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          Abstract


          
            Background


            In general, diabetic patients are more prone to microbial infections, which is believed to be caused due to high glucose levels in blood which compromise components of the immune system. However, it is little known about role of therapeutic insulin administration on dissemination of infectious diseases in people with diabetes mellitus.


            Methods


            The study included the clinically isolated strains of Escherichia coli (E. coli) with biofilm forming capacity as well as referent non-biofilm former E. coli strain as control. Metabolic activity, level of virulence and biofilm forming capacity of tested E. coli strains were investigated in vitro conditions under presence of human hormone insulin at different incubation time points.


            Results


            Administration of hormone insulin in concentration of 2.5 U/ml resulted in significant increase in proliferation of all tested E. coli strains under in vitro conditions at 37 ℃. Presence of insulin also stimulated expression of E. coli virulent factor enzyme aspartyl proteinase, which in synergism with human insulin served as signal molecules for bacterial quorum sensing and biofilm formation.


            Conclusion


            Results of this study present first report about direct effect of hormone insulin on elevated metabolic activity of E. coli in a linkage with its biofilm forming capability. This opens a new look at understanding the cause of various bacterial infections in diabetic patients, as well as their multi-resistance to antibiotics that occurs due to changed bacterial metabolism and their newly acquired colonization abilities.
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        Introduction


        Pathogenic microorganisms may be of different strains, which are most prevalent in bacteria and can cause disease due to supression of the host immune mechanisms. The patients with diabetes mellitus are at high risk for developing severe and life threatening microbial infections [1-4]. One of the most common pathogen in diabetic patients that can affect all organs and systems is Escherichia coli (E. coli). E. coli is causative agent in 70% cases of diabetic patients with an emphysematous urinary tract infections and in 40% of all diabetic patients with emphysematous cholecystitis [5,6]. Many studies showed that the reason for diabetic patients to be more prone to microbial infections is in hyperglycemic physiological status they have, and which has negative effect on phagocytic function [7,8]. As we already know, any microbe which can cause systemic infection is exposed to different host factors. These factors can be different therapeutic agents especially in case of chronic diseases, including hormone insulin which is administered to patients with diabetes mellitus. Some previous studies already established that human insulin stimulates E. coli growth and its ability to form a biofilm [9-11]. However, besides its ability to affect growth kinetic of E. coli, not much is known about other effects of insulin on E. coli in course of systemic infection, and there is lack of data on how insulin may affect metabolic activity of this pathogen and its ability to become a biofilm former. The aim of this study was to examine the effect of hormone insulin on expression of enzymatic virulent factors of E. coli as the most common pathogen associated with morbimortality in diabetic patients.


        Methods


        Strains and growth conditions


        Three strains of E. coli (E. coli-C1, E. coli-C2 and E. coli-C3) with strong biofilm forming ability were isolated from clinical samples of hospitalized patients suffering from urinary tract infections by using conventional microbiological identification and isolation methods (based on colony morphology on blood and MacConkey agar). The culture samples of all three E. coli cultures were growing up to 106 and 107 CFU on blood agar. A species identification was performed using standardized biochemical tests, including antibiotic sensitivity tests (Bauer-Kirby test). One E. coli (E. coli-Ref) strain without ability to form biofilms was used as reference and included as control in all performed experiments. Control strains cultured in absence of insulin were also involved in the study as the negative control. All tested bacteria were growing in trypticase soy broth (TSB) media, supplemented with 1% glucose, under aerobic conditions.


        Generation of growth curve


        A 10 µl of over-night culture from all four E. coli strains, were inoculated in 3 ml of TSB growth media in a sterile, plastic 15 ml tubes. The cultures where growing at 37 ℃ at different incubation times: 0 h, 6 h, 12 h, 18 h and 24 h. Before incubation, each test tube containing E. coli cells was supplemented with human hormone insulin (Sigma-Aldrich) in dosing concentration of 2.5 U/ml. Each test sample was measured by spectrophotometer for its optical density at wave length of 600 nm.


        Sample preparation and aspartyl proteinase assay


        After incubation, 0.5 ml of bacterial culture was mixed with 2 ml of 1% bovine serum albumin (BSA), and incubated at 37 ℃ for 30 minutes. The reaction was stopped by adding 5 ml of 10% trifluoroacetic acid. After this, the samples were centrifuged for 10 minutes at 1000 rpm and aspartyl proteinase concentration was determined. 1% BSA and 10% trifluoroacetic acid were diluted in 0.1 M citrate buffer (pH 3.5).


        Determination of E. coli metabolic activity


        Aspartyl proteinase concentration was determined by using spectrophotometer and measuring absorbance of the test samples at 260 nm and 280 nm (according to Warburg Christian). The final calculations are performed by the following equation: mg of Protein/mL = 1.55 × A280 - 0.76 × A260.


        Testing of biofilm forming capacity


        Test tubes with E. coli cells whose growth was stopped after different incubation times (after 0 h, 6 h, 12 h, 18 h and 24 h) were exempt from growing culture and washed with phosphate buffered saline (PBS) with pH 7.5. After that, tubes were turned upside down to dry for about 20 minutes and then 1 ml of 0.1% crystal violet was added. It was important to make sure that crystal violet comes in contact with all cells being attached on the plastic walls of the test tube. After incubation of 5 minutes, the crystal violet stain was washed with ddH2O, and test tubes were inspected for biofilm formation. Only the tubes with visible violet film lining the walls of tube were considered as positive for biofilm formation and based on darkness of the film and number of cells, were categorized as weak, moderate and strong [12].


        Statistical analysis


        Presented data are expressed as mean ± standard deviation (SD). For analysis of datasets Student's t-test and one-way ANOVA (corrected with Bonferroni's post-hoc test) were applied. A p-value less than 0.05 was considered statistically significant.


        Results


        E. coli proliferation was significantly increased due to insulin administration under in vitro conditions


        One of the most important characteristics of microorganisms including E. coli is their ability to grow and multiply in different environments if they have all necessary nutritive supplements. We investigated growth of three E. coli strains which were isolated from clinical specimens (E. coli-C1, E. coli-C2 and E. coli-C3) and turned out to be strong biofilm formers, together with non-biofilm former E. coli strain (E. coli-Ref) as the control. After addition of human insulin in dosing concentration of 2.5 U/ml, all E. coli strains were incubated in growth media at 37 ℃ for different incubation times (0 h, 6 h, 12 h, 18 h and 24 h). The culture samples of 1 ml were pooled out after defined incubation times and optical density at 600 nm wave length was measured. Insulin administration had significant stimulatory effect on E. coli proliferation in vitro for all four tested E. coli bacterial strains, when compared with control strains which were not supplemented with insulin and showed notably lower proliferation rate at all incubation time points (Figure 1).


        
          [image: ] Figure 1: Effect of insulin on E. coli proliferation in vitro (mean ± SD, n = 3). View Figure 1

        


        Logarithmic phase of E. coli growth under presence of human insulin was clearly established after 6 h of incubation and significantly greater than in the negative control: 30.4% for E. coli-C1, 22.4% for E. coli-C2, 29.7% for E. coli-C3 and 17.5% for E. coli-Ref (Figure 1A, Figure 1B, Figure 1C and Figure 1D). Human hormone insulin at concentration of 2.5 U/ml strongly enhanced the E. coli proliferation for all tested bacterial strains, serving as stimulatory agent for E. coli cell reproduction.


        Insulin-dependent excretion of bacterial aspartyl proteinase elevated the virulence state of E. coli


        Microbial proteases play vital role in cell viability and virulence status of the microbe and protease genes are new potential therapeutic targets in treatment of infectious diseases [13]. Aspartyl proteinase of E. coli is catalytic type of enzyme which is released from the cell at higher concentration during infection process of the host. Here we describe the effect of human insulin on aspartyl proteinase excretion which was stimulatory in all tested E. coli strains. Administration of hormone insulin in dosing concentration of 2.5 U/ml showed significant stimulatory effect on metabolic activity of E. coli isolates as well as for E. coli referent strain (Figure 2). The levels of virulent aspartyl proteinase enzymes were notably elevated during logarithmic and stationary phase of bacterial growth when compared with control strains that were not supplemented with insulin. E. coli-C1 and E. coli-C2 strains showed significant increase in aspartyl proteinase excretion, especially after 18 hours of incubation in growth media at 37 ℃, where detected increase was for 1.38 fold for E. coli-C1 and 2.36 fold for E. coli-C2.


        
          [image: ] Figure 2: Excretion of enzyme aspartyl proteinase from different E. coli strains after treatment with insulin. In case of the negative control (black bars) addition of insulin was excluded (mean ± SD, n = 3, ***p < 0.001, **p < 0.01, *p < 0.05). View Figure 2

        


        Interestingly, the elevated levels of aspartyl proteinase in case of E. coli-C3 and in E. coli-Ref were observed much earlier, after only 6 hours of incubation, while the levels of excreted enzyme in absence of human insulin stayed constant in negative control strain (without insulin supplement) for all incubation time points (Figure 2). After only 6 hours of incubation there was 1.7 fold increase in aspartyl proteinase enzyme secretion for E. coli-C3 and 2.54 fold increase for E. coli-Ref (Figure 2C and Figure 2D). This findings identified human insulin as potential risk factor for dissemination of E. coli infections and increase of related pathogenicity due to its stimulatory effect on expression of aspartyl proteinase genes. Since the aspartyl proteinase amount was greater in E. coli-Ref strain, which we know that do not form the biofilm under absence of insulin, we may conclude that bacterial cells increase amount of aspartyl proteinase excretion as necessary signal molecule that will initiate biofilm formation or strengthen already existing E. coli biofilm former such as in the case of E. coli-C3 strain (Figure 2).


        Insulin may serve as the key signal molecule in process of biofilm formation in patients with diabetes mellitus


        A multi-drug resistant bacteria with biofilm forming capacity are reason of common devastating complications of diabetes, including diabetic foot ulcer and diabetic foot infections [14]. Besides Staphylococcus aureus and Pseudomonas aeruginosa, E. coli is also leading microbe with biofilm forming ability especially in diabetic patients with urinary tract infection [15]. During our study we investigated role of human insulin as signaling molecule for expression of virulence factors and biofilm formation in different E. coli specimens. In other words, we tested ability of insulin to act as autoinducer in dissemination of E. coli infection and pathogenicity. Results show that in all tested clinical isolates of E. coli, including referent E. coli strain, there was stimulatory effect of insulin on expression of virulence factors in E. coli and biofilm formation. After only six hours of incubation after addition of hormone insulin in dosing concentration of 2.5 U/ml there was significant increase in biofilm formation capacity, from weak to strong biofilm formation when compared with negative control E. coli strains which were not supplemented with insulin (Table 1).


        
          Table 1: Biofilm formation after insulin addition in concentration of 2.5 U/mL for different incubation times. View Table 1

        


        The similar results were observed for all three clinical species of E. coli. Especially interesting findings were in case of referent E. coli strain which was not capable of forming biofilm in absence of insulin. However, after insulin addition, after only 6 hours of incubation, there was clear biofilm formation which became stronger with longer incubation time, starting with weak biofilm formation after 6 hours of incubation to moderate after 24 hours of incubation in growth media, at 37 ℃ (Table 1).


        Synergistic effect of insulin and aspartyl proteinase was stimulatory for quorum sensing in E. coli


        Process of quorum sensing enables microbes to express environmentally dependent processes with a goal of maximization of virulent status [16]. Bacteria and other microbes communicate through signaling pathways which are still not completely understood, especially in case of biofilm formation and development of antibiotic resistance. In course of our study it was possible to see that excreted amount of enzyme aspartyl proteinase was pretty constant for negative control E. coli strain (not supplemented with insulin) for all tested incubation time points, and that there was drastic increase in amount of enzyme aspartyl proteinase after addition of insulin (Figure 3). It was also possible to notice that clinically isolated E. coli strains showed greater ability for biofilm formation which was more observable in case of higher aspartyl proteinase expression after only 6 hours of incubation (Figure 3C), and especially after 18 hours of incubation at 37 ℃ (Figure 3A and Figure 3B). Obvious synergism between excreted amount of aspartyl proteinase and biofilm formation ability was observable in case of referent E. coli strain which acted as non-biofilm former, before including in experiments with insulin. After addition of insulin in dosing concentration of 2.5 U/ml, generation of biofilm layer after only six hours of incubation could be clearly recognized (Figure 3D).


        
          [image: ] Figure 3: Synergism between amount of excreted aspartyl proteinase as E. coli virulent factor and its biofilm forming capacity (mean ± SD, n = 3). View Figure 3

        


        Discussion


        Escherichia coli is one of the main pathological agents causing high frequency of invasive infections in diabetic patients [4,15,17]. This pathogen, similarly to any other microorganism that can cause systemic infection, is exposed to various host factors including hormone insulin. Though there are some reports on direct effect of glucose concentration on microbial biofilm formation [18], there is still lack of data about insulin as potential risk factor for increased E. coli virulence. Insulin concentrations in patient's urine or blood can be various depending from insulin dosing and frequency of its administration. Dose of regular insulin for adults is in range 5-10 U/ml, also lower for young patients or even higher for other diabetic patients depending from their clinical status. In our study we included insulin concentration that responds to 2.5 U/ml which is half of the dosage for adults. Our study showed that human hormone insulin, even in this low concentration, not only had significant stimulatory effect on proliferation of bacterial cells, but also significantly affected metabolic activity of E. coli and acted as an autoinducer for biofilm formation (Figure 1, Figure 2 and Figure 3). These findings suggest that human insulin is able to modulate expression of virulent factors including enzyme aspartyl proteinase which excretion was notably elevated in presence of insulin (Figure 2). We know that higher frequency of infections in patients with diabetes mellitus is caused by the hyperglycemic environment that negatively impairs immune response of the host [1-5]. However, based on these findings, we can justifiably assume that insulin treatment can also help dissemination of E. coli infection in diabetic patients, since this can trigger expression of enzyme aspartyl proteinase as the virulent factor that can further act as signal molecule for quorum sensing and biofilm formation, which, in general, can be the reason for requirement of greater number of medical interventations in patients with diabetes mellitus. Changes in E. coli metabolism may also be the reason for often nosocomial infections which are mainly associated with this bacterial pathogen [19]. Essential for the survival and growth of E. coli is its biofilm formation ability that leads to multi-antibiotic resistance. Since individuals with type 2 diabetes mellitus can excrete insulin (or/and glucose) in their urine, this can be the reason for increased incidence of severe urinary tract infections in these medical conditions. However, material type from which the urine catheters are made, can also be of crucial importance if E. coli can freely attach to it and form the biofilm [10]. This feature together with insulin presence can lead to fruitful environment for biofilm development. Results of this study also underline the need for development of alternative catheter materials that will not allow biofilm formation and guidelines in choice of catheters for diabetic patients. Obtained results also emphasize the need to explore other therapeutics and hormones besides insulin that affect glucose levels in the body such as prednisone and cortisone, and the effect they could have on metabolic activity of E. coli and its biofilm forming ability. Due to the fact that E. coli strains may differ in their virulence traits [20], it is extremely important to detect the further agents, besides insulin, which contribute to elevation of microbial pathogenicity, especially common in case of immunodeficiency and risk groups such as diabetic patients.
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