aeruginosa and S. marcescens, therapeutic options other than antibiotics are needed for these bacterial infections. These alternative therapies should not target bacterial growth because this will lead to the emergence of resistant strains [35,36]. Targeting virulence mechanisms seems to satisfy this requirement by allowing bacterial growth while concurrently impeding its virulence. This prevents the bacteria from causing infections, rendering them susceptible to elimination by the host’s immune system [37,38,39,40,41]. To inhibit the virulence mechanism in bacteria, a quorum-sensing system (QS) that controls the expression of virulence factors seems the ideal target [37,42]. QS is a system of communication between bacterial cells that works in an inducer/receptor manner [43,44]. These are known as autoinducers or signaling molecules that are secreted by bacterial cells. It is noteworthy that the concentration of these autoinducers reflects the number of bacterial cells. Autoinducers accumulate in the surrounding environment till a threshold concentration is achieved. Then, autoinducers bind to specific receptors that act as transcriptional regulators [43]. The receptors undergo conformational change and dimerization to have a high binding affinity to specific sequences on the DNA to activate the expression of virulence genes [45,46].



Acyl homoserine lactones (AHLs) are the autoinducers of many Gram-negative bacteria [47,48]. In P. aeruginosa, there are three main QS systems: LasI/R, RhlI/R, and PqsA/R [4,49]. LasI synthase enzyme produces 3-oxo-dodecanoyl homoserine lactone that binds to LasR when it reaches a threshold concentration to elicit changes in the expression of virulence genes encoding exo-protease, elastase, exotoxin A, and biofilm. Butanoyl homoserine lactone autoinducer is produced by RhlI synthase and binds to the RhlR receptor. The RhlI/R system regulates the production of siderophores, pyocyanin, elastases, and rhamnolipids [43,50]. In Serratia spp., two AHL-mediated QS systems are present, namely SwrI/R and SmaI/R [51,52]. These systems use butanoyl and hexanoyl acyl homoserine lactones that, when bound to their receptors, activate the expression of virulence genes such as prodigiosin, protease, hemolysin, biofilm formation, and swarming motility [12,26].



Drug repurposing of FDA-approved drugs is a good strategy that allows the screening of a large library of drugs to discover novel uses for them. This has the merits of saving the cost and time needed for the synthesis of new antibiotics. Moreover, the safety and toxicity, in addition to pharmacokinetic properties, are well known [53,54,55]. Glyceryl trinitrate (GTN) is an antihypertensive drug [56]. GTN has antimicrobial and antibiofilm activities in addition to its wound-healing effect [57]. When GTN was employed as a catheter lock solution with citrate and ethanol, it removed the biofilms of methicillin-resistant Staphylococcus aureus, P. aeruginosa, Klebsiella pneumoniae, Enterococcus faecalis, Enterobacter spp., Escherichia. coli, Stenotrophomonas maltophilia and Candida albicans. GTN ointment was approved by the FDA for treating anal fissures at a concentration of 0.4% [57,58,59]. In our previous work, the anti-virulence activities of GTN against P. aeruginosa [60] and S. marcescens [61] were phenotypically reported. GTN significantly diminished the production of virulence factors, motility, and biofilm formation in P. aeruginosa and S. marcescens (Figure 1). The present research seeks to delve deeper into the genotypic, in vivo, and in silico effects of GTN on QS-mediated virulence factors and biofilm formation. This exploration aims to uncover anti-virulence mechanisms targeting the P. aeruginosa PAO1 strain and a clinical S. marcescens isolate obtained from surgical wound infection.




2. Materials and Methods


2.1. Bacterial Strains, Media, and Chemicals


P. aeruginosa (PAO1) standard strain [7] and clinical isolate S. marcescens, isolated from an ICU patient with a surgical wound [12,23], were used in this study. All the used media were purchased from Lab M Limited (Lancashire, UK). All other chemicals used were of pharmaceutical grade. Glyceryl trinitrate was procured from POHL-Boskamp, Gmbh & Co. in Hohenlockstedt, Germany.




2.2. Determination of Minimum Inhibitory Concentration (MIC)


The Clinical Laboratory and Standards Institute (CLSI) Guidelines were followed to determine the MIC of GTN against the tested strains using the agar dilution method [62,63].




2.3. Quantification of QS-Encoding and Virulence-Encoding Genes


qRT-PCR was used to quantify the expression of QS- and virulence-encoding genes in P. aeruginosa and S. marcescens. The total RNA was extracted from fresh overnight cultures (cell density of 107 CFU/mL) that were provided or not with GTN at sub-MIC (0.25 mg/mL). The Gene JET RNA Purification Kit (Thermo Scientific, Waltham, MA, USA) was used, and the isolated RNA was kept at −80 °C as described [7,64].



The QS-encoding genes in P. aeruginosa lasI, lasR, rhlI, rhlR, pqsA, and pqsR were amplified using primers that were listed [7,65]. The involved genes in S. marcescens virulence (fimC, flhD, bsmB, rssB, and pigP) were amplified using the aforementioned primers [23,66]. The relative gene expression was calculated using the comparative threshold cycle (∆∆Ct) method. The housekeeping genes rpoD and rplU were used for P. aeruginosa and S. marcescen, respectively, to normalize the relative expression level of each tested gene. The amplification procedure was conducted according to SensiFAST™ SYBR® Hi-ROX OneStep Kit (Bioline, London, UK) using the StepOne Real-Time PCR system (Applied Biosystem, Waltham, MA, USA).




2.4. Histopathological Study


To study the effect of glyceryl trinitrate on the pathogenesis of P. aeruginosa and S. marcescens, 30 albino mice aged three weeks were optimally housed in the animal house at the Faculty of Pharmacy, Zagazig University. The mice were grouped into six groups, each of five mice. The first and second groups were intraperitoneally injected with GTN-treated P. aeruginosa and S. marcescens, respectively. The third and fourth groups were injected with untreated P. aeruginosa and S. marcescens, respectively. Two negative control groups (the fifth and sixth groups) were used. The fifth one was injected with phosphate-buffered saline and the sixth group was untreated. The mice were allowed to remain undisturbed for a period of 5 days, after which they were humanely euthanized through cervical dislocation. The liver and kidney tissues were removed from the mice and washed with normal saline before fixation in 10% formalin for histopathological investigation. The tissues were dehydrated using ethanol in increasing concentrations before clearance in xylol, impregnation, and embedding in paraffin wax. Subsequently, tissue sections, 5 μm in thickness, were sliced using a rotatory microtome. These sections were then stained with hematoxylin and eosin (H&E) stain (magnification ×200), and examination was performed using a Leica DM750 HD digital microscope from Mannheim, Germany [7,67].




2.5. Virtual Evaluation of the Binding Affinity to QS Synthetase and Receptors in P. aeruginosa and S. marcescens


Molecular docking analysis of GTN and the co-crystallized ligands was carried out with P. aeruginosa QS receptors, namely QscR, RhlR, LasR, and PqsR, and autoinducer synthetases PqsA and LasI. Furthermore, GTN was also docked with S. marcescens SmaR-like receptor [66]. The crystal structure of the receptors in complex with their ligands was retrieved from the Protein Data Bank (PDB).




2.6. Statistical Assessment


The experiments were carried out in triplicate, and the outcomes were averaged. The results were presented as the mean ± standard deviation. To assess statistical significance, the student t-test was employed, with significance determined when p < 0.05.





3. Results


3.1. The Antibacterial Activity of GTN


GTN inhibited the growth of both P. aeruginosa and S. marcescens at concentrations higher than 1 mg/mL. As a result, a concentration of 0.25 mg/mL that is equal to ¼ MIC of GTN or lower was selected for further examination of the anti-virulence activities of GTN. It is worth mentioning that the effect of GTN at the selected concentration (0.25 mg/mL) does not influence the growth of tested strains as was shown [60,61].




3.2. GTN Down-Regulates the Expression of P. aeruginosa QS Genes


Using qRT-PCR, the down-regulation of QS genes in P. aeruginosa by GTN was investigated. (Figure 2). GTN caused remarkable down-regulation of all tested genes. As compared to control untreated PAO1. The expression levels of lasI, rhlI, pqsA, lasR, rhlR, and pqsR decreased by 41.67, 15.38, 40, 20.43, 20, and 33.33%, respectively. These findings indicate a significant down-regulation effect of GTN at sub-MIC on all the QS-encoding genes in P. aeruginosa.




3.3. GTN Down-Regulates the Expression of S. marcescens Virulence Genes


The qRT-PCR revealed that GTN at sub-MIC significantly decreased the relative expressions of virulence factors regulating genes in S. marcescens (Figure 3). GTN significantly decreased adhesion involved genes fimC and bsmB genes 42.86 and 50%, respectively. GTN down-regulated the expression of the genes flhD and rssB that are involved in S. marcescens motility by 54.55 and 43.75%, respectively. Moreover, the expression of S. marcescens virulent pigment prodigiosin encoding gene pigB was down-regulated by 43.44%.




3.4. GTN Acquires Affinity to Hinder QS Systems in P. aeruginosa and S. marcescens


Detailed docking results, including binding free energy, RMSD values, and type of interactions, are summarized in Table 1.



As for QscR (PDB ID: 3SZT), GTN possesses a binding score of −7.06 kcal/mol with a single interaction involving one hydrogen bond with Tyr58, while the co-crystallized ligand OHN exhibited a binding score of −10.08 kcal/mol with four major interactions, including four hydrogen bonds with the amino acids Ser38, Tyr58, Trp62, and Asp75 at 2.89, 2.89, 3.21, and 2.82 Å, respectively (Figure 4A).



The co-crystallized ligand HL4 of RhlR (PDB ID: 8B4A) demonstrated a binding score of −6.55 kcal/mol with six interactions, including four hydrogen bonds with the amino acids Tyr64, Trp68, Asp81, and Ser135 at 2.73, 2.96, 2.89, and 2.83 Å, respectively, as well as two H-π interactions with Trp96 at 3.80 and 4.21 Å, respectively. Interestingly, GTN revealed a binding score comparable to that of the co-crystallized ligand (−6.54 kcal/mol) with the same hydrogen-bonding interactions observed with the co-crystallized ligand (Tyr64, Trp68, Asp81, and Ser135) (Figure 4B).



Two ions have been identified as LasI-type (PDB ID: 1RO5) ligands, namely sulfate ion (SO4) and zinc ion (Zn2+). Sulfate interactions include five hydrogen bonds: three with the amino acid Gly35, one with Asp37, and another one with Val38. On the other hand, zinc is involved in metal coordination with His3. GTN exhibited a binding score of −4.85 kcal/mol with a single hydrogen-bonding interaction involving Asn108 at 3.03 Å (Figure 4C).



Regarding LasR (PDB ID: 6MVN), its co-crystallized ligand 3M5 demonstrated a binding score of −10.63 kcal/mol with five interactions, including four hydrogen bonds with the amino acids Tyr56, Trp60, Asp73, and Ser129 at 2.72, 3.09, 2.81, and 2.63 Å, respectively, as well as a H-π interaction with Trp88 at 4.03 Å. GTN, on the other hand, revealed a binding score of −6.7 kcal/mol with three hydrogen-bonding interactions with the amino acids Tyr56, Arg61, and Ser129 at 2.82, 2.94, and 2.94 Å, respectively (Figure 4D).



NNQ, the co-crystallized ligand of PqsR (PDB ID: 4JVD), demonstrated a binding score of −6.5 kcal/mol with a single π-H interaction with Ile236 at 3.78 Å. It is worth noting that GTN exhibited a binding score comparable to that noted with NNQ (−6.3 kcal/mol) but with different interactions, including two hydrogen bonds with the amino acids Gln194 and Leu197 at 2.98 and 3.11 Å, respectively (Figure 4E).



3UK and PEG have been identified as ligands for PqsA (PDB ID: 5OE5). The co-crystallized ligand 3UK demonstrated a binding score of −10.5 kcal/mol with seven interactions, including five hydrogen bonds with the amino acids Gly302, Ala303, Thr304, Thr304, and Asp382 at 2.60, 3.28, 2.74, 3.00, and 2.79 Å, respectively, as well as one H-π interaction with His308 at 3.71 Å, and one π-H interaction with Gly302 at 3.74 Å. In addition to the interactions mentioned above, 3UK is involved in water-mediated interactions with Gln192, Thr194, Gly206, Gly207, Arg272, and Arg297. GTN revealed a binding score of −5.88 kcal/mol with two hydrogen-bonding interactions, involving the amino acids Gly302 and Thr304 at 3.23 and 3.01 Å, respectively (Figure 4F). The co-crystallized ligand PEG, on the other hand, exhibited a binding score of −3.71 kcal/mol with two hydrogen-bonding interactions involving the amino acid Glu286 at 3.12 and 3.26 Å. GTN demonstrated a binding score of −4.33 kcal/mol with a single hydrogen-bonding interaction, involving the amino acid Glu286 at 3.34 Å (Figure 4G).



Concerning S. marcescens SmaR, nitroglycerin possesses a binding score of −7.1 kcal/mol with two interactions involving two hydrogen bonds with Trp57 and Asp70, while the co-crystallized ligand LAE exhibited a binding score of −9.55 kcal/mol with three major interactions, including three hydrogen bonds with the amino acids Tyr53, Trp57 and Asp70 at 2.8, 2.98, and 2.96 Å, respectively (Figure 4H).




3.5. Alleviation of Histopathological Changes in Hepatic and Renal Tissues by GTN


To investigate the GTN effect on alleviating the pathogenesis of P. aeruginosa and S. marcescens, the hepatic and renal tissues of uninfected mice, mice infected with untreated P. aeruginosa (Figure 5) or S. marcescens (Figure 6), and treated infected mice were photomicrographed. Normal tissue architecture and cellular details were found in the liver or kidney of negative control groups (Figure 5A,B and Figure 6A,B). Intense hepatic blood-vessel congestion, accompanied by leukocyte infiltration, perivascular edema, or necrotic area infiltration, was found in the hepatic tissue of the untreated mice infected with P. aeruginosa (Figure 5C,D). Moreover, diffuse severe congestion of renal blood vessels with inflammatory cellular infiltration and inter-tubular hemorrhage was shown in the renal tissue of the untreated mice infected with P. aeruginosa (Figure 5E,F). On the contrary, mild congestion of hepatic blood vessels and normal renal medulla except for focal cloudy swelling in a few renal tubules were found in the tissue of the treated infected mice (Figure 5G,H). These results demonstrate the remarkable alleviation of P. aeruginosa pathogenesis by GTN.



Regarding the groups comprising treated or untreated mice infected with S. marcescens, congested hepatic blood vessels were also noticed with diffuse hydropic degeneration of hepatocytes and diffuse infiltration of von Kupffer cells (Figure 6C,D). In the liver tissues treated with GTN, milder congestion of hepatic blood vessels was found with normal hepatic parenchyma (Figure 6F). The kidney tissues of infected untreated mice showed inflammatory cell infiltration with severe congestion, cloudy swelling, and focal renal epithelium pyknosis (Figure 6E,F). On the other hand, some degenerative changes represented by cloudy swelling of some renal tubules were noticed in the treated infected mice (Figure 6G,H).





4. Discussion


The merit of anti-virulence therapy lies in its ability to reduce the likelihood of resistance emergence, as it does not exert pressure on bacterial growth [68,69]. Instead, it effectively diminishes bacterial virulence. The additional benefits of the anti-virulence approach include bolstering the immune system’s capacity to eliminate pathogenic bacteria and augmenting antibiotic effectiveness when used in combination with antibiotics [70,71]. Bacterial QS serves as a mechanism through which bacterial cells coordinate the activation of virulence factors throughout the infection process. Consequently, it represents a promising focus for the development of novel anti-infective agents [4,70,72]. The QS system controls many virulence factors in both P. aeruginosa and S. marcescens, including the production of diverse virulent enzymes and pigments such as protease, hemolysin, elastase, rhamnolipids, pyocyanin, and prodigiosin pigments in addition to biofilm formation and motility [39,73,74,75]. In this study, the anti-virulence activities of GTN against P. aeruginosa and S. marcescens were investigated. Importantly, the GTN anti-virulence activities were assessed at a sub-MIC concentration of 0.25 mg/mL to exclude any influence on bacterial growth.



In our previous studies, the anti-virulence potential of GTN against the Gram-negative bacteria P. aeruginosa and S. marcescens was assessed phenotypically [60,61]. GTN at 0.25 mg/mL exerted a potent activity against the virulence factors of both bacteria. Against S. marcescens, GTN inhibited biofilm formation, prodigiosin pigment, swimming, and swarming motilities, and diminished protease activity [61]. Moreover, the anti-pseudomonal virulence of GTN was pronounced, biofilm was inhibited, and the production of protease and pyocyanin pigment was diminished [60].



P. aeruginosa possesses three distinct QS systems that play pivotal roles in regulating its virulence. These systems comprise two LuxI/LuxR-type QS mechanisms and one non-LuxI/LuxR-type system known as the Pseudomonas quinolone signal (PQS) system [44,76]. In the first QS system, the LuxI homolog LasI synthesizes an autoinducer called C12-homoserine lactone, which is subsequently recognized by the cytoplasmic LuxR homolog, LasR [77]. In the second QS system, RhlI is responsible for the synthesis of another autoinducer, butanoyl homoserine lactone, which, at elevated concentrations, binds to RhlR, a second LuxR homolog [78]. Additionally, there is the orphan homolog QscR, which, unlike the other LuxR homologs, lacks a partner LuxI homolog. QscR, however, binds to the autoinducers produced by LasI [49]. Furthermore, the PQS system constitutes an additional non-LuxI/LuxR QS system, synthesized by PqsA, B, C, D, and H, and is detected by the regulator PqsR, also known as MvfR [79].



The current findings proved that GTN could decrease the expression of QS-regulated virulence genes in P. aeruginosa lasI, lasR, rhlI, rhlR, pqsA, and pqsR. These findings align with our prior in vitro findings, which revealed a substantial reduction in the phenotypic virulence of P. aeruginosa [60]. Furthermore, a detailed in silico study was conducted to evaluate the ability of GTN to bind P. aeruginosa QS receptors QscR, LasR, RhlR, and PqsR and the autoinducer synthetases LasI and PqsA. The current results confirmed GTN’s binding capacity to P. aeruginosa QS targets, supporting the potential anti-QS activity of GTN, which, in turn, reduces its virulence.



Gram-negative QS systems are commonly LuxI/LuxR-types. In S. marcescens, QS is regulated basically by SmaR, a member of the LuxR family [26,76]. The SmaI/SmaR QS system oversees the expression of numerous virulence factors, including prodigiosin production, pectate lyase, cellulase, caseinase, and chitinase activities, as well as swarming motility, hemolytic activity, and biofilm formation, as elaborated by the authors of [26]. The docking results of GTN into SmaR showed the GTN binding ability hindering the S. marcescens QS. Furthermore, the influence of GTN on the expression of S. marcescens virulence-involved genes was assessed.



Fimbria or pili of the adhesive organelles of S. marcescens have been linked to the formation of biofilms. The type I pili, encoded by the fimABCD operon, are indispensable for the early stages of S. marcescens biofilm formation [80,81]. Additionally, BsmA/B transcriptional factors are required to enhance the production of type I pili in S. marcescens [80,82]. S. marcescens employs a two-component system known as RssAB, consisting of a sensor kinase and a corresponding response regulator. This system is controlled by the master swarming regulator flhDC that modulates the timing of surface migration during the early lag phase [82,83]. The flhDC regulator consists of the flhC and flhD genes, which encode the flagellar transcriptional regulators FlhC and FlhD [83,84]. Additionally, RsmA plays a crucial role within the intricate regulatory network governing swarming [85,86]. Our previous results showed the significant diminishing effect of GTN on the S. marcescens biofilm formation and swarming motility [61]. These follow the current results that showed the significant down-regulation effect of GTN on adhesion-responsible genes fimC, the encoding gene of the fimbrial A subunit, and bsmB, which regulates the type I fimbriae expression, and the motility-controlling genes flhC and rsmA. The production of the tripyrrole red pigment QS-controlled S. marcescens pigment prodigiosin is regulated by the prodigiosin biosynthetic operon, pigA-N [87]. It was observed that the presence of GTN led to a substantial decrease in the expression of the pigB gene, which is in agreement with our previous in vitro findings [61].



To conclude the anti-virulence activity of GTN, an in vivo study was conducted to investigate the effect on alleviating the histopathological changes due to infection with the tested bacteria by treating the bacteria with GTN before injection into the mice. Interestingly, GTN could reduce the infiltration of bacteria and leucocytes into the renal and liver tissues of mice. Moreover, it decreased the congestion of hepatic and renal veins due to infection. This gives additional proof of the ability of GTN to diminish the pathogenesis of P. aeruginosa and S. marcescens in mice models.



In a nutshell, GTN can impede the binding process between QS autoinducers and their respective receptors, leading to the inhibition of QS. Moreover, GTN demonstrated potent inhibition against several QS-controlled virulence factors. This follows the in vitro and in vivo findings that affirmed the potent GTN anti-QS and anti-virulence activity. It is worth noting that GTN is safe for topical application and it is already prescribed topically to treat anal fissures (0.4% or 4 mg/mL) [58]. However, in our study, only 0.25 mg/mL is effective as anti-virulence. This guarantees the safe application of GTN in topical infections. This suggests GTN could be combined with an adjuvant to be used in the treatment of topical infections caused by P. aeruginosa and S. marcescens.




5. Conclusions


GTN has demonstrated notable efficacy in decreasing the expression of various QS-encoding and QS-controlled virulence factors in P. aeruginosa and S. marcescens. It possesses the ability to bind to QS targets in P. aeruginosa and S. marcescens resulting in the disruption of QS and diminishing the virulence. These results align with both in vitro and in vivo findings, affirming GTN’s potent anti-QS and anti-virulence properties. Bearing in mind that GTN is already prescribed in the treatment of anal fissures topically, further investigations are required to apply GTN as an adjuvant to antibiotics in the treatment of skin infections.







Author Contributions


Conceptualization, H.A.A. and W.A.H.H.; methodology, N.M.S., A.S.A.H. and S.I.N.; software, H.A.-L., M.A.-Z., F.B. and M.A.A.; validation, N.M.S., A.S.A.H. and S.I.N.; formal analysis, N.M.S., A.S.A.H. and S.I.N.; investigation, N.M.S., A.S.A.H. and S.I.N.; resources, H.A.-L., M.A.-Z., F.B. and M.A.A.; data curation, N.M.S., A.S.A.H., S.I.N.; writing—original draft preparation, H.A.A. and W.A.H.H.; writing—review and editing, H.A.A. and W.A.H.H.; visualization, M.A.M.A.; supervision, M.A.M.A., H.A.A. and W.A.H.H.; project administration, H.A.A. and W.A.H.H.; funding acquisition, M.A.M.A. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported and funded by the Deanship of Scientific Research at Imam Mohammad Ibn Saud Islamic University (IMSIU) (grant number IMSIU-RP23083).




Institutional Review Board Statement


All protocols were executed in accordance with the pertinent ethical guidelines for animal welfare, as sanctioned by the Institutional Animal Care and Use Committee at Zagazig University (ZU-IACUC), Egypt (Approval number: ZU-IACUC/3/F/154/2022).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization. New Report Calls for Urgent Action to Avert Antimicrobial Resistance Crisis (WHO Joint News Release). Available online: https://www.who.int/news/item/29-04-2019-new-report-calls-forurgent-action-to-avert-antimicrobial-resistance-crisis (accessed on 10 July 2023).

	



Zabawa, T.P.; Pucci, M.J.; Parr, T.R., Jr.; Lister, T. Treatment of Gram-negative bacterial infections by potentiation of antibiotics. Curr. Opin. Microbiol. 2016, 33, 7–12. [Google Scholar] [CrossRef] [PubMed]

	



Alandiyjany, M.N.; Abdelaziz, A.S.; Abdelfattah-Hassan, A.; Hegazy, W.A.H.; Hassan, A.A.; Elazab, S.T.; Mohamed, E.A.A.; El-Shetry, E.S.; Saleh, A.A.; ElSawy, N.A.; et al. Novel In Vivo Assessment of Antimicrobial Efficacy of Ciprofloxacin Loaded Mesoporous Silica Nanoparticles against Salmonella typhimurium Infection. Pharmaceuticals 2022, 15, 357. [Google Scholar] [CrossRef] [PubMed]

	



Khayat, M.T.; Abbas, H.A.; Ibrahim, T.S.; Khayyat, A.N.; Alharbi, M.; Darwish, K.M.; Elhady, S.S.; Khafagy, E.-S.; Safo, M.K.; Hegazy, W.A.H. Anti-Quorum Sensing Activities of Gliptins against Pseudomonas aeruginosa and Staphylococcus aureus. Biomedicines 2022, 10, 1169. [Google Scholar] [CrossRef] [PubMed]

	



Rice, L.B. Progress and challenges in implementing the research on ESKAPE pathogens. Infect. Control Hosp. Epidemiol. 2010, 31, S7–S10. [Google Scholar] [CrossRef] [PubMed]

	



Abd El-Hamid, M.I.; Sewid, A.H.; Samir, M.; Hegazy, W.A.H.; Bahnass, M.M.; Mosbah, R.A.; Ghaith, D.M.; Khalifa, E.; Ramadan, H.; Alshareef, W.A.; et al. Clonal Diversity and Epidemiological Characteristics of ST239-MRSA Strains. Front. Cell. Infect. Microbiol. 2022, 12, 782045. [Google Scholar] [CrossRef] [PubMed]

	



Khayat, M.T.; Ibrahim, T.S.; Darwish, K.M.; Khayyat, A.N.; Alharbi, M.; Khafagy, E.S.; Ali, M.A.M.; Hegazy, W.A.H.; Abbas, H.A. Hiring of the Anti-Quorum Sensing Activities of Hypoglycemic Agent Linagliptin to Alleviate the Pseudomonas aeruginosa Pathogenesis. Microorganisms 2022, 10, 2455. [Google Scholar] [CrossRef]

	



Tredget, E.E.; Shankowsky, H.A.; Rennie, R.; Burrell, R.E.; Logsetty, S. Pseudomonas infections in the thermally injured patient. Burns 2004, 30, 3–26. [Google Scholar] [CrossRef]

	



Sadikot, R.T.; Blackwell, T.S.; Christman, J.W.; Prince, A.S. Pathogen–host interactions in Pseudomonas aeruginosa pneumonia. Am. J. Respir. Crit. Care Med. 2005, 171, 1209–1223. [Google Scholar] [CrossRef]

	



Hegazy, W.A.H.; Henaway, M. Hepatitis C virus pathogenesis: Serum IL-33 level indicates liver damage. Afr. J. Microbiol. Res. 2015, 9, 1386–1393. [Google Scholar] [CrossRef]

	



Khayat, M.T.; Ibrahim, T.S.; Khayyat, A.N.; Alharbi, M.; Shaldam, M.A.; Mohammad, K.A.; Khafagy, E.-S.; El-damasy, D.A.; Hegazy, W.A.H.; Abbas, H.A. Sodium Citrate Alleviates Virulence in Pseudomonas aeruginosa. Microorganisms 2022, 10, 1046. [Google Scholar] [CrossRef]

	



Thabit, A.K.; Eljaaly, K.; Zawawi, A.; Ibrahim, T.S.; Eissa, A.G.; Elbaramawi, S.S.; Hegazy, W.A.H.; Elfaky, M.A. Muting Bacterial Communication: Evaluation of Prazosin Anti-Quorum Sensing Activities against Gram-Negative Bacteria Pseudomonas aeruginosa, Proteus mirabilis, and Serratia marcescens. Biology 2022, 11, 1349. [Google Scholar] [CrossRef] [PubMed]

	



Breidenstein, E.B.; de la Fuente-Núñez, C.; Hancock, R.E. Pseudomonas aeruginosa: All roads lead to resistance. Trends Microbiol. 2011, 19, 419–426. [Google Scholar] [CrossRef]

	



Hegazy, W.A.H.; Abbas, H.A. Evaluation of the role of SsaV ‘Salmonella pathogenicity island-2 dependent type III secretion system components on the virulence behavior of Salmonella enterica serovar Typhimurium. Afr. J. Biotechnol. 2017, 16, 718–726. [Google Scholar] [CrossRef]

	



Khayat, M.T.; Abbas, H.A.; Ibrahim, T.S.; Elbaramawi, S.S.; Khayyat, A.N.; Alharbi, M.; Hegazy, W.A.; Yehia, F.A.-z.A. Synergistic Benefits: Exploring the Anti-Virulence Effects of Metformin/Vildagliptin Antidiabetic Combination against Pseudomonas aeruginosa via Controlling Quorum Sensing Systems. Biomedicines 2023, 11, 1442. [Google Scholar] [CrossRef] [PubMed]

	



Rajkowska, K.; Otlewska, A.; Guiamet, P.S.; Wrzosek, H.; Machnowski, W. Pre-columbian archeological textiles: A source of pseudomonas aeruginosa with virulence attributes. Appl. Sci. 2019, 10, 116. [Google Scholar] [CrossRef]

	



Almalki, A.J.; Ibrahim, T.S.; Taher, E.S.; Mohamed, M.F.A.; Youns, M.; Hegazy, W.A.H.; Al-Mahmoudy, A.M.M. Synthesis, Antimicrobial, Anti-Virulence and Anticancer Evaluation of New 5(4H)-Oxazolone-Based Sulfonamides. Molecules 2022, 27, 671. [Google Scholar] [CrossRef] [PubMed]

	



Rasamiravaka, T.; Labtani, Q.; Duez, P.; El Jaziri, M. The formation of biofilms by Pseudomonas aeruginosa: A review of the natural and synthetic compounds interfering with control mechanisms. BioMed Res. Int. 2015, 2015, 759348. [Google Scholar] [CrossRef] [PubMed]

	



Hegazy, W.A.H.; Salem, I.M.; Alotaibi, H.F.; Khafagy, E.-S.; Ibrahim, D. Terazosin Interferes with Quorum Sensing and Type Three Secretion System and Diminishes the Bacterial Espionage to Mitigate the Salmonella Typhimurium Pathogenesis. Antibiotics 2022, 11, 465. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Moser, C.; Wang, H.-Z.; Høiby, N.; Song, Z.-J. Strategies for combating bacterial biofilm infections. Int. J. Oral Sci. 2015, 7, 1–7. [Google Scholar] [CrossRef]

	



Almalki, A.J.; Ibrahim, T.S.; Elhady, S.S.; Darwish, K.M.; Hegazy, W.A.H. Repurposing &alpha;-Adrenoreceptor Blockers as Promising Anti-Virulence Agents in Gram-Negative Bacteria. Antibiotics 2022, 11, 178. [Google Scholar]

	



Traub, W.H. Antibiotic susceptibility of Serratia marcescens and Serratia liquefaciens. Chemotherapy 2000, 46, 315–321. [Google Scholar] [CrossRef] [PubMed]

	



Khayat, M.T.; Elbaramawi, S.S.; Nazeih, S.I.; Safo, M.K.; Khafagy, E.-S.; Ali, M.A.; Abbas, H.A.; Hegazy, W.A.; Seleem, N.M. Diminishing the Pathogenesis of the Food-Borne Pathogen Serratia marcescens by Low Doses of Sodium Citrate. Biology 2023, 12, 504. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, H.A.; Hegazy, W.A.H. Targeting the virulence factors of Serratia marcescens by ambroxol. Roum. Arch. Microbiol. Immunol. 2017, 76, 27–32. [Google Scholar]

	



Su, L.-H.; Ou, J.T.; Leu, H.-S.; Chiang, P.-C.; Chiu, Y.-P.; Chia, J.-H.; Kuo, A.-J.; Chiu, C.-H.; Chu, C.; Wu, T.-L. Extended epidemic of nosocomial urinary tract infections caused by Serratia marcescens. J. Clin. Microbiol. 2003, 41, 4726–4732. [Google Scholar] [CrossRef] [PubMed]

	



Van Houdt, R.; Givskov, M.; Michiels, C.W. Quorum sensing in Serratia. FEMS Microbiol. Rev. 2007, 31, 407–424. [Google Scholar] [CrossRef] [PubMed]

	



Jones, R.N. Microbial etiologies of hospital-acquired bacterial pneumonia and ventilator-associated bacterial pneumonia. Clin. Infect. Dis. 2010, 51, S81–S87. [Google Scholar] [CrossRef]

	



Posluszny, J.A., Jr.; Conrad, P.; Halerz, M.; Shankar, R.; Gamelli, R.L. Surgical burn wound infections and their clinical implications. J. Burn Care Res. 2011, 32, 324–333. [Google Scholar] [CrossRef]

	



Cristina, M.L.; Sartini, M.; Spagnolo, A.M. Serratia marcescens infections in neonatal intensive care units (NICUs). Int. J. Environ. Res. Public Health 2019, 16, 610. [Google Scholar] [CrossRef]

	



Abbas, H.A.; Hegazy, W.A. Repurposing anti-diabetic drug “Sitagliptin” as a novel virulence attenuating agent in Serratia marcescens. PLoS ONE 2020, 15, e0231625. [Google Scholar] [CrossRef]

	



Khayyat, A.N.; Abbas, H.A.; Khayat, M.T.; Shaldam, M.A.; Askoura, M.; Asfour, H.Z.; Khafagy, E.-S.; Abu Lila, A.S.; Allam, A.N.; Hegazy, W.A.H. Secnidazole Is a Promising Imidazole Mitigator of Serratia marcescens Virulence. Microorganisms 2021, 9, 2333. [Google Scholar] [CrossRef]

	



Hegazy, W.A.H.; Khayat, M.T.; Ibrahim, T.S.; Youns, M.; Mosbah, R.; Soliman, W.E. Repurposing of antidiabetics as Serratia marcescens virulence inhibitors. Braz. J. Microbiol. 2021, 52, 627–638. [Google Scholar] [CrossRef] [PubMed]

	



Williamson, N.R.; Simonsen, H.T.; Ahmed, R.A.; Goldet, G.; Slater, H.; Woodley, L.; Leeper, F.J.; Salmond, G.P. Biosynthesis of the red antibiotic, prodigiosin, in Serratia: Identification of a novel 2-methyl-3-n-amyl-pyrrole (MAP) assembly pathway, definition of the terminal condensing enzyme, and implications for undecylprodigiosin biosynthesis in Streptomyces. Mol. Microbiol. 2005, 56, 971–989. [Google Scholar] [CrossRef] [PubMed]

	



Han, R.; Xiang, R.; Li, J.; Wang, F.; Wang, C. High-level production of microbial prodigiosin: A review. J. Basic. Microbiol. 2021, 61, 506–523. [Google Scholar] [CrossRef]

	



Muhlen, S.; Dersch, P. Anti-virulence Strategies to Target Bacterial Infections. Curr. Top Microbiol. Immunol. 2016, 398, 147–183. [Google Scholar] [CrossRef] [PubMed]

	



Rasko, D.A.; Sperandio, V. Anti-virulence strategies to combat bacteria-mediated disease. Nat. Rev. Drug Discov. 2010, 9, 117–128. [Google Scholar] [CrossRef]

	



Chen, G.; Swem, L.R.; Swem, D.L.; Stauff, D.L.; O’Loughlin, C.T.; Jeffrey, P.D.; Bassler, B.L.; Hughson, F.M. A strategy for antagonizing quorum sensing. Mol. Cell 2011, 42, 199–209. [Google Scholar] [CrossRef]

	



Srinivasan, R.; Santhakumari, S.; Poonguzhali, P.; Geetha, M.; Dyavaiah, M.; Xiangmin, L. Bacterial Biofilm Inhibition: A Focused Review on Recent Therapeutic Strategies for Combating the Biofilm Mediated Infections. Front. Microbiol. 2021, 12, 676458. [Google Scholar] [CrossRef]

	



Lila, A.S.A.; Rajab, A.A.; Abdallah, M.H.; Rizvi, S.M.D.; Moin, A.; Khafagy, E.-S.; Tabrez, S.; Hegazy, W.A. Biofilm Lifestyle in Recurrent Urinary Tract Infections. Life 2023, 13, 148. [Google Scholar] [CrossRef]

	



Abbas, H.A.; Shaldam, M.A.; Eldamasi, D. Curtailing quorum sensing in Pseudomonas aeruginosa by sitagliptin. Curr. Microbiol. 2020, 77, 1051–1060. [Google Scholar] [CrossRef]

	



Agha, K.A.; Abo-Dya, N.E.; Ibrahim, T.S.; Abdel-Aal, E.H.; Hegazy, W.A. Benzotriazole-Mediated Synthesis and Antibacterial Activity of Novel N-Acylcephalexins. Sci. Pharm. 2016, 84, 484–496. [Google Scholar] [CrossRef]

	



Garcia-Contreras, R. Is Quorum Sensing Interference a Viable Alternative to Treat Pseudomonas aeruginosa Infections? Front. Microbiol. 2016, 7, 1454. [Google Scholar] [CrossRef]

	



Papenfort, K.; Bassler, B.L. Quorum sensing signal-response systems in Gram-negative bacteria. Nat. Rev. Microbiol. 2016, 14, 576–588. [Google Scholar] [CrossRef]

	



Rutherford, S.T.; Bassler, B.L. Bacterial quorum sensing: Its role in virulence and possibilities for its control. Cold Spring Harb. Perspect. Med. 2012, 2, a012427. [Google Scholar] [CrossRef]

	



Heilmann, S.; Krishna, S.; Kerr, B. Why do bacteria regulate public goods by quorum sensing?—How the shapes of cost and benefit functions determine the form of optimal regulation. Front. Microbiol. 2015, 6, 767. [Google Scholar] [CrossRef]

	



Almalki, A.J.; Ibrahim, T.S.; Elhady, S.S.; Hegazy, W.A.H.; Darwish, K.M. Computational and Biological Evaluation of β-Adrenoreceptor Blockers as Promising Bacterial Anti-Virulence Agents. Pharmaceuticals 2022, 15, 110. [Google Scholar]

	



Schuster, M.; Joseph Sexton, D.; Diggle, S.P.; Peter Greenberg, E. Acyl-homoserine lactone quorum sensing: From evolution to application. Annu. Rev. Microbiol. 2013, 67, 43–63. [Google Scholar] [CrossRef]

	



Dong, Y.H.; Wang, L.H.; Xu, J.L.; Zhang, H.B.; Zhang, X.F.; Zhang, L.H. Quenching quorum-sensing-dependent bacterial infection by an N-acyl homoserine lactonase. Nature 2001, 411, 813–817. [Google Scholar] [CrossRef]

	



Lintz, M.J.; Oinuma, K.; Wysoczynski, C.L.; Greenberg, E.P.; Churchill, M.E. Crystal structure of QscR, a Pseudomonas aeruginosa quorum sensing signal receptor. Proc. Natl. Acad. Sci. USA 2011, 108, 15763–15768. [Google Scholar] [CrossRef]

	



García-Reyes, S.; Soberón-Chávez, G.; Cocotl-Yanez, M. The third quorum-sensing system of Pseudomonas aeruginosa: Pseudomonas quinolone signal and the enigmatic PqsE protein. J. Med. Microbiol. 2020, 69, 25–34. [Google Scholar] [CrossRef]

	



Eberl, L.; Winson, M.K.; Sternberg, C.; Stewart, G.S.; Christiansen, G.; Chhabra, S.R.; Bycroft, B.; Williams, P.; Molin, S.; Givskov, M. Involvement of N-acyl-l-homoserine lactone autoinducers in controlling the multicellular behaviour of Serratia liquefaciens. Mol. Microbiol. 1996, 20, 127–136. [Google Scholar] [CrossRef]

	



Coulthurst, S.J.; Lilley, K.S.; Salmond, G.P. Genetic and proteomic analysis of the role of luxS in the enteric phytopathogen, Erwinia carotovora. Mol. Plant Pathol. 2006, 7, 31–45. [Google Scholar] [CrossRef]

	



Finlay, B.B.; Falkow, S. Common themes in microbial pathogenicity revisited. Microbiol. Mol. Biol. Rev. 1997, 61, 136–169. [Google Scholar]

	



Miró-Canturri, A.; Ayerbe-Algaba, R.; Smani, Y. Drug repurposing for the treatment of bacterial and fungal infections. Front. Microbiol. 2019, 10, 41. [Google Scholar] [CrossRef]

	



Hegazy, W.A.H.; Rajab, A.A.H.; Abu Lila, A.S.; Abbas, H.A. Anti-diabetics and antimicrobials: Harmony of mutual interplay. World J. Diabetes 2021, 12, 1832–1855. [Google Scholar] [CrossRef]

	



Willmot, M.; Ghadami, A.; Whysall, B.; Clarke, W.; Wardlaw, J.; Bath, P.M. Transdermal glyceryl trinitrate lowers blood pressure and maintains cerebral blood flow in recent stroke. Hypertension 2006, 47, 1209–1215. [Google Scholar] [CrossRef]

	



Rosenblatt, J.; Reitzel, R.A.; Raad, I. Caprylic acid and glyceryl trinitrate combination for eradication of biofilm. Antimicrob. Agents Chemother. 2015, 59, 1786–1788. [Google Scholar] [CrossRef]

	



Fenton, C.; Wellington, K.; Easthope, S.E. 0.4% nitroglycerin ointment: In the treatment of chronic anal fissure pain. Drugs 2006, 66, 343–349. [Google Scholar] [CrossRef]

	



Rosenblatt, J.; Reitzel, R.; Dvorak, T.; Jiang, Y.; Hachem, R.Y.; Raad, I.I. Glyceryl trinitrate complements citrate and ethanol in a novel antimicrobial catheter lock solution to eradicate biofilm organisms. Antimicrob. Agents Chemother. 2013, 57, 3555–3560. [Google Scholar] [CrossRef]

	



Abbas, H.A.; Shaldam, M.A. Glyceryl trinitrate is a novel inhibitor of quorum sensing in Pseudomonas aeruginosa. Afr. Health Sci. 2016, 16, 1109–1117. [Google Scholar] [CrossRef]

	



Abbas, H.A.; Elsherbini, A.M. Silencing the nosocomial pathogen Serratia marcescens by glyceryl trinitrate. Afr. Health Sci. 2018, 18, 1–10. [Google Scholar] [CrossRef]

	



Elfaky, M.A.; Thabit, A.K.; Eljaaly, K.; Zawawi, A.; Abdelkhalek, A.S.; Almalki, A.J.; Ibrahim, T.S.; Hegazy, W.A.H. Controlling of Bacterial Virulence: Evaluation of Anti-Virulence Activities of Prazosin against Salmonella enterica. Antibiotics 2022, 11, 1585. [Google Scholar] [CrossRef] [PubMed]

	



Thabit, A.K.; Eljaaly, K.; Zawawi, A.; Ibrahim, T.S.; Eissa, A.G.; Elbaramawi, S.S.; Hegazy, W.A.H.; Elfaky, M.A. Silencing of Salmonella typhimurium Pathogenesis: Atenolol Acquires Efficient Anti-Virulence Activities. Microorganisms 2022, 10, 1976. [Google Scholar] [CrossRef]

	



Askoura, M.; Abbas, H.A.; Al Sadoun, H.; Abdulaal, W.H.; Abu Lila, A.S.; Almansour, K.; Alshammari, F.; Khafagy, E.-S.; Ibrahim, T.S.; Hegazy, W.A.H. Elevated Levels of IL-33, IL-17 and IL-25 Indicate the Progression from Chronicity to Hepatocellular Carcinoma in Hepatitis C Virus Patients. Pathogens 2022, 11, 57. [Google Scholar] [CrossRef] [PubMed]

	



Elfaky, M.A.; Elbaramawi, S.S.; Eissa, A.G.; Ibrahim, T.S.; Khafagy, E.-S.; Ali, M.A.; Hegazy, W.A. Drug repositioning: Doxazosin attenuates the virulence factors and biofilm formation in Gram-negative bacteria. Appl. Microbiol. Biotechnol. 2023, 107, 3763–3778. [Google Scholar] [CrossRef] [PubMed]

	



Khayyat, A.N.; Hegazy, W.A.H.; Shaldam, M.A.; Mosbah, R.; Almalki, A.J.; Ibrahim, T.S.; Khayat, M.T.; Khafagy, E.S.; Soliman, W.E.; Abbas, H.A. Xylitol Inhibits Growth and Blocks Virulence in Serratia marcescens. Microorganisms 2021, 9, 1083. [Google Scholar] [CrossRef]

	



Saqr, A.A.; Aldawsari, M.F.; Khafagy, E.-S.; Shaldam, M.A.; Hegazy, W.A.H.; Abbas, H.A. A Novel Use of Allopurinol as A Quorum-Sensing Inhibitor in Pseudomonas aeruginosa. Antibiotics 2021, 10, 1385. [Google Scholar] [CrossRef]

	



Cavalu, S.; Elbaramawi, S.S.; Eissa, A.G.; Radwan, M.F.; Ibrahim, T.S.; Khafagy, E.-S.; Lopes, B.S.; Ali, M.A.M.; Hegazy, W.A.H.; Elfaky, M.A. Characterization of the Anti-Biofilm and Anti-Quorum Sensing Activities of the &beta;-Adrenoreceptor Antagonist Atenolol against Gram-Negative Bacterial Pathogens. Int. J. Mol. Sci. 2022, 23, 13088. [Google Scholar]

	



Khayyat, A.N.; Abbas, H.A.; Mohamed, M.F.A.; Asfour, H.Z.; Khayat, M.T.; Ibrahim, T.S.; Youns, M.; Khafagy, E.-S.; Abu Lila, A.S.; Safo, M.K.; et al. Not Only Antimicrobial: Metronidazole Mitigates the Virulence of Proteus mirabilis Isolated from Macerated Diabetic Foot Ulcer. Appl. Sci. 2021, 11, 6847. [Google Scholar] [CrossRef]

	



Winzer, K.; Williams, P. Quorum sensing and the regulation of virulence gene expression in pathogenic bacteria. Int. J. Med. Microbiol. 2001, 291, 131–143. [Google Scholar] [CrossRef]

	



Skindersoe, M.E.; Alhede, M.; Phipps, R.; Yang, L.; Jensen, P.O.; Rasmussen, T.B.; Bjarnsholt, T.; Tolker-Nielsen, T.; Høiby, N.; Givskov, M. Effects of antibiotics on quorum sensing in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2008, 52, 3648–3663. [Google Scholar] [CrossRef]

	



Francis, V.I.; Stevenson, E.C.; Porter, S.L. Two-component systems required for virulence in Pseudomonas aeruginosa. FEMS Microbiol. Lett. 2017, 364, fnx104. [Google Scholar] [CrossRef]

	



Rasmussen, T.B.; Givskov, M. Quorum-sensing inhibitors as anti-pathogenic drugs. Int. J. Med. Microbiol. 2006, 296, 149–161. [Google Scholar] [CrossRef]

	



Ramanathan, S.; Ravindran, D.; Arunachalam, K.; Arumugam, V.R. Inhibition of quorum sensing-dependent biofilm and virulence genes expression in environmental pathogen Serratia marcescens by petroselinic acid. Antonie Van Leeuwenhoek 2018, 111, 501–515. [Google Scholar] [CrossRef]

	



Rajab, A.A.; Hegazy, W.A. What’s old is new again: Insights into diabetic foot microbiome. World J. Diabetes 2023, 14, 680–704. [Google Scholar] [CrossRef]

	



Hegazy, W.A.H.; Khayat, M.T.; Ibrahim, T.S.; Nassar, M.S.; Bakhrebah, M.A.; Abdulaal, W.H.; Alhakamy, N.A.; Bendary, M.M. Repurposing Anti-diabetic Drugs to Cripple Quorum Sensing in Pseudomonas aeruginosa. Microorganisms 2020, 8, 1285. [Google Scholar] [CrossRef] [PubMed]

	



Bottomley, M.J.; Muraglia, E.; Bazzo, R.; Carfì, A. Molecular insights into quorum sensing in the human pathogen Pseudomonas aeruginosa from the structure of the virulence regulator LasR bound to its autoinducer. J. Biol. Chem. 2007, 282, 13592–13600. [Google Scholar] [CrossRef] [PubMed]

	



Chugani, S.; Greenberg, E. The influence of human respiratory epithelia on Pseudomonas aeruginosa gene expression. Microb. Pathog. 2007, 42, 29–35. [Google Scholar] [CrossRef]

	



Xiao, G.; He, J.; Rahme, L.G. Mutation analysis of the Pseudomonas aeruginosa mvfR and pqsABCDE gene promoters demonstrates complex quorum-sensing circuitry. Microbiology 2006, 152, 1679–1686. [Google Scholar] [CrossRef] [PubMed]

	



Shanks, R.M.; Stella, N.A.; Kalivoda, E.J.; Doe, M.R.; O’Dee, D.M.; Lathrop, K.L.; Guo, F.L.; Nau, G.J. A Serratia marcescens OxyR homolog mediates surface attachment and biofilm formation. J. Bacteriol. 2007, 189, 7262–7272. [Google Scholar] [CrossRef]

	



Askoura, M.; Almalki, A.J.; Lila, A.S.A.; Almansour, K.; Alshammari, F.; Khafagy, E.-S.; Ibrahim, T.S.; Hegazy, W.A.H. Alteration of Salmonella enterica Virulence and Host Pathogenesis through Targeting sdiA by Using the CRISPR-Cas9 System. Microorganisms 2021, 9, 2564. [Google Scholar] [CrossRef]

	



Srinivasan, R.; Mohankumar, R.; Kannappan, A.; Karthick Raja, V.; Archunan, G.; Karutha Pandian, S.; Ruckmani, K.; Veera Ravi, A. Exploring the anti-quorum sensing and antibiofilm efficacy of phytol against Serratia marcescens associated acute pyelonephritis infection in Wistar rats. Front. Cell. Infect. Microbiol. 2017, 7, 498. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.; Tsai, Y.; Chang, C.; Tseng, S.; Wu, T.; Lu, C.; Wu, T.; Lu, J.; Horng, J.; Martel, J. An iron detection system determines bacterial swarming initiation and biofilm formation. Sci. Rep. 2016, 6, 36747. [Google Scholar] [CrossRef] [PubMed]

	



Nicholson, W.; Leonard, M.; Fajardo-Cavazos, P.; Panayotova, N.; Farmerie, W.; Triplett, E.; Schuerger, A. Complete Genome Sequence of Serratia liquefaciens. Strain ATCC 2013, 27592, 548-13. [Google Scholar]

	



Ang, S.; Horng, Y.-T.; Shu, J.-C.; Soo, P.-C.; Liu, J.-H.; Yi, W.-C.; Lai, H.-C.; Luh, K.-T.; Ho, S.-W.; Swift, S. The role of RsmA in the regulation of swarming motility in Serratia marcescens. J. Biomed. Sci. 2001, 8, 160–169. [Google Scholar] [CrossRef]

	



Liaw, S.-J.; Lai, H.-C.; Ho, S.-W.; Luh, K.-T.; Wang, W.-B. Role of RsmA in the regulation of swarming motility and virulence factor expression in Proteus mirabilis. J. Med. Microbiol. 2003, 52, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Brothers, K.M.; Stella, N.A.; Romanowski, E.G.; Kowalski, R.P.; Shanks, R.M. EepR mediates secreted-protein production, desiccation survival, and proliferation in a corneal infection model. Infect. Immun. 2015, 83, 4373–4382. [Google Scholar] [CrossRef]








[image: Microorganisms 11 02420 g001] 





Figure 1. Phenotypic assessment of anti-virulence activities of GTN against (A) P. aeruginosa PAO1 and (B) S. marcescens. GTN significantly decreased the biofilm formation, swimming, and swarming motilities, and virulence factors (protease, pyocyanin, and prodigiosin) production in P. aeruginosa and S. marcescens. (*** = p < 0.001). 
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Figure 2. Sub-MICs of GTN decreased the P. aeruginosa QS gene expressions. RT-qPCR revealed decreased expression of QS-encoding genes (A) lasI, (B) rhlI, (C) pqsA, (D) lasR, (E) rhlR, and (F) pqsR in treated P. aeruginosa compared to untreated control. Data shown represent the mean ± SE from three experiments (***: p-value < 0.001). 
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Figure 3. Sub-MICs of GTN decreased the S. marcescens virulence gene expressions. RT-qPCR revealed decreased expression of (A) fimC, (B) fhlD, (C) bsmB, (D) rssB, and (E) pigB, in treated S. marcescens compared to untreated control. Data shown represent the mean ± SE from three experiments (***: p-value < 0.001). 
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Figure 4. The virtual interactions between GTN to P. aeruginosa or S. marcescens QS targets. The GTN showed binding affinity to P. aeruginosa QS targets (A) QscR, (B) RhlR, (C) LasI, (D) LasR, (E) PqsR, (F) PqsA (3UK ligand), and (G) PqsA (PEG ligand) in addition to S. marcescens SmaR (H). The upper figures in each target represent the natural ligand while the lower figures represent the GTN interactions to each target. 
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Figure 5. Effect of GTN on pathogenesis of P. aeruginosa. Photomicrographs of H&E-stained sections were captured from (A) liver and (B) kidney of uninfected mice groups displaying a typical tissue structure and normal cellular characteristics. Photomicrograph of liver sections isolated from infected mice displaying severe congestion of hepatic blood vessels (arrowhead) with perivascular and periductal colonization of microorganism with leucocytic infiltration (tailed arrow) beside periductal and peri-vascular edema (arrow) (C). Furthermore, intense congestion of liver blood vessels (arrow) with perivascular necrotic area infiltrated with a few lymphocytes (arrowhead) (D). Photomicrograph of kidney sections isolated from infected mice displaying diffuse severe congestion of renal blood vessels (thick arrow) with perivascular colonization of microorganism and inflammatory cellular infiltration (arrows) and focal renal epithelium pyknosis (arrowhead) (E), and intratubular hemorrhage (arrowhead) with leucocytic cells infiltration (arrow) (F). On the other hand, the photomicrograph of sections captured from the GTN-treated mice group showed mild congestion of hepatic blood vessels (arrow) with mild perivascular infiltration of microorganism rods and inflammatory cellular infiltration (arrowhead) (G), and normal renal medulla, except for focal cloudy swelling in a few renal tubules (arrow) (H). 
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Figure 6. Effect of GTN on the pathogenesis of S. marcescens. Photomicrographs of H&E-stained sections were captured from (A) liver and (B) kidney of uninfected mice groups displaying typical tissue structure and normal cellular characteristics. Photomicrograph of liver sections isolated from infected mice displaying congestion of blood vessels (arrow) with diffuse hydropic degeneration of hepatocytes (arrow) (C). Additionally, diffuse spreading of microorganisms in the hepatic parenchyma (arrows) with diffuse infiltration of von Kupffer cells (arrow) (D). Photomicrograph of kidney sections isolated from infected mice displaying (E) perivascular colonization of the microorganism beside inflammatory cell infiltration (arrow) in addition to cloudy swelling of some renal tubules (arrowhead) and (F) perivascular colonization of microorganism beside inflammatory cell infiltration (arrow) with severe congestion (arrowhead) in addition to cloudy swelling of some renal tubules (tailed arrow) and focal renal epithelium pyknosis (curved arrow). In contrast, the photomicrograph of sections captured from the GTN-treated mice group showed mild congestion of hepatic blood vessels (arrow) with apparently normal hepatic parenchyma (G), and mild degenerative changes represented in the cloudy swelling of some renal tubules (arrow) (H). 
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Table 1. Molecular docking of GTN with the P. aeruginosa and S. marcescens QS targets.
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QS Target

	
Compound

	
ΔG (kcal/mol)

	
RMSD

(Å)

	
Interaction/Bond Type

	
Distance (Å)






	
P. aeruginosa receptor QscR

	
Co-crystallized ligand OHN

	
−10.08

	
1.48

	
ASP75: H-donor

SER38: H-acceptor

TYR58: H-acceptor

TRP62: H-acceptor

	
2.82

2.89

2.89

3.21




	
GTN

	
−7.06

	
1.066

	
TYR58: H-acceptor

	
2.99




	
P. aeruginosa receptor RhlR

	
Co-crystallized ligand HL4

	
−6.55

	
1.3

	
ASP81: H-donor

TRP68: H-acceptor

TYR64: H-acceptor

SER135 H-acceptor

TRP96: H-pi

TRP96: H-pi

	
2.89

2.96

2.73

2.83

3.80

4.21




	
GTN

	
−6.54

	
1.9

	
ASP81: H-donor

TYR64: H-acceptor

SER135: H-acceptor

TRP68: H-acceptor

	
3.51

3.01

2.87

3.01




	
P. aeruginosa receptor LasR

	
Co-crystallized ligand 3M5

	
−10.63

	
1.00

	
ASP73: H-donor

TRP60: H-acceptor

TYR56: H-acceptor

SER129: H-acceptor

TRP88: H-pi

	
2.81

3.09

2.72

2.63

4.03




	
GTN

	
−6.7

	
1.88

	
TYR56: H-acceptor

SER129: H-acceptor

ARG61: H-acceptor

	
2.82

2.94

2.94




	
P. aeruginosa receptor PqsR

	
Co-crystallized ligand NNQ

	
−6.5

	
1.3

	
ILE236: pi-H

	
3.78




	
GTN

	
−6.3

	
1.15

	
GLN194: H-acceptor

LEU197: H-acceptor

	
2.98

3.11




	
P. aeruginosa PqsA

	
Co-crystallized ligand 3UK

	
−10.5

	
1.3

	
GLY302: H-donor

ASP382: H-donor

ALA303: H-acceptor

THR304: H-acceptor

THR304: H-acceptor

HIS308: H-pi

GLY302: pi-H

	
2.60

2.79

3.28

2.74

3.00

3.71

3.74




	
GTN

	
−5.88

	
1.3

	
GLY302: H-donor

THR304: H-acceptor

	
3.23

3.01




	
Co-crystallized ligand PEG

	
−3.71

	
0.667

	
GLU286: H-donor

GLU286: H-donor

	
3.26

3.12




	
GTN

	
−4.33

	
1.56

	
GLU286: H-donor

	
3.34




	
P. aeruginosa LasI-type

	
GTN

	
−4.85

	
1.6

	
ASN108: H-acceptor

	
3.03




	
S. marcescens receptor SmaR

	
Co-crystallized ligand LAE

	
−9.55

	
1.13

	
ASP70: H-donor

TRP57: H-acceptor

TYR53: H-acceptor

	
2.96

2.98

2.80




	
GTN

	
−7.1

	
1.1

	
ASP70: H-donor

TRP57: H-acceptor

	
3.57

3.18
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