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The objective was to determine the effect of 5% boric acid gel on vaginal Candida albicans (CA) infections in mice and its effect on the local immune system (i.e., Th1, Th2, and Th17). Female mice were divided into four groups, with 10 mice in each group. Mycelial suspensions were administered into the vaginal lumen close to the cervix in groups B, F, and M. Mice in group B were given boric acid gel, and group F was treated with fluconazole gel for 30 min every 12 h. Group M was treated with sterile water, and group N was not given treatment. After the seventh day of treatment, each group was observed with the naked eye, and vaginal lavage fluid and vaginal tissue were collected. Expression levels of cytokines were measured using enzyme-linked immunosorbent assays (ELISA) and immunohistochemistry. Periodic acid Schiff (PAS) staining was used to measure the fungi in vaginal tissues. There were no significant changes in group M. In groups B and F, there was less vaginal injury and less exudate, with group B doing better than group F. The numbers of CA colonies were higher in groups B, F, and M than in group N (P < 0.01). There was less vaginal colonization of CA in group B than in group F (P < 0.01). After the seventh day of treatment, levels of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10 were significantly greater in groups B, F, and M than in group N (P < 0.001); levels of IFN-γ, IL-17, IL-6, and TGF-β in groups B and F were higher than those of group M (P < 0.01), while IL-4 and IL-10 levels were significantly lower (P < 0.001). The trends of cytokine increases and decreases were more significant in group B than in group F (P < 0.05). Immunohistochemical results were similar to ELISA results. PAS staining revealed that boric acid inhibited hyphal reproduction. The boric acid significantly reduced the symptoms associated with CA vaginal infection. It inhibited the CA growth, prevented vaginal lesions, promoted the secretion of Th1 and Th17 cytokines, and reduced Th2 cytokines.
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Introduction

Candida is a symbiotic fungus widely present in humans and animals. Usually not pathogenic, Candida can cause infections when the fungus overproliferates or the host is immunocompromised. Candida albicans (CA) has the highest pathogenicity rate (up to 90%) (1). When the local immune defense ability of the vagina is insufficient, CA is overproduced, and the pathogenicity of the strain is enhanced. The microenvironment in the vagina is very likely to be unbalanced, inducing vulvovaginal candidiasis (VVC).

VVC can occur in more than 70% of the global female population (2). Women of childbearing age are the most at risk. Clinical manifestations include vulvovaginal itching, burning pain, vulvar redness and swelling, increased vaginal discharge, and secretions, accompanied by urinary symptoms and symptoms such as dyspareunia, and can even lead to sexual dysfunction. Due to improper treatment, recurrent or prolonged illness may lead to recurrent vulvovaginal candidiasis (RVVC) (3). The incidence of VVC is increasing, and some individuals are susceptible to recurrent episodes. For these reasons, cost-effective antifungal agents have become a top priority for the treatment of mycosis.

Investigators have proposed that the adaptive immune response is associated with the pathogenesis and treatment of VVC; Candida overload in the vagina induces neutrophil aggregation, triggering innate immunity designed to clear the organism while manifesting infection symptoms and generating treatment signals (4, 5). In addition to mediating local immune responses in mucous membranes, neutrophils significantly enhance the uptake of hyphal strains by innate immune cells (e.g., macrophages and dendritic cells), induce the secretion of cytokines (i.e., IL-12 and IL-4), and regulate the differentiation of CD4+ T lymphocytes into helper T lymphocytes (Th) and regulatory T lymphocytes (Tregs) (4). The former differentiate into Th1, Th2, and Th17. By secreting IFN-γ, IL-4, IL-6, and TGF-β, et al. (6–8), the adaptive immune response is induced to participate in pathogenesis (9, 10).

There is a lack of research on activating antifungal properties by influencing the immune responses. Boric acid has been used for decades as a safe, effective, low-resistance fungal bacteriostatic agent for VVC treatment (11, 12). Khameneie et al. conducted clinical studies on fluconazole and boric acid’s efficacy in treating VVC and found that boric acid replaced azole drugs and was effective against CA and Candida glabrases (13). Guaschino et al. found no significant difference in the clinical efficacy of boric acid and itraconazole in RVVC treatment (14). Previous studies by Cenci E et al. demonstrated the effect of fluconazole on Th1-type reaction, which increased the secretion of IFN-γ and IL-12 while inhibiting the production of IL-4 (15). However, there no study has been found on the effect of boric acid on host local immune function.

In this study, a mouse VVC model was constructed, and the effect of 5% boric acid gel treatment on the local adaptive immune response of the host was explored by monitoring locally adaptive cytokines, and was investigated to provide an experimental basis for the selection of clinically valuable medications.



Materials and Methods


Laboratory Animals and Strains

Healthy female ICR (Institute of Cancer Research) mice aged 6–8 weeks and weighing 20–25 g were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., LTD. The ATCC 66027 C.albicians was purchased from the American Type Culture Collection.



Reagents and Instruments

Boric acid 5% gel was provided by the Laboratory of Fungal Molecular Biology, Shanghai Changzheng Hospital. The ELISA kits were purchased from Wuhan Huamei Company (China). The primary and secondary antibodies of Immunohistochemistry were provided by Bioss Co., LTD (China), Abcam Co. (UK), and Beijing Zhongshan Golden Bridge Co. (China).



Preparation of CA Liquid

The standard strain of CA (ATCC 66027) stored at –4°C was thawed at room temperature. The concentration of fungi was adjusted to 1.0 × 108 CFU/ml through purification and excitation.



Preparation of Fluconazole Gel

Fluconazole gel preparation was based on a published method (16). The specific steps were as follows. Preparation of A: we evenly spread 9 g of carbomer on the surface of 300 g purified water and let it stand for 24 h until fully swollen. Preparation of B: we added 15 g of fluconazole fine powder to a mixture of 190 g ethanol and 100 g phosphate buffer (pH 7.8) after passing and then 300 g of purified water to mix and stir until dissolved. Finally, we added B to A, stirred and mixed well, added 19 g triethanolamine, stirred while adding, added purified water until to 1000 g, and stirred well.



Model Construction and Group Intervention

Mice were randomly divided into four groups of ten mice each. The mouse model of vaginal infection was generated as described elsewhere (17). Three days before infection, pseudoestrus was induced by subcutaneous injection of 0.1 ml estradiol benzoate oil agent (1 mg/mL) (Henan Zhongnongkang Livestock Trade Co. LTD). The injection was administered every other day throughout the experiment. Mice were inoculated with 20 μL of 1.0 × 108 CFU/ml mycelial suspensions and administered using a mechanical pipette into the vaginal lumen close to the cervix in the M, F, and B groups. The N group was treated with sterile water. After the third day of inoculation, we determined whether the mouse vagina CA infection model was successfully generated using fungal fluorescence microscopy and colony counts.

After the model was successfully generated, each mouse in group B was given 5% boric acid gel. Group F was treated with fluconazole gel for 30 min every 12 h. Group M was treated with sterile water, while group N was not treated for seven days.



Sample Collection

a: Macroscopic images were taken before and the seventh day after administration.

b: After the seventh day, colonies were observed and counted.

c: Supernatants from vaginal lavage fluid (1 ml) were collected before and seven days after administration. IFN-γ, IL-17, IL-6, TGF-β, IL-4, IL-10 levels were measured using ELISA kits.

d: After the seventh day of treatment, the mice were sacrificed using deep anesthesia, and the vaginal tissue was removed and immediately fixed in 4% neutral buffered formalin for 24 h. Specimens were then dehydrated and paraffin-embedded. PAS staining was used to observe the changes in the number of mycelium adhesions before and after treatment. Expression of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10 was observed using immunohistochemistry before and after treatment.



Fluorescence Microscopy

On the third day after inoculation, three mice were randomly selected from each group (a total of twelve mice). Vaginal lavage solution (10 μL) was mixed with sterile phosphate-buffered saline, then dropped on the glass slide, and added fluorescence staining solution for fungal detection. Coverslips were used for observation under a microscope.



Colony Counts

Three mice were randomly selected from each group (12 mice). We took 20 μL of sterile phosphate-buffered saline vaginal lavage solution and diluted, centrifuged, and removed the supernatants. We then inoculated them into Sabouraud Dextrose Agar (SDA) medium, incubated them at 35°C for 48 h, and counted colonies.



ELISA

We used microplates coated with IFN-γ-specific antibody, the standard product, sample (mouse vaginal lavage solution), horseradish peroxidase-specific antibody, catalytic enzyme, and color developer added sequentially, and the absorbance (optical density). The reaction product was measured using a microplate at the absorbance at 450 nm to determine concentration. The determination principle and procedures of IL-6, IL-17, TGF-β, IL-10, and IL-4 content in vaginal lavage fluid was consistent with that of IFN-γ.



Periodic Acid-Schiff Staining

For histological analysis, the mice were sacrificed, and vaginal tissue was removed and immediately fixed in 4% neutral buffered formalin for 24 h. The vaginal specimens were then dehydrated, paraffin-embedded, and 3–4 μm sections were prepared. The sections were stained with PAS.



Immunohistochemistry

Sections were soaked in xylene three times for 15 min each, followed by anhydrous ethanol twice for five minutes each. The residue was washed off and sections soaked in 3% hydrogen peroxide solution for 25 minutes, then decolorized three times for 5 minutes each. We added 3% bovine serum albumin (BSA) dropwise to cover the tissue, after 30 min. and successively added goat serum and rabbit serum overnight. decolorized three times. We added IFN-γ secondary antibody, after 50 min, decolorized three times again. We dropwise added DAB color developer, followed for drying and sealing. The digital microscope was used for observation and analysis. IL-6, IL-17, TGF-β, IL-10, and IL-4 were determined using the same detection step as IFN-γ.



Statistical Analysis

SPSS25.0 software was used for statistical analysis. To determine statistical significance, we used unpaired t-tests (with or without Welch’s correction, as appropriate), one-way analysis of variance with the lease square distance t-test, or Kruskal-Wallis test with Dunnett’s post hoc multiple-comparison test. Quantitative data were expressed as means ± standard error of the mean. The grade data were compared using the Kruskal-Wallis rank test between multiple independent groups of independent samples, and the Mann-Whitney test was used for two independent samples. P-values of < 0.05 were considered significant.




Results


Clinical Manifestations

After inoculating CA ATCC 66027 (Figure 1), the vaginal model was generated in the M, F, and B groups. Redness, swelling, exudation increase, erosions, and ulcers could be seen. There were no changes in group N.




Figure 1 | Clinical manifestations. On the third day after inoculation in the three infection groups, there was vulvar redness and erosion, and the mice engaged in continuous licking behaviors.





Fluorescence Microscopy and Colony Counts

On the third day after inoculation of CA ATCC 66027 (Figure 2A), there were agglomerated hyphae in groups M, F, and B. Group N was negative.




Figure 2 | The vaginal infection model was successfully established. (A) Lump hyphae were visible by fluorescence microscopic examination (400 ×); (B) Culture of chromogenic screening medium; (C) The amount of fungal burden in the vagina was higher in the infected mice: colony counts were 1.5 × 105–106 CFU/ml.



CA was cultured in a chromogenic screening medium on the third day after inoculation of CA ATCC 66027. CA appeared emerald-green with smooth colonies in groups M, F, and B (Figure 2B). CA was negative in group N. Microscopic observation, and counting showed that M and B groups had higher fungal loads, about 1.5 × 105–106 CFU/ml (Figure 2C).



Therapeutic Effect

There was no irritation after treatment, and the skin lesions at the modeling site were observed with the naked eye on the seventh day (Figure 3A). There was no apparent change in group N; however, erosions could be seen in group M, which was not significantly better than before treatment. In group B, there was less injury, suggesting that the wound underwent apparent healing without exudate.




Figure 3 | Therapeutic effect. (A) Comparison of four groups before and after the seventh day of treatment. (B) Comparison of fungal culture before and after medication: Group B had the best therapeutic effect, followed by group F. (C) Comparison of bacterial colony count in vaginal lavage fluid of mice after the seventh day of administration, **P < 0.01.



The numbers of CA colonies in the fungal model groups were significantly higher than in group N (P < 0.01). CA colonization was significantly lower in group B than in group M, and the number of bacterial colonies cultured in the irrigation solution was significantly lower (P < 0.01). There was less vaginal colonization of CA and fewer colony numbers in lavage solution culture in group F than in group M (P < 0.01). The colony count reduction in group B was more significant than in group F (Figures 3B, C).



Expressions of Anti-Candidal Th-Dependent Cytokines


ELISA

There were significant changes in cytokine expression in the CA model groups. After the seventh day of treatment, the mucosal immune factors underwent significant changes compared with pre-medication levels. IL-17, IL-6, IL-4, and TGF-β were higher in group M after treatment than before; only the first three cytokine levels were significantly different (P < 0.01), and the expression of IFN-γ and IL-10 decreased slightly (P > 0.05). Expression levels of IFN-γ, IL-17, IL-6, and TGF-β in groups F and B were significantly higher after medication than before (P < 0.001). IL-4 and IL-10 levels decreased after drug intervention (P < 0.001). Before and after treatment, the factors in the three model groups were significantly higher than those in the N group (P < 0.001). Pre-medication, there was no significant difference between group M and the other two drug intervention groups (P > 0.05); however, IFN-γ, IL-17, IL-6, and TGF-β in groups B and F were higher than in group M after medication (P < 0.01), while IL-4 and IL-10 levels were significantly lower (P < 0.001). There were no significant differences between groups F and B before medication; however, after medication, IFN-γ, IL-17, IL-6, and TGF-β levels in group B were higher than in group F (P < 0.05), and IL-4 and IL-10 levels were lower than in group F (P < 0.01; Figure 4).




Figure 4 | Whole vaginal lavage fluid was subjected to ELISA to measure levels of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10. All quantitative data were expressed as means ± standard errors of the mean. Comparison of pre-medication and after in each group: ns, not significant, *P < 0.01, **P < 0.001. Above the horizontal line is the comparison before medication between the group and the other three groups, below the line is the comparison after medication between the group and the other three groups: ns: not significant, #P < 0.05, ##P < 0.01, ###P < 0.001.





Immunohistochemistry

After the seventh day of administration, protein expression levels of IFN-γ, IL-17, IL-6, and TGF-β in vaginal tissues were significantly higher in group N than in group M (P < 0.05). Expression levels of IFN-γ, IL-17, IL-6, and TGF-β in groups B and F were significantly higher than in group M (P < 0.05). Expression levels of anti-inflammatory cytokines IL-4 and IL-10 were significantly lower after drug intervention in groups B, F, and M (P < 0.05) (Figure 5).




Figure 5 | Immunohistochemistry. (A) Histochemical staining of cytokines in vaginal tissues of mice in each group. (B) The color intensity grading of positive cells was used as the judging basis. The grade data were compared using the Kruskal-Wallis rank test between several groups of independent samples, and the Mann-Whitney test was used for two independent samples. Statistically significant differences are indicated by letters in groups (#,*).






Fungal Content in Vaginal Tissue

Hyphae or spores appeared purple, and the nuclei appeared blue after PAS staining. After the seventh day of treatment, no hyphae were seen in group N, a large amount of hyphal adhesion was seen in group M, and there were significantly fewer adhesion hyphae or spores in groups B and F than in group M. There was no significant difference in hyphal adhesion between groups B and F, suggesting that boric acid gel and fluconazole inhibited hyphal reproduction (Figure 6).




Figure 6 | Representative histological micrographs of PAS staining of vaginal tissue in groups N, M, F, and B on the seventh day after treatment.






Discussion

CA is the primary causative agent of VVC. CA typically colonizes healthy people’s mouth, gastrointestinal tract, and vaginal mucosa; however, it may cause symptomatic Candida vaginitis in immunocompromised hosts (18). In the vaginal mucosa, there is a balance between fungal virulence and host immunity that requires a coordinated movement of innate and acquired immune systems (19, 20). Cell-acquired immunity, represented by Th lymphocytes, plays a vital role in regulating CA infection (21).

In recent years, the diagnosis rate of clinical VVC patients continues to increase, but due to the lack of understanding of the pathogenesis of VVC and the existence of problems such as drug resistance in clinical treatment, the accurate selection of antifungal drugs has brought some troubles, and the corresponding economic burden for patients and the society. Thus, the present study was designed to focus on the immune mechanism of VVC caused by Candida albicans infection and the therapeutic effect and mechanism of boric acid gel.

The construction of VVC model is the key to the success of this study. There have been many research reports on the establishment of VVC animal models at home and abroad, and the animals mainly mentioned are rats, mice, rabbits, monkeys and so on. The advantages of rat as an animal model lie in its large volume and easy operation and sampling. However, rat ovaries have an impact on the pseudoestrus induced by exogenous estrogen, and both ovaries need to be removed before injection of exogenous estrogen, so the operation is slightly complicated (22). The characteristics of rabbits and rats are similar. At the same time, the economic cost of rabbits is high, so the adoption of rabbits is less. Monkey model construction does not require the creation of false estrus, but as a primate, its feeding conditions are insufficient, and its price is expensive, and its application is rare (23). In the establishment of VVC animal model in mice, the influence of ovaries on the establishment of pseudoestrus can be ignored, and the intervention of exogenous estrogen can only be given (1). Moreover, the operation steps are few and the materials are economical. Mice are also used in most basic experiments, and the data obtained in experiments are highly reliable. The experiment, using the method of Zhang X, et al. (17) for reference, mice VVC infection model was successfully constructed, which showed the presence of vulval-hyperemia, swelling, increased exudation, erosion or ulcers. Fungal microscopic examination and culture of vaginal lavage fluid in mice indicated successful modeling, which laid a good foundation for further study of the experiment.

Currently, it is generally believed that the pathogenesis of VVC is not only related to the virulence of the strain, but also closely related to the immune response of patients. Therefore, it is necessary to study the pathogenesis and progression of immunity and VVC. Studies have found that the host innate immune system can gradually mobilize local adaptive immune cells CD4+T helper cells (Th) and their secreted cytokines to play a role (4). Th cells can be divided into Th1, Th2, Th17 and other subtypes according to the differences of secreted cytokines.Th1-type immune cells secrete pro-inflammatory cytokines such as IL-2, IL-12, IL-23, IFN-γ, and TNF-α. Of these, the signature factors are IL-12 and IFN-γ. IL-12 is primarily involved in B cell-mediated immune responses to exert antibacterial effects. IFN-γ is produced by T lymphocytes and natural killer cells, inducing innate immune cells to improve resistance to CA (24, 25). IFN-γ also exerts anti-inflammatory effects by modulating the balance between Th1/Th2 cells (i.e., by activating Th1 cell activation and proliferation and inhibiting Th2 cell action) (6, 26). Th17-type immune cells secrete various cytokines to participate in antibacterial reactions; these include IL-17A/F, IL-6, and IL-22; of these, the typical representative is IL-17. IL-17 induces innate immune cells to participate in the inflammatory responses by promoting macrophages and epithelial cells to produce chemokines with recruitment effects and increase overall anti-infectivity (6, 17). Several regulators are required to differentiate Th17 cells, including TGF-β, IL-6, and IL-21 (27). IL-4 and IL-10, as representative factors of Th2 adaptive immunity, play an important role in candida infection. Il-4 can play a role in the elimination of pathogenic fungi, especially in the early stage (28–30). And also partially inhibits the activation of IFN-γ on macrophages (31), further weakening the uptake capacity of innate immune cells to strains. In addition, IL-10 can also inhibit the differentiation of Th0 cells into Th1 cells and their exclusive cytokines secretion and proliferation (29).

The most interesting finding was that cytokines-dependent Th1, Th2 and Th17-types responses were strongly correlated with the occurrence and development of VVC. Group M presented that expression levels of IFN-γ, IL-17, IL-6, TGF-β, IL-4, and IL-10 were significantly elevated in vaginal secretions after CA vaginal infection. With the prolongation of infection time, the expression of all cytokines remained high. A possible explanation for this might be that Th1, Th2, and Th17 cytokines played an antifungal role in the early stage, while the continued high expression of Th2 cytokines may antagonized the Th1/Th17 response and weakened the local antifungal effect in the later stage. Meanwhile, Th2 cytokines may be involved in the maintenance of infection and reduce the clearance rate of pathogenic fungi. These relationships may partly be further explained by subsequent knockout and transcription of representative Th cytokines related genes.

Boric acid, as a fungal bacteriostatic agent, has been used clinically in the treatment of vulvovaginal and ear canal infections. Some studies have shown that boric acid has good efficacy in the treatment of VVC, is a safe and economical choice, and is basically a first-line alternative to azole drug resistance (13, 14). In the present study, we established a VVC infection model and found that redness and exudation were observed at the local modeling site of mice, and PAS staining of mouse vaginal tissue was found significant local fungal load after CA infection. After treatment with boric acid gel and fluconazole gel, the symptoms of vulvovaginal redness and erosion were alleviated, the colony culture counts in the lavage solution were significantly reduced, the content of mycelia and spores in PAS staining group was significantly reduced compared with that in M group. Suggesting that the local effects of boric acid treatment was greater than fluconazole.

Azole is the most commonly used treatment for VVC in clinic. Representative drug fluconazole is a triazole traditional antifungal drug, which can play an antifungal effect by increasing cell membrane permeability and regulating host immune response. Studies have proved that fluconazole can promote the Th1 response of the host, inhibit the secretion of Th2 cytokines, and regulate the balance and coordination of Th1/Th2 antifungal effects (15, 32). Compared with group M, expression levels of cytokines IFN-γ, IL-17, IL-6, and TGF-β were significantly increased after pharmacological intervention, and expression levels of the anti-inflammatory factors IL-4 and IL-10 were significantly reduced. These results indicate that either boric acid gel or fluconazole gel may exhibit immunomodulatory functions on antifungal Th cell responses, expression levels of proinflammatory factor were significantly elevated and anti-inflammatory cytokine were inhibited in vaginal secretions after medication, suggested the shift of immune balance was modulated toward Th1 and Th17, thereby eliminating local C. albicans.

Although it is clear from the present study that boric acid gel can act in synergism to inhibit and Th2 responses a progressive infection, and promote Th1 and Th17 responses, the mechanism underlying this effect remains undefined. Given the detrimental role of IL-4 and IL-10 in murine candidiasis, inhibition of cytokines of Th2-type function during infection could be beneficial. It is possible that the reduction of the fungus burden that occurs as a result of antifungal therapy may further decrease the production of IL-4 and IL-10 in infected mice, as already demonstrated, thus amplifying the effect of boric acid gel therapy. The relative absence of inhibitory cytokines, such as IL-4 and IL-10, may allow for the expansion of Th1,Th17 cytokines.

Our study reveals a new immunomodulatory function for boric acid gel: the ability to potentiate antifungal effect by regulating cytokines of Th dependent. This effect is obtained, these findings further indicate that interfering with the balance of Th cell subsets and their cytokines may alter the outcome of systemic and mucosal candidiasis. Results from a preliminary experiment indicate that the immunomodulatory function of boric acid gel as well as fluconazole gel were retained in mice infected with C. albicans, and shifted the focus of local immune response balance to Th1 and Th17. If boric acid gel maintains its immunomodulatory properties, it can provide a reliable scientific basis for clinical treatment of mucosal fungal infection.
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