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Abstract

:

Bioactive compounds and phenolic compounds are viable alternatives to antibiotics in recurrent urinary tract infections. This study aimed to use a natural functional product, based on the bioactive compounds’ composition, to inhibit the uropathogenic strains of Escherichia coli. E. coli ATCC 25922 was used to characterize the IVCM (new in vitro catheterization model). As support for reducing bacterial proliferation, the cytotoxicity against a strain of Candida albicans was also determined (over 75% at 1 mg/mL). The results were correlated with the analysis of the distribution of biologically active compounds (trans-ferulic acid-268.44 ± 0.001 mg/100 g extract and an equal quantity of Trans-p-coumaric acid and rosmarinic acid). A pronounced inhibitory effect against the uropathogenic strain E. coli 317 (4 log copy no./mL after 72 h) was determined. The results showed a targeted response to the product for tested bacterial strains. The importance of research resulted from the easy and fast characterization of the functional product with antimicrobial effect against uropathogenic strains of E. coli. This study demonstrated that the proposed in vitro model was a valuable tool for assessing urinary tract infections with E. coli.
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1. Introduction


Catheter-associated urinary tract infections (UTIs) are the most common type of nosocomial infections and are mainly significant because of the severe sequelae that affect the patient’s health. E. coli is a causative agent in 80% of catheter-associated UTIs, and it has specific factors that attach to the catheter surface and then to the uroepithelium [1]. The bladder is an organ where bacterial multiplication occurs, and most symptoms result from physiological manifestations at this level. Natural control of E. coli infection is a current method based on the antimicrobial capacity of some components isolated from raw materials obtained from plants. They act by blocking microbial multiplication, reducing oxidative processes, and lowering the pressure exerted by regulating the physiological processes [2]. Functional extracts reduce biofilm formation in the urinary tract and are also an essential aspect of managing the antibiotic resistance [3].



These problems occur when, in patients with a catheter, a particular strain becomes predominant. In this situation, disturbing the microbial balance makes traditional methods inefficient. The novelties of the study in the in vitro model are the possibility of modulating simulation parameters and its adaptation to the situations in clinical practice [4]. The laboratory study provides an image of the microbiota dynamics in the urinary tract, where recurrent infections occur. New possibilities for reducing antibiotic dependence can be established and tested, which is a current trend. The modular structure allows permanent adaptation to in vivo conditions and the possibility of conducting interdisciplinary in vitro studies [5].



In vitro models provide a better representation of the physiological environment in the urinary tract, and they can be a valuable preclinical approach to compare and select new product formulation or to test technological innovations for the prevention of UTI. Although in vitro tests do not truly represent the complex environment in vivo, they offer many advantages, including relatively low cost, high throughput, flexibility and timeframes for testing, and no ethical concerns associated with in vivo tests [6].



Recent data indicate that herbal therapy is not inferior to antibiotic treatment in the acute phase of lower uncomplicated UTI [7,8]. This feature and the increase in interest in the use of products with low toxicity have led to the prophylactic use of extracts from plant substrates. A vital part is a combination of the antimicrobial effect with the antioxidant and anti-inflammatory effects. The correlation of these characteristics is based on the heterogeneous composition of functional extracts, which can exert several properties against E. coli infections [8]. The administration of extracts is based on the knowledge of traditional medicine. Using in vitro simulators contributes to the characterization and understanding of the intrinsic mechanisms that reduce E. coli at the urogenital level [9]. The study to assess a functional product with antibacterial properties against uropathogenic E. coli strains using the in vitro lab catheterization model. The research objectives of the study were the bioactive compounds determination by chromatographic analysis, antimicrobial effect of the product by qPCR sustained by evaluation of antimicrobial resistance and antioxidant activity. This data will provide a validation of a new in vitro catheterization model-IVCM.




2. Materials and Methods


2.1. Biological Materials


Two strains of E. coli, one ATCC 10536, from the Faculty of Biology, University of Bucharest, Romania, E. coli 317 (uropathogenic clinical isolate) and C. albicans from the Faculty of Biotechnology, University of Agronomic Sciences and Veterinary Medicine of Bucharest, Romania collection, kept at −80 °C in glycerol, were used. The E. coli strains were revitalized by using the Lysogeny broth (LB) medium [10], and C. albicans, by using the Yeast-extract Peptone Dextrose (YPD) medium [11]. The strains were cultured in the mentioned medium at 30 °C, for 24 h, under 120 rpm. After the incubation period, the medium was removed, and the cells were washed once with phosphate-buffered saline and resuspended in the same buffer (sterile) until they were used [12].




2.2. Solvent Extraction


An amount of 20 g of the natural product for the treatment of urinary tract infections cranberry fruit (Vaccinium vitis idaea L.), St John’s-wort aerial parts (Hypericum perforatum), thyme aerial parts (Thymus vulgaris L.), propolis tincture with 27% dry mass, thyme essential oil, rosemary essential oil, and inactive ingredients) was mixed with 100 mL of 50% ethanol. It was stored in a Duran bottle for 48 h at 25 °C, under 150 rpm. At the end of the period, the mixture was filtered under a vacuum and filled up to the original volume with 50% ethanol to obtain an extract in a simple tincture form. The extract was kept in brown bottles in the refrigerator and used after 48 h [13]. The product formula (Supplementary Figure S1) was realized to be active against urinary bladder infections both as an adjuvant in antibiotic treatment and mild forms of the infection. It can be used to prevent recurrent infections. Different biological materials were chosen because the fruit of mountain cranberry contains polyphenols and flavonoids with anti-inflammatory and diuretic action, stimulating the excretion of urine procyanidins with strong antioxidant activity and bacterial antiadhesion activity [14]. Thyme powder and volatile oil have diuretic, antiseptic, and antispasmodic properties given by polyphenols, tannins, and volatile compounds [15]. Saint John’s wort contains polyphenols, flavonoids and is used to alleviate inflammation, infections, and pain in urinary interstitial cystitis [16]. Propolis tincture contains polyphenols and flavonoids in high amounts, active compounds that ensure its high antioxidant activity, and contains antibacterial, anti-inflammatory, anesthetic, analgesic, and antibiotic properties [17]. Rosemary volatile oil has antioxidant, antiseptic, and antispasmodic properties [18].




2.3. Determination of Extract Cytotoxicity


Candida albicans was used as an in vivo instrument. The strain came from the Faculty of Biology, University of Bucharest, and was revitalized using the YPG environment. The protocol used the Bioscreen C MBR computer system. Different concentrations of the extract were used to determine the critical concentration, 0.062–1 mg/mL. As a control, ethanol was used (solvent 50%). The reaction mixture (YPD medium supplemented with the sample) had a maximum volume of 300 µL/well, and the inoculation ratio was 10% culture 108 CFU/mL. The plate was introduced at 32 °C for 24 h, with stirring and Optical Density (O.D.) was measured at 600 nm, every 15 min. The YPD environment was used as a positive control. The following formula was used to assess the degree of toxicity: Cytotoxicity (%) = (1 − (    O . D  .  s a m p l e     O . D  .  c o n t r o l      )) × 100 [19].




2.4. In Vitro Catheterization Model


An in vitro model was used to evaluate the efficacy of the tested products. The steps of the method and the structure of the in vitro model were (Figure 1):




	
Duran vessel (minimum volume 1 L) provided with two orifices containing sterilized artificial urine [20];



	
Peristaltic pump for regular administration of urine from the vessel of point 1, flow rate 0.4 mL/min, controlled by a timed outlet;



	
Inoculation point with the tested strain-silicone septum (a stock culture with a minimum viability 1 × 105 CFU/mL, in 0.9% sterile NaCl);



	
Theft made of silicone finished in a Millipore filter, diameter 0.45 µm;



	
In vitro bladder simulation vessel (minimum volume 250 mL);



	
Reaction mixture (simulated urine, the tested product, microbial strain);



	
Temperature maintenance system—37 °C;



	
Urinary catheter;



	
Sterile sample collection vessel—Duran vessel provided with two orifices.








The heating system was based on the recirculation of water through a circuit surrounding the main simulation vessel. The model included a heating plate, a temperature sensor, a peristaltic pump that ensured a constant flow of one mL/min, and a filling vessel with a lid with three holes [21].




2.5. DNA Extraction and Quantitative Detection of E. coli Strains by qPCR


According to the manufacturer’s instructions for bacteria, genomic DNA from the bacterial cultures and samples (1 mL) was extracted using the Quick-DNA Miniprep Plus kit (Zymo Research, Irvine, USA). All quantitative polymerase chain reactions (qPCR) were performed using the Rotor-Gene Q (Qiagen, West Sussex, UK) instrument and software to generate the standard curve and microbial quantification. The final volume after all reactions was 20 µL, among them 1 µL of template DNA, 4 µL of 5× Hot FirePol EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonia), and 0.5 µL of each universal primer: forward primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and reverse primer 939R (5′-CTTGTGCGGGCCCCCGTCAATTC-3′) were used for the amplification of the 16S rDNA gene fragment. The cycling parameters were: 12 min at 95 °C, followed by 40 cycles for 30 s at 95 °C, 40 s at 60 °C, and 60 s at 72 °C. Reactions were carried out in triplicate. In all cases, negative control of amplification was included using 1 µL of water instead of a DNA template. A fluorescence threshold was chosen to determine the first cycle (CT) where the signals were above the threshold value. Standard curves were generated using 10-fold serial dilutions of DNA extracted from E. coli ATCC 10536 and strain 317, covering a range from 10−4 to 10−10. The coefficient of correlation (R2) obtained for the standard curve of E. coli ATCC 10536 and E. coli 317 was 0.9986 and 0.9909, respectively, with the efficiency of the slope E = −3.32 ± 0.11 [22,23,24].



Evaluation of antibiotic susceptibility using antibiotics prescribed for treatment of recurrent urinary infections was performed by disk diffusion method on Muller-Hinton agar [25].




2.6. Determination of Bioactive Compounds


2.6.1. Total Polyphenolic Content


A colorimetric method was used, which was based on the Folin-Ciocalteu reagent. The calibration curve was obtained with standard solutions of gallic acid concentrations ranging from 1 to 5 µg/mL. The reaction mixture of 1 mL extract, 5 mL Folin-Ciocalteu reagent, and 4 mL sodium carbonate solution was incubated for one hour. The absorbance was measured (UV-VIS spectrophotometer, Jasco V-530, Tokyo, Japan) at 765 nm against water [26].




2.6.2. Procyanidins Content


A colorimetric method was used based on the following reagents: ethanol 70% (v/v), hydrochloric acid 250 g/L solution, and butanol. The reaction mixture was 50.0 mL of the obtained extract, which was evaporated in a round-bottomed flask to about 3 mL and transferred to a separating funnel. The round-bottomed flask was rinsed sequentially with 10 mL and 5 mL of water and transferred to a separating funnel. The combined solution was shaken with three quantities, each of 15 mL, of butanol. The organic layers were combined and diluted to 100.0 mL with butanol. The solution’s absorbance was measured at 555 nm (UV-VIS spectrophotometer, Jasco V-530, Tokyo, Japan) [27].




2.6.3. HPLC Assay


An aliquot of 3 mL of the sample was weighed and diluted with 3 mL of methanol. The solution was filtered through a 0.2 µm polypropylene filter before high pressure liquid chromatography (HPLC) injection. Approximately 0.8 g of extract was ultrasonicated for 30 min in 20 mL methanol, and the solution was filtered through a 0.2 µm polypropylene filter before the HPLC injection. A Hitachi Chromaster HPLC system was used, equipped with a 5160 pump, 5310 column oven, 5260 thermostated autosamplers, and a 5430 DAD detector. The separation was done on a ZORBAX SB-C18 4,6 × 150 mm, 3.5 µm column. An adapted, reversed-phase HPLC (RP-HPLC) method was developed. The mobile phase had a mixture of acetonitrile, methanol, and water, and the elution was gradient. The analytical wavelength was set at 320, 369, 285, and 267 nm. The calibration curves were made by diluting stock solutions of each reference standard to five concentration levels. R2 values were between 0.996 and 0.999 [28].





2.7. In Vitro Antioxidant Activity-CUPRAC (CUPric Reducing Antioxidant Capacity) Assay


The method used a calibration curve with standard solutions of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), with concentrations ranging from 10 to 60 µg/mL. A 1 g sample was extracted with 50 mL of ethanol, 50% (v/v), under a reflux condenser for 30 min. The reagents used were: Copper sulfate pentahydrate solution 10−2 M, neocuproine ethanolic solution 7.5 × 10−3 M, ammonium acetate buffer solution 1 M, and pH 7. The reaction mixture contained 1 mL of each reagent (copper sulfate pentahydrate solution, neocuproine ethanolic solution, and ammonium acetate buffer solution), 0.1 mL sample, and 1.0 mL water and was incubated for 30 min. The absorbance was measured (UV-VIS spectrophotometer, Jasco V-530, Tokyo, Japan) under 450 nm, against a blank prepared with 0.1 mL water, instead of 0.1 mL sample [29].




2.8. Statistical Analysis


All the parameters investigated were evaluated in triplicate, with the results expressed as the mean ± standard deviation (SD). The IBM SPSS Statistics software package (IBM Corporation, Armonk, NY, USA) was used to calculate the mean and SD values. The significance level was: significant at p ≤ 0.05; very significant at p ≤ 0.01; and highly significant at p ≤ 0.001, using the normal distribution of the variables. The differences were assessed by analysis of variance (ANOVA) followed by a Tukey post-hoc analysis. The experimental data analysis and correlation were performed using the IBM SPSS Statistics software package (IBM Corporation, Armonk, NY, USA) [30,31].





3. Results and Discussion


3.1. Determination of Bioactive Compounds


The total polyphenol content from the natural product was 146 mg/g gallic acid equivalents. An amount of 14 mg/g pyrogallol, equivalent to tannin content, and 1.5 mg/g procyanidins, expressed as cyanidin chloride were also identified.



Chromatographic analysis of the polyfunctional extract showed a heterogeneous composition, and after the fractionation phase, the polyphenolcarboxylic acids were predominant. Trans-p-coumaric acid (203.86 ± 0.009 mg/100 g extract), rosmarinic acid (197.41 ± 0.006 mg/100 g extract), and trans-ferulic acid (268.44 ± 0.001 mg/100 g extract) showed high values compared to caffeic acid (30.93 ± 0.004 mg/100 g extract).



The flavonoid composition showed the presence of rutin (30.93 ± 0.005 mg/100 g extract) and quercetin (26.03 ± 0.001 mg/100 g extract) as the major components. In addition, a much smaller amount of pinocembrin (14.67 ± 0.008 mg/100 g extract) and chrysin (16.74 ± 0.004 mg/100 g extract) were calculated.




3.2. The Antibacterial Effect of the Extracts in the In Vitro System


Our study tested the synergistic activity of thyme and rosemary essential oils and other ingredients used to treat urinary infections, contained in a natural product, using the in vitro catheterization model. It allowed a real-time evaluation of the microbial profile, with no infections from other strains. The product’s effect on the in vitro model resulted in the inhibition of both strains, when tested after 72 h of simulation. The tested product (Figure 2) was shown to have a more pronounced inhibitory effect against the clinical/uropathogenic strain isolated from E. coli 317, with viability of approximately 4 log CFU/mL (p ≤ 0.001) at 72 h. The control strain, E. coli ATCC 10536 had superior resistance to the presence of inhibitory compounds present in the samples, 6 log CFU/mL (p ≤ 0.05) at 72 h. These results provided an image of the role that the administration of a functional compound has on some target strains. The decrease at 72 h against the uropathogenic strain was at least 50% compared to the control sample.



These results provided an image of the role that the administration of a functional compound has on some target strains. The decrease at 72 h against the uropathogenic strain was at least 50% compared to the control sample.



Antimicrobial resistance has also been shown to be widely variable between uropathogenic E. coli clinical isolates and the standard laboratory strains [32]. Therefore, in this study we used a clinical isolate with resistance to the third-generation cephalosporin (ceftriaxone-30 µg/mL and ciprofloxacin-5 µg/mL). Compared to the sensitive control, an additional explanation could be the result of the specific motility of each strain that could influence the exposure time of the strain to bioactive compounds [33].



Essential oils are complex mixtures containing up to 60 components, with 1–3 major ingredients at high concentrations. These make up a significant part of the antimicrobial activity of the essential oils. The antibacterial activity of Rosmarinus officinalis essential oil on a standard strain of E. coli ATCC 25922 and other 60 clinical strains of E coli, including the urinary tract and hospital equipment, was proved by Sienkiewicz et al. [34]. Other works compared the antibacterial activity of rosemary essential oil against different uropathogenic isolates. They noticed that the highest effect was obtained using a concentration of 10,000 ppm on E. coli, Klebsiella sp., Staphylococcus aureus, and Candida isolates [35]. Moreover, the combination of thyme and tea tree essential oils increased the guideline-recommended antibiotic activity to treat uncomplicated lower UTIs—fosfomycin and pivmecillinam, but not nitrofurantoin—against uropathogenic E. coli isolates [36]. Linalool, the major component of thyme essential oil, was shown to act as a bactericidal, fungicidal and had anti-inflammatory effects [37].



It has been proved that the presence of rosmarinic acid, corresponded to the antimicrobial effect’s correlation with the antioxidant one [38]. The tested product showed the antioxidant activity of 326.5 mg/g Trolox equivalent, which decreased to a quarter of its initial value at the end of the in vitro process. This result demonstrated that the bioactive load was released gradually, which gradual protection against endogenous factors. It is possible that other molecules were present în the extract (polysaccharides), influenced the bioactivity in vitro, and released the total bioactive compounds quantity [39].




3.3. The Cytotoxicity Tests against C. Albicans


The cytotoxicity results against C. albicans (Figure 3) demonstrated a gradual increase in the extract concentration. An average value of 47 ± 1.63% (p ≤ 0.01) was calculated for an extract of 0.062 mg/mL. These results were interpreted as a functional property of the extract to modulate this strain’s proliferation resistance, a relevant fact in the formation of the biofilm and the preservation of urinary tract homeostasis. The antifungal response differences were due to the variable presence of functional compounds that could be correlated with the type of bioactive molecules and biotransformations due to the environment, in vitro [40]. This feature could be considered as a limiting factor of in vitro simulators. This study demonstrated that the proposed in vitro model was a useful tool for managing UTI with E. coli. Such a laboratory model can bring the results as close as possible to those obtained in in vivo clinical trials [41].



These results were supported by the presence of quercetin, which was reported to have urinary tract protection effects. Quercetin is used as an adjuvant to conventional treatments [42]. These data support previous studies that have shown a reduction in biofilm formation to about 65% and an inhibition in the proliferation of the Candida genus strains [43]. In addition, these compounds have prevented the formation (synthesis) of the self-produced extracellular matrix that helps build the biofilm and the recurrence of inflammatory processes. These data may have been associated with the action of other compounds, such as myricetin or catechin [44].



Another compound that expressed an antibacterial effect against E. coli was rosmarinic acid. Its action was synergistic in UTIs because an antioxidant effect was also determined. The expression of these effects is a specific one, with the antimicrobial effect being due to an action on the cell membrane [38,45]. The same mechanism has been demonstrated for ferulic acid [46] and in reducing the microbial biofilm [47] by decreasing the adhesion capacity of bacterial cells. The product’s effectiveness was also due to the presence of coumaric acid, which is known to have similar effects in reducing bacterial cells as ferulic acid, the majority component [48]. The presence of these compounds also supported the cytotoxic effect, being correlated with the gradual decrease of the viability of the Candida strain [49].



Thus, the purpose of the study was achieved, given the inhibitory capacity of the tested extract. Static in vitro tests targeting the current model did not consider urinary epithelial interactions that may influence the bioavailability of specific compounds. This aspect can be viewed as a negative point of this type of study.



As a practical application, the realization of this model was useful for in vitro research studies that will be able to simulate certain recurrent infections. Testing the formulation of functional products and drugs with antimicrobial effects associated with inhibiting biofilm formation is another research perspective with this model in vitro. Other uropathogenic strains that can be identified with the biofilm associated with the urinary catheter can also be tested. New quantification and microbial analysis methods will meet practical needs regarding the presence of bacteria in the urinary tract [50].





4. Conclusions


This study addressed a target strain and was integrated research on the assessment of multifunctional product used in recurrent microbial infections. The study of the causes of microbial biofilm development at the urinary level will determine a clear understanding of the appearance of antibiotic resistance [51]. The in vitro model can also be adapted to other pathogenic bacterial strains and allows a complex evaluation of other functional products. Personalized analysis of the urinary microbiota response also gives the possibility of studying new therapeutic targets based on natural compounds [52].
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Figure 1. Schematic representation of the in vitro catheterization model. 
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Figure 2. The antibacterial effect of the product in the in vitro catheterization system. Different asterisks represent significant statistical differences (control vs. samples; p ≤ 0.05), n = 3. 
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Figure 3. The cytotoxicity tests against Candida albicans. Different asterisks represent significant statistical differences (control vs. samples; p ≤ 0.05), n = 3. 
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