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Acidic Electrolyzed Water Inhibits the Viability of Gardnerella spp. via Oxidative Stress Response
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The vaginal microbiota, dominated by Lactobacilli, plays an important role in maintaining women's health. Disturbance of the vaginal microbiota allows infection by various pathogens such as Gardnerella spp. (GS) and related anaerobic bacteria resulting in bacterial vaginosis (BV). At present, the treatment options for BV are extremely limited. Treatment of antibacterial drugs and vaginal acidification are the two primary therapeutic methods. Acid electrolyzed water (AEW) is known to inactivate microorganisms and is considered a medical application in recent years. Studies have found that Lactobacillus acidophilus (LA) probiotics helps to inhibit GS-induced BV. Our study took GS and LA as the research object, which aims to explore AEW as a potential alternative therapy for BV and its underlying mechanisms. We first obtained the pH of AEW (3.71–4.22) close to normal vaginal pH (3.8–4.5) to maintain normal vaginal acidification conditions. Plate counting experiments showed that AEW (pH: 4.07, ORP: 890.67, ACC: 20 ppm) (20 ppm) could better inhibit the viability of GS but had a more negligible effect on LA. Then, we preliminarily explored the possible mechanism of AEW anti-GS using cell biology experiments and transmission electron microscopy. Results showed that the membrane permeability was significantly increased and the integrity of cell membrane was destroyed by AEW in GS than those in LA. AEW also caused protein leakage and cell lysis in GS without affecting LA. Meanwhile, AEW induced a number of reactive oxygen species (ROS) production in GS, with no obvious LA changes. Finally, we found that 20 ppm AEW exhibited excellent antibacterial effect on the vaginal secretions of women diagnosed with BV by Amsel criteria and sialic acid plum method. Taken together, our findings manifest that 20 ppm AEW has an excellent antibacterial effect in GS with less effect on LA, which might be expected to become a potential therapy for BV.
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INTRODUCTION

Bacterial vaginosis (BV) is manifested as various symptoms of mucosal inflammation, which include abnormal vaginal, itching, and burning, and those have been associated with a wide array of health issues such as preterm births, pelvic inflammatory disease, increased susceptibility to human immunodeficiency virus (HIV) infection, and other chronic health problems (1). BV represents a profound shift in the vaginal microbiota from the dominant Lactobacilli to a polymicrobial microbiota. Under physiological conditions, the vaginal microbiota is dominated by Lactobacilli, which maintains the acidic pH environment of the vagina (3.8–4.5) and release H2O2 to inhibit other bacteria growth (2). Instead, Gardnerella spp. (GS) and some other anaerobic bacteria multiply and eventually leading to BV (3).

The standard of care for BV treatment recommended from the Center for Disease Control (CDC) as metronidazole (MNZ) or clindamycin (4) has failed to control the recurrence of BV (more than 30% recurrence of BV on microscopy within 6 months) (5). Besides, they are both associated with various side effects such as gastrointestinal upset (6). Various antibacterial agents have been used to treat BV in recent years, such as chlorhexidine, hydrogen peroxide, polyhexamethylene biguanide, etc. (7). However, recent systematic reviews have confirmed that most studies on bactericides for BV are weak in methodology and that subsequent studies have been minimal (8). In addition, the use of these antibacterial drugs is mostly for widespread sterilization or the symptoms of patients, rather than only for pathogens. Their safety in the treatment of BV is questionable (9). This also indicates that designing a tailor-made drug that only targets pathogens is significant. The use of plant-derived compounds in the treatment of genital infections is increasing (10). A plant-derived compound called Lifukang lotion is used in China to treat BV. Currently, both practitioners and patients have widely recognized the limitations of successful BV treatment, and treatment options are still extremely limited. Novel therapies of BV are not likely to be available in the immediate future. Hence, reliance on the optimal use of available agents still is essential (11).

Acid electrolyzed water (AEW) is an environmentally friendly, broad-spectrum microbial disinfectant (12). Its principle is produced by electrolyzing a dilute sodium chloride or hydrochloric acid solution in an electrolytic cell without a separation membrane. The germicidal ingredients of AEW are available chlorine compounds, which include ClO−, HClO, and Cl2 (13). A schematic of the AEW generator is shown in Supplementary Figure S1. AEW features include high antibacterial efficiency and low available chlorine concentration (ACC). The reduction of chlorine will minimize the potential harm to human health and the environment (14). AEW has been widely used in the food disinfection industry. At present, AEW has begun to be considered explored in the medical fields, such as promoting skin healing and eliminating the COVID-19 (15, 16). According to the antibacterial effect and pH characteristics of AEW, we conjecture that AEW has good application potential for the treatment of BV.

Studies have found that L. crispatus and L. jenseni are the most commonly detected Lactobacilli in the vagina of healthy women (17). However, the number of Lactobacilli in BV-positive patients will drop sharply or disappear (18). Lactobacillus acidophilus (LA) is a type of vaginal Lactobacilli. An exciting experiment has found that treating BV with a vaginal douche containing a strain of LA contributed to help the regrowth of other Lactobacilli (19). Another study showed that LA is the most effective at attenuating BV induced by GS, followed by Lactobacillus rhamnosus (20). We aim at the BV treatment and envisage BV treatment with AEW containing LA strains, but this must take into account the antibacterial effect of AEW to LA.

In this study, we investigated the antibacterial potential of AEW (compared with MNZ and Lifukang) against GS, LA, and microorganisms found in vaginal secretions of BV patients. In addition, we also preliminarily investigated the anti-GS possible mechanism of AEW by cell biology experiments and transmission electron microscopy.



METHODS AND MATERIALS


Preparation and Physicochemical Property Measurements of AEW, Lifukang Lotion, and MNZ

Acid electrolyzed water was produced by electrolyzing an electrolyte containing 6% HCl using a flow electrolyzer (HD-240L, Fuqiang-Want Sanitary Accessories Ltd, Shanghai, China). It was prepared on the experiment day and used within 20 min after production. The physicochemical properties of AEW were measured immediately after production. pH and ORP of AEW were measured by pH Meter (PHS-3CW, Shanghai Leigu Instrument Co., Ltd., China) and ORP Meter (SX712, Sanxin International Electric Shanghai Co., Ltd., China). Moreover, ACC was assessed by standard iodometric titration (21). For Lifukang lotion (Xi'an Taiji Pharmaceutical Co., Ltd.), it was diluted with distilled water to a concentration of 10% according to its instructions. Metronidazole (MNZ) tablets (Guangdong Huanan Pharmaceutical Group Co., Ltd., China) were dissolved in normal saline to prepare a 0.75% (m/m) metronidazole solution.



Strains and Culture Conditions

Lactobacillus acidophilus ATCC 4356 and Gardnerella spp. (GS) ATCC 49145 were both obtained from Guangdong Microbial Culture Collection Center, China. LA was recovered by transferring to MRS Broth (Huankai Microbial Sci. & Tech. Co., Ltd., Guangdong, China) at 37°C in a 5% CO2 atmosphere for 48 h and stored in MRS Broth containing glycerin (volume ratio of 7:3) at −80°C. GS was recovered at Anaerobic Blood Agar Plate (Huankai Microbial Sci. & Tech. Co., Ltd., Guangdong, China) for 48 h in an anaerobic incubator (MGC, AnaeroPack C35, and MGC AnaeroPack C32, MITSUBISHI GAS CHEMICAL CO., INC., Japan) and stored in BHI Broth (Huankai Microbial Sci. & Tech. Co., Ltd., Guangdong, China) containing glycerin (volume ratio of 7:3) at −80°C.



Preparation of Bacterial Suspension

The preparation of the bacterial suspension referred to our previous experiment (22). Before each experiment, scraped the Gardnerella spp. cultured at 37°C for 48 h on the anaerobic blood agar plate (Huankai Microbial Sci. & Tech. Co., Ltd., Guangdong, China) and pooled them into 5 ml sterile distilled water. LA was incubated (MRS medium, Huankai Microbial Sci. & Tech. Co., Ltd., Guangdong, China) in an incubator shaker (SHA-CA, Honghua Instrument Factory, Jintan, China) for 48 h at 150 r/min, 37°C. The above 5 ml GS and LA enriched cultures were collected into a sterile centrifuge tube and let stand for 10 min at 5,000 rpm and 4°C in a refrigerated centrifuge (5424 R, Eppendorf China Ltd., Shanghai, China). The precipitate was collected and washed two times with sterile distilled water, resuspended in sterile distilled water to obtain a final cell concentration of ~108 CFU/mL, which was confirmed by plating 1-mL portions of appropriately diluted suspension on plate count agar plates and then incubated at 37°C for 48 h.



Effect of AEW, MNZ, and Lifukang on Microbiota Inactivation

The antibacterial test of AEW was carried out concerning the method described previously (23, 24). In short, 1 mL of bacterial solution and 9 mL of treatment solution (AEW, MNZ, Lifukang) were incubated at 37°C for 5 min, 10 min, and 20 min, respectively. After the treatment for a predetermined period, the samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the effect of the AEW. For Lifukang and MNZ, centrifuged (at 5,000 rpm, 4°C for 10 min) (5424 R, Eppendorf China Ltd., Shanghai, China) and sterile distilled water washed cells once to stop their action. In addition, samples were serially diluted in sterilized distilled water. The plates (GS: Anaerobic Blood Agar Plate, LA: MRS Plate) were incubated at 37°C for 48 h. Finally, the number of colonies developed on the plates was determined, and the results were expressed as log10 CFU/mL (Supplementary Figure S2).



Propidium Iodide Staining

The solution used in this part of the experiment and its concentration refer to our previous experiment (22). AEW and cell suspensions (same as Section Preparation of bacterial suspension) were mixed at a volume ratio of 9:1 (9 ml:1 ml) for 20 min at 37°C. The samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the action of the AEW. Washed the cells once, then added 100 μL PI (Propidium iodide) diluent (Beyotime Biotechnology, China) (100 μL binding buffer + 2.5 μL PI) to each sample and mixed well. Then, the specimens were left to stand in the dark for 10 min. Quantitative measurement of PI stain was performed by flow cytometry, and qualitative analysis of PI stain was observed under fluorescence microscopy.

Flow cytometry: NovoExpress software was used to observe the sample results and set the number of samples. Since most GS was destroyed by 20 ppm AEW, after many items of washing and centrifugation, only 5*104 bacteria were finally collected. The treated cells were examined by a BC flow cytometer (GALLIOS, BECKMAN COULTER, USA) (488 nm excitation and 630 nm emission). The relative fluorescence intensities of this experiment were calculated as follows: (fluorescence intensity of the experimental group/fluorescence intensity of the control group) × 100%.

Fluorescence microscopy (IX71, Olympus, Japan): dropped one drop of the above-stained cell suspension onto a glass slide and covered the cells with a coverslip. Under the fluorescence microscope, the PI fluorescence signal is red (510–560 nm excitation and over 590 nm emission).



Hoechst Staining

Acid electrolyzed water and cell suspensions (same as Section Preparation of bacterial suspension) were mixed at a volume ratio of 9:1 (9 ml:1 ml) for 20 min at 37°C. Then, the samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the effect of the AEW. After centrifugation (at 5,000 rpm, 4°C for 10 min) (5424 R, Eppendorf China Ltd., Shanghai, China), the supernatant was discarded and the cells were washed once with sterile distilled water. They were then resuspended. Cell suspensions were added with 1 ml Hoechst 33258 (Beyotime Biotechnology, China) (10 μg/mL). We placed the samples for 15 min at room temperature in the dark. Then, the cells were washed once and resuspended in sterile distilled water. Finally, cell suspensions were observed with a fluorescence microscope within 20 min.



BCA Protein Assay

Acid electrolyzed water and cell suspensions (same as Section Preparation of bacterial suspension) were mixed at a volume ratio of 9:1 (9 ml:1 ml) for 20 min at 37°C. The samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the effect of the AEW. After centrifugation (at 5,000 rpm, 4°C for 10 min) (5424 R, Eppendorf China Ltd., Shanghai, China) was completed, the supernatant of each sample was taken as a sample to be tested. BCA Protein Assay (BCA) Kit was obtained from Beyotime, China. According to the instructions of the kit, 20 μl of the supernatant was mixed with 200 μl of the working solution in a 96-well plate according to the kit's instructions, and they were incubated at 37°C for 20 min. The samples were then tested with a microplate reader (570 nm). The protein content of the supernatant was calculated from the standard curve.



Transmission Electron Microscopy

Acid electrolyzed water and cell suspensions (same as Section Preparation of bacterial suspension) were mixed at a volume ratio of 9:1 (9 ml:1 ml) for 20 min at 37°C. The samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the effect of the AEW. The cells were washed once with sterile distilled water and the supernatant was removed. Cell pellets were fixed with 2.5% neutral glutaraldehyde (2.5% neutral glutaraldehyde with 0.1 M phosphate buffer) (manufactured by Ala Aesar, A17876) for 2 h. The cells were washed with 0.1 M phosphate buffer (Sinopharm Group Co., Ltd.) 6 times, 30 min each time. The cells were fixed with 1% osmium acid (TED PELLA, 18456) for 2 h. The cells were rinsed with 0.1 M phosphate buffer (Sinopharm Group Co., Ltd.) 3 times for 10 min each. A total of 50–100% ethanol (Sinopharm Group Co., Ltd.) was used for dehydration, 10 min each time. 100% acetone (Sinopharm Group Co., Ltd., 191105-1) and 100% ethanol (Sinopharm Group Co., Ltd.) was mixed 1:1 to prepare a solution which acted on the cells for 15 min. 100% acetone (Sinopharm Group Co., Ltd., 191105-1: Epon812) resin (TED PELLA, GP18010) was mixed with 1:2 solution for infiltration and embedding. Ultra-Microtome (UC-7, Leica, Germany) was used for the resin-embedded samples which were sliced serially and stained with 2% uranyl acetate (EMS, 22400) for 30 min and lead citrate (TED PELLA, 19314) for 15 min. Finally, the prepared sample was observed by a transmission electron microscope (Nippon Electron Optics Laboratory Co., Ltd., JEM-1400 PLUS). Used voltage: 100 KV, found the slice in the phosphor screen at low magnification, inserted CCD (camera model: VELETA G3; brand: EMSIS; acquisition and measurement software: RADIUS) to observe the target structure and debug electron microscope until the image was clear, collected the required image.



Reactive Oxygen Species Measurement

Reactive oxygen species (ROS) detection kit (Beyotime Biotechnology, China, China) was used for the detection of the cell's ROS levels by fluorescence probe (DCFH-DA, (2,7-dichlorodi-hydrofluorescein diacetate). AEW and cell suspensions (same as Section Preparation of bacterial suspension) were mixed at a volume ratio of 9:1 (9 ml:1 ml) for 20 min at 37°C. The samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the effect of the AEW. After centrifugation (at 5,000 rpm, 4°C for 10 min) (5424 R, Eppendorf China Ltd., Shanghai, China), the supernatant was discarded and the cells were washed with sterile distilled water once. They were then resuspended. Cell suspensions were then washed once and resuspended in 200 μL of LDCFH-DA working solution and incubated for 20 min at 37°C in the dark. Quantitative and qualitative experiments were performed using flow cytometry and fluorescence microscopy.

Fluorescence microscopy (IX71, Olympus, Japan): dropped one drop of the above-stained cell suspension onto a glass slide and covered the cells with a coverslip. Under the fluorescence microscope, the FDA fluorescence signal is green (450–490 nm excitation and over 520 nm emission).

Flow cytometry: the ROS content was measured by a BC flow cytometer (488 nm excitation and 525 nm emission). NovoExpress software was used to observe the sample results and set the number of samples to 5*104. Since most GS was destroyed by 20 ppm AEW, after many items of washing and centrifugation, only 5*104 bacteria were finally collected. The relative fluorescence intensities of this experiment were calculated as follows: (fluorescence intensity of the experimental group/fluorescence intensity of the control group) × 100%.



Collection and Processing of BV Specimens

Vaginal secretion samples were from BV patients treated in the First Affiliated Hospital of Jinan University from July 26, 2019, to December 31, 2019. Vaginal swabs from BV patients were obtained from the posterior fornix. The diagnosis of BV was based on the existence of at least three of the four Amsel criteria (25): 1. vaginal pH was >4.5; 2. the presence of clue cells (>20%); 3. milky, homogenous vaginal discharge; and 4. amine (fishy) odor after adding 10% KOH to the vaginal fluid. All vaginal secretion samples were tested positive by the laboratory of the First Affiliated Hospital of Jinan University using the sialic acid plum method. In addition, we assessed the presence or absence of Candida and Trichomonas vaginalis using electron microscopy. A history of BV recurrence was defined as having at least two acute attacks in the past 12 months. Non-recurrent BV patients had symptoms of BV for the first time and had not received any treatment.

The secretions were stored in sterile distilled water and processed within 1 h. A spectrophotometer (OD570) was used to record the absorbance of each sample and adjusted to ensure that the absorbance of each sample was the same. All drugs (AEW, Lifukang, and MNZ) and cell suspensions were mixed at a volume ratio of 9:1 (9 ml:1 ml) for 20 min at 37°C. The samples were mixed with the neutralizing buffer solution (0.5% Na2S2O3) at a ratio of 1:9 (1 ml:9 ml) for 5 min to neutralize the effect of the AEW. After centrifugation (at 5,000 rpm, 4°C for 10 min) (5424 R, Eppendorf China Ltd., Shanghai, China), the supernatant was discarded and the cells were washed in sterile distilled water once. They were then resuspended. Bacterial suspensions were smeared on the anaerobic blood agar plate (Huankai Microbial Sci. & Tech. Co., Ltd., Guangdong, China) for 48 h at 37°C in an anaerobic environment. The institutional ethics review committees of the hospital approved this analysis. The research was conducted following the Declaration of Helsinki. All patient data were anonymized in the paper.



Statistics

We used Fisher's test to compare the antibacterial efficacy of drugs on BV samples. Other data were presented as mean ± standard error, analyzed by Student's t-test and ANOVA by SPSS 13.0. The statistical significance was indicated by a p < 0.05.




RESULTS


Obtained Low pH, Different Concentrations of AEW

One of the essential treatments for BV is vaginal acidification. Some vaginal acidifiers, such as lactic acid gel, have been proven to treat and prevent BV (26). Based on this, we also took the maintenance and restoration of the vaginal microenvironment as the starting point and screened the pH of the AEW between 3.71 and 4.22 (normal vaginal pH: 3.8–4.5) (Table 1). At the same time, we also controlled the ppm value to a low concentration of 10 to 80 for reducing residual chlorine (Table 1).


Table 1. Properties of AEW with different ppm, Lifukang, and MNZ.

[image: Table 1]



Twenty ppm AEW Significantly Inhibited the Viability of GS, but Had Less Effect on LA

After determining the pH of AEW, we explored the antibacterial effect of different ppm values of AEW on GS and LA. As shown in Table 2, AEW (10 ppm) showed an obvious antibacterial effect on GS (reduction value was 0.22–0.43 Log CFU/mL). It was worth noting that when ACC was equal to or higher than 20 ppm, GS hardly grew on plates. Lifukang, a typically used rinsing agent in BV, showed a similar anti-GS effect as AEW (≥20 ppm). However, the anti-GS effect of MNZ was not as well as Lifukang and AEW. The reductions of GS populations by MNZ were only 1.27, 1.61, and 1.06 Log CFU/mL at 5, 10, and 20 min, respectively (Table 2).


Table 2. Treatment of AEW, Lifukang, and MNZ in GS.

[image: Table 2]

Subsequently, we elucidated the influence of AEW on LA. In Table 3, we could detect that AEW (10 ppm) exhibited a feeble antibacterial effect against LA at all periods (reduction value was −0.05 to 0.05 log CFU/mL). AEW showed a weak inactivation to LA microbiota when it reached 20 ppm (reduction value was −0.1, 0.18, and 0.19 log CFU/mL at 5, 10, and 20 min, respectively) (Table 3). However, the inhibition rate in LA (−27.08%, 32.56%, and 29.99% at 5, 10, and 20 min, respectively) was remarkably more diminutive than that in GS (almost 100% in all treatment time) (Supplementary Figure S3). Further, an increase in ACC to above 30 ppm led to apparent inactivation to LA (Table 3).


Table 3. Treatment of AEW, Lifukang, and MNZ in LA.

[image: Table 3]

In consideration of Lifukang and MNZ, both displayed weak influence on LA, with the value of LA reduction being between 0.40–0.56 log CFU/mL and 0.22–0.41 Log CFU/mL, respectively (Table 3). It was worth mentioning that MNZ (62.43%, 59.47%, and 61.70% at 5, 10, and 20 min, respectively) and Lifukang (33.28, 49.67, and 59.66% at 5, 10, and 20 min, respectively) had higher inactivation to LA than AEW (20 ppm) (−27.08, 32.56, and 29.99% at 5, 10, and 20 min, respectively (Supplementary Figure S3).

These results indicated that AEW (20 ppm) could better inhibit the viability of GS and had a negligible effect on LA, which was better than Lifukang and MNZ. Based on these results, we selected AEW (20 ppm, 20 min) in the subsequent experiments.



Twenty ppm AEW Increased the Permeability of GS With Less Effect on LA

The results led to several questions about how does 20 ppm AEW kill GS, and what is the reason for the different inactivation effects of AEW on GS and LA. The primary antibacterial substance of AEW is the HOCl (27), and the cell membrane controls the entry and exit of small molecules. We first observed the changes in the cell membrane. PI is a nuclear dye that stains necrotic cells and cells with increased permeability (28). Flow cytometry and PI relative fluorescence intensity calculations revealed these results. We found that the relative PI average fluorescence intensity of GS treatment with AEW was higher than that in the control group (Figures 1A,B, n = 3, *p < 0.05), whereas no notable difference could be observed in the LA group (Figures 1C,D, n = 3, *p < 0.05). The qualitative experiments of PI and Hoechst under the fluorescence microscope also proved that after AEW treatment, the permeability of most GS increased and could be stained by PI and Hoechst (Supplementary Figure S4).


[image: Figure 1]
FIGURE 1. Twenty ppm AEW increased the permeability of GS with less effect on LA. (A,C) Representative cell permeability data were observed by flow cytometry. (B,D) Statistics of relative PI fluorescence intensity of GS and LA were measured by flow cytometry (n = 3, *p < 0.05 to control).




Twenty ppm AEW Induced Structural Damage to GS but Had Less Effect on LA

Transmission electron microscopy (TEM) was used to further analyze the changes in the internal structure of bacteria after AEW treatment. Here, we found that the GS control group was short rod-shaped, with continuous, smooth cell walls and cell membranes. Its cytoplasmic density was uniform and consistent. However, in the 20 ppm AEW treatment group, GS's cell membrane and cell wall had apparent wrinkles. It was worth noting that the cytoplasm of some GS was manifested as a large amount of cytoplasmic loss. On the contrary, regardless of whether it was the control group or AEW (20 ppm) treatment group of LA, they both had long rod-shaped, with continuous and smooth cell walls and cell membranes. Also, their cytoplasm density was uniform, without reduction and enhancement (Figure 2).


[image: Figure 2]
FIGURE 2. Twenty ppm AEW induced structural damage to GS but had less effect on LA. The image showed the internal structure of GS and LA observed under a transmission electron microscope after 20 ppm AEW treatment. The arrow indicated the destruction of the inside of the bacteria.




Twenty ppm AEW Promoted Protein Leakage and Cell Lysis of GS With Less Effect on LA

To further delineate the destructive effect of AEW (20 ppm) on cell structure, we applied BCA protein determination and OD value determination technology to evaluate the cell leakage protein and bacterial lysis after AEW treatment. The results demonstrated that protein in the supernatant of GS group increased from (0.74 ± 0.29 mg/ml) to (3.02 ± 0.12 mg/ml) after AEW treatment (Figure 3A, n = 3, vs. control, *p < 0.05). It was worth noting that there was no significant change in the supernatant protein of the LA group after AEW treatment (3.75 ± 0.12 mg/ml) (Figure 3A, n = 3, vs. control, p > 0.05).


[image: Figure 3]
FIGURE 3. Twenty ppm AEW promoted protein leakage and cell lysis of GS with less effect on LA. (A) Statistics showed the GS and LA proteins in the supernatant after 20 ppm AEW treatment using the BCA method (n = 3, *p < 0.05 vs. control). (B) The data showed the absorbance of GS and LA precipitates after 20 ppm AEW treatment (n = 3, ***p < 0.001 vs. control).


Additionally, after removing the treatment solution, the absorbance of the GS treatment group (0.03 ± 0.01) was much less than that of the control group (0.43 ± 0.01) (Figure 3B, n = 3, *p < 0.05). However, for LA, there was no significant difference between the treatment group (0.40 ± 0.03) and the control group (0.42 ± 0.01) (Figure 3B, n = 3, p > 0.05).



Twenty ppm AEW Induced ROS Production in GS Whereas It Has Less Effect on LA

Recent studies have shown that AEW can also regulate intracellular ROS metabolism (29). Under flow cytometry, we detected that the relative average fluorescence intensity of GS treated with AEW was markedly higher than that of the control group (Figures 4A,B, n = 3, *p < 0.05). However, the relative average fluorescence intensity of the AEW treatment group was not memorably different from that of the control group in LA (Figures 4C,D, n = 3, p > 0.05). The ROS qualitative experiment also demonstrated that after 20 ppm AEW treatment, the ROS of GS was produced in large quantities (Supplementary Figure S5).


[image: Figure 4]
FIGURE 4. Twenty ppm AEW induced ROS production in GS whereas it had less effect on LA. (A,C) Representative DCF fluorescence data were observed by flow cytometry. (B,D) Statistics of relative DCF fluorescence intensity of GS and LA were measured by flow cytometry (n = 3, **p < 0.01 to control).




Twenty ppm AEW Significantly Inhibited the Microbial Viability of Vaginal Secretions of BV Patients

To further explore the potential clinical application of AEW, we collected vaginal secretions from 13 BV patients (diagnosis was based on Amsel criteria and sialic acid plum method) and performed a qualitative analysis of the antivaginal microbial effect of AEW. BV patients included 5 relapsed patients and 8 non-relapsed patients (Figure 5). BV recurrence is a clinically tricky problem. Metronidazole will still recur after a period of treatment, which may be related to the resistance of BV-related bacteria that cannot be eliminated (30).


[image: Figure 5]
FIGURE 5. Twenty ppm AEW significantly inhibited the microbial viability of vaginal secretions of BV patients. The picture showed the bacterial growth of the vaginal secretions of BV patients after 20 ppm AEW, Lifukang, and MNZ treatments.


We found that 20 ppm AEW was better in inhibiting microbial viability in vaginal secretions in both relapsed and non-relapsed BV samples. In contrast, Lifukang was less effective against BV patient secretion microbes than 20 ppm AEW. Some plates (plates 1–6, 9–13) still had bacterial growth. In addition, Lifukang was less effective against relapsed patient samples than non-relapsed samples (bacterial growth on all plates, 9–13). MNZ was the least effective at inhibiting microbial viability in vaginal secretions (bacterial growth on all plates, 1–13) (Figure 5).




DISCUSSION

Bacterial vaginosis is a dysbiosis caused by vaginal microbiota imbalance. Excessive growth of pathogenic bacteria will increase the production of volatile amines and increase the vaginal pH to >4.5 (31). Increased vaginal pH will not only aggravate the progression of BV and increase the susceptibility to BV but also be related to premature delivery (32). Accordingly, it is vital to promote the recovery of the acidic environment of the vagina when treating BV (33). Some new drugs had significant antibacterial effects in treating vaginal diseases (34). Nevertheless, these new drugs face the same dilemma as MNZ (pH 5.67) and Lifukang (pH 5.29), which have a slightly higher pH. What is worthy of our attention is that AEW has the characteristics of adjustable pH. In recent years, various electrolyzed aquatic products have been promoted and used, such as weakly alkaline, strong acid, neutral, weak acid, and other AEW (35). Based on this advantage, we first adjusted the pH value of AEW (3.71–4.22), which is close to the normal vaginal pH value (3.8–4.5). The decrease in pH is conducive to the survival and recolonization of LA (36). Plate counting experiment illustrated that AEW ≥20 ppm could significantly inhibit the culturability of GS, but showed a negligible effect on LA. These results proved that AEW (20 ppm) not only has acidic properties but also inhibits GS growth well. Further exploration of low concentrations of AEW is needed to determine the minimum inhibitory concentration, which will help us screen out the most ideal AEW concentration. Of course, the problems must be faced that the fine-tuning of AEW is challenging to achieve at this moment, such as the irregularity of dilution concentration (37), the stability of water pressure (38), and so on. These are all to be resolved.

Second, we preliminarily explored the possible antibacterial mechanisms behind the different inactivation effects of 20 ppm AEW on GS and LA. Scientists have discovered that the antibacterial mechanism of AEW may be related to the destruction of the integrity of cell membranes (39). In this study, the Hoechst staining and PI staining of GS increased significantly by AEW treatment, which may be caused by the destruction of the integrity of the cell membrane and the infiltration of the stain. The increase in PI staining is not only the result of cell necrosis but may also be a manifestation of apoptosis. Our previous studies have confirmed that AEW can promote cell apoptosis in Escherichia coli (22). Then, we investigated the specific manifestations of this integrity breach using transmission electron microscopes (TEMs). TEM results exhibited that the GS cell membrane was wrinkled, and cytoplasm began to show vacuoles and low density after AEW treatment. Kim et al. also observed that after AEW treatment, the cell wall had round holes through which the cytoplasmic content was discharged (23). In fact, a previous study showed that superoxidized water might destroy the covalent bonds of proteins, causing them to break, which might cause the proteins to shrink and flow out of the damaged cell membrane (40). In this study, we found that after AEW treatment, a large amount of protein leaked in GS, and the precipitation of GS cells reduced. This may be due to the fragmentation of GS cells or the drastic reduction of cell content, which causes GS to be discarded during the centrifugation process.

The abovementioned 20 ppm AEW caused cell damage almost did not occur on LA. AEW is prone to oxidative stress in cells due to its high oxidation potential (41). Studies have found that the polysaccharides on LA's surface may promote its antioxidant capacity (42). In our study, 20 ppm AEW induced the ROS to increase significantly in GS, whereas this phenomenon could not be observed in LA, which strongly proved that the antioxidant capacity of LA made it resistant to the oxidative stress damage caused by AEW. However, it is not clear which kind of polysaccharides or antioxidant enzymes play critical roles in LA combating the damage caused by AEW. This requires further experiments to verify.

Finally, we observed the antibacterial effect of 20 ppm AEW on the vaginal secretions of women diagnosed with BV by Amsel criteria and sialic acid plum method. To our surprise, 20 ppm AEW was better at inhibiting microbial viability in vaginal secretions than Lifukang and MNZ. We needed to note that some samples (samples 1, 3, 6, and 10) had apparent fungal-like colony growth, which indicated that the samples may have a mixed infection of bacteria and candida. The mixed infection of bacteria and candida is a complex problem to solve clinically, and its proportion is increasing year by year (43). In the clinical treatment of recurrent BV, in addition to the use of MNZ, it is necessary to increase antifungal drug therapy (44). Thus, it can be seen that AEW has a broad spectrum of antimicroorganisms. In addition, AEW has the advantages of simple preparation, lower price, and better safety (45, 46).

In summary, 20 ppm AEW may cause oxidative damage to GS, leading to the destruction of cell integrity, increasing cell permeability and leakage of contents, and ultimately leading to the death of GS. Due to the antibacterial potential, acidity, simple preparation, and cheapness of AEW (20 ppm), it may be used in the treatment of BV in the future. Of course, we still have a lot of work to be done. Although some experiments have proven that AEW >20 ppm with not toxic and irritating to the abdominal cavity, nasal mucosa, and other tissues (47, 48), further experiments are still needed to explore the toxicity and irritation of AEW to vaginal epithelium. The use of neutralizers for AEW also should be explored its irritation and toxicity to the vaginal epithelium. Besides, due to the multibacteria of the vaginal flora in BV status, it is necessary to further test the antibacterial potential of AEW (≤20 ppm) on other Lactobacilli (such as L. crispatus and L. jenseni) and BV-related bacteria (such as Atopobium vagae, Mobiluncus spp., and Prevotella bivia), which may involve the future use of AEW to flush to prevent the occurrence of BV.
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Supplementary Figure S2. Flowchart for exploring the effects of AEW, MNZ, and Lifukang on microbial inactivation. Flow diagram showing experiments designed to determine sanitization potency of AEW, MNZ, and Lifukang on pure cultures of GS and LA treated for 5 min, 10 min, and 20 min.

Supplementary Figure S3. Comparison of antibacterial rate of 20 ppm AEW, Lifukang, MNZ to LA and GS. The picture showed the antibacterial rate of 20 ppm AEW, Lifukang, and MNZ for LA and GS in different periods.

Supplementary Figure S4. Investigating bacterial staining by PI and Hoechst using fluorescence microscopy after AEW (20 ppm) treatment. Fluorescence labeled with Hoechst (blue) (A) and PI (red) (B) indicated bacterias with increased cell membrane permeability (indicated by arrows).

Supplementary Figure S5. Exploring ROS production in GS and LA using fluorescence microscopy after AEW (20 ppm) treatment. Representative DCF fluorescence of ROS in GS and LA was observed under a fluorescence microscope after 20 ppm AEW treatment (indicated by arrows).
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