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Background: Vulvovaginal candidiasis (VVC) is a highly prevalent illness affecting
women globally. Lactobacilli, which make up the majority of healthy vaginal
microbiota (VMB), serve as a powerful barrier against infections. Probiotic therapy
has been recommended for the treatment or prevention of VVC.

Aim of work: To compare the in vivo therapeutic effects of Lactobacillus johnsonii
(B-2178) vs. Lactobacillus acidophilus (LA-5®) on VVC in a rat model, particularly
highlighting the immune response of the host vaginal epithelium.

Methods: In total, 30 female Sprague-Dawley rats were divided into 5 groups;
Group 1: no intervention, Group 2: ovariectomy group, while animals in Groups
3-5 were subjected to ovariectomy and an intravaginal inoculation of Candida
albicans (C. albicans) to establish VVC. The animals in Groups 4 and 5 received
intravaginal lactobacilli treatment with L. acidophilus (LA-5®) and L. johnsonii
(B-2178) strains, respectively, for 7days. C. albicans load was measured in a
vaginal lavage 1, 3, and 7days after the stoppage of the treatment. Histological,
morphometric, and immunohistochemical studies of the vaginal tissues were
done. IFN-y, IL-4, and IL-17 were measured in the vaginal tissue.

Results: Both L. johnsonii and L. acidophilus significantly reduced C. albicans
vaginal load (25047746 and 133.33+40.82CFU/mL) compared to the count
before treatment in both groups (4,850+1419.51 and 4966.67+852.45CFU/mL)
even after 7days of stoppage of lactobacilli treatment. A statistically significant
reduction of the pro-inflammatory cytokines IL-17 and IFN-y was reported in
both treated groups compared to the infected untreated group. L. johnsonii has
a significant effect on the reduction of hyphae formation of C. albicans as well
as the nuclear factor kappa B (NF-xB) immunostaining density of vaginal tissue
compared to L. acidophilus. Moreover, treatment with L. johnsonii significantly
minimized the epithelium damage triggered by C. albicans infection and restored
normal vaginal architecture as evidenced by the histologic and morphometric
studies when compared to L. acidophilus.

Conclusion: Through maintaining an immune tolerant state in the vaginal
epithelium and ameliorating the undesirable uncontrolled inflammatory response
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in the vaginal tissue, L. johnsonii (B-2178) has the potential to be utilized alone or
in combination with other lactobacilli species in probiotic clinical trials to treat or

prevent VVC.

Lactobacillus acidophilus, Lactobacillus johnsonii, probiotics, rat model, vulvovaginal

candidiasis

1. Introduction

Vaginal microbiota (VMB) represents the host’s first line of
defense in maintaining health and preventing infection (Hickey
et al., 2012). Vaginal dysbiosis, defined as the alteration of the
vaginal microbial community, is usually linked with an increased
risk of vaginal infections such as vulvovaginal candidiasis (VVC).
VVC is extremely common, affecting almost 75% of women at some
point in their lifetime (Denning et al., 2018; Chee et al., 2020).
Candida albicans (C. albicans), a polymorphic opportunistic fungus,
is primarily responsible for VVC. It is a typical component of the
human microbiota that frequently colonizes the vagina without
causing symptoms (Achkar and Fries, 2010). However, symptomatic
infection may arise from exaggerated mucosal inflammation that is
largely induced by vaginal fungal overgrowth, followed by epithelial
invasion and secretion of virulence factors (Willems et al., 2020).
Oral or topical azoles are currently used for the treatment of
VVC. Nevertheless, this therapy frequently has poor cure rates and
is often associated with significant recurrence. Moreover, prolonged
use raises the risk of adverse effects and drug resistance (Stabile
et al., 2021). Thus, effective alternative therapy for VVC or
innovative antifungal medications is urgently needed (Vazquez-
Munoz and Dongari-Bagtzoglou, 2021).

Probiotics are live microorganisms that, when given to a host in
sufficient amounts, promote health by curing or preventing disease
(FAO/WHO, 2006). The most prevalent microorganisms in the
VMB of healthy women are lactobacilli. They protect against
infections from a variety of pathogens, including Candida species
(Spaggiari et al., 2022). Potential protective mechanisms include
competing for epithelial cell adhesion sites, immune system
regulation, and destruction of pathogens by various Lactobacillus
products such as lactic acid, H,0,, and bacteriocins (Murina et al.,
2014). Since disruption in VMB could cause VVC, several
investigations were conducted to determine the therapeutic and
preventative efficacy of Lactobacillus as a probiotic (XieHY, 2017).
Respectively, various species of the Lactobacillus complex genus
(LCG) have been investigated as probiotic treatments for oral and
vulvovaginal Candida infections (Vazquez-Munoz and Dongari-
Bagtzoglou, 2021). The antifungal activities of L. acidophilus against
various oral and vaginal Candida species have been investigated
both in vitro and in vivo (in animal models) (Gil et al., 2010; Vilela
et al., 2015; Salari and Ghasemi Nejad Almani, 2020) where it
limited the growth of C. albicans through inhibition of biofilm
formation and filamentation. Nonetheless, the precise mechanism
of their action is still unclear (Salari and Ghasemi Nejad Almani,
2020; Spaggiari et al, 2022). In addition, L. acidophilus was
evaluated in clinical human trials with variable degrees of
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effectiveness, to treat or prevent VVC (Murina et al., 2014; Russo
et al,, 2019; Yefet et al, 2022). Besides its individual role in
protection against vaginal dysbiosis, a recent study evaluated the
individual and collective effects of different lactobacillus species
including L. acidophilus. They reported that the probiotic protective
function can be produced by interactions between many
lactobacillus species and not only by their individual activity
(Pacha-Herrera et al., 2022).

Different Lactobacillus species and even strains can exhibit
unique antifungal activities (Strus et al., 2005; Jang et al., 2019).
Hence, research on relatively undiscovered species, like L. johnsonii
is warranted (Vazquez-Munoz et al., 2022). Although it is closely
related to L. acidophilus, L. johnsonii was initially distinguished from
L. acidophilus by biochemical and DNA-hybridization studies in
1992 (Fujisawa et al., 1992). L. johnsonii is regarded as a GRAS
(generally recognized as safe) microbe along with other lactobacilli
(Marcial et al., 2017; Zheng et al., 2020). It is a part of gastrointestinal
and vaginal mucosal microbiota; two sites that can be affected by
mucosal candidiasis (Fujisawa et al., 1992; Assefa et al., 2015).
Several in vitro studies showed the antimicrobial activities of
L. johnsonii and reported that it displays anticandidal properties,
through the release of soluble metabolites, that inhibit C. albicans
planktonic growth as well as biofilm formation (Gil et al., 2010;
Zheng et al., 2020; Vazquez-Munoz et al., 2022). In the same context,
Abd El-Aala and her team recently investigated the in vitro effects of
L. acidophilus (LA-5) and L. johnsonii (B-2178) on C. albicans
growth, phenotypic and genotypic expression of virulence factors
(biofilm and hyphal production). They confirmed that both
L. acidophilus (LA-5) and L. johnsonii (B-2178) were effective in
suppressing the growth of C. albicans. The cell-free supernatant
(CFS) of both species substantially decreased hyphae production,
suppressed the expression of virulence-related genes, and limited
biofilm formation, but these effects have to be confirmed in vivo
(Abd El-Aala et al.,, 2023). A previous study reported the inhibitory
effects of L. johnsonii on Gardenella vaginalis vaginal infection in
mice (Joo et al., 2011), but to our knowledge, there are no in vivo
studies on the inhibitory activity of L. johnsonii against VVC in
animal models. Therefore, in this study, we aimed to compare the in
vivo therapeutic effects of L. johnsonii (B-2178) vs. L. acidophilus
(LA-5®) on VVC in a rat model, particularly highlighting the
immune response of the host vaginal epithelium.

2. Materials and methods

The current study was approved by the research ethics committee,
October 6 university, approval NO. PRE-Me-2,212,045.
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2.1. Microorganisms

2.1.1. Lactobacillus strains

Lactobacillus acidophilus (LA-5®) from Chr. Hansen’s collection of
dairy cultures (Hrsholm, Denmark) and L. johnsonii (B-2178) from the
Agricultural Research Service Culture Collection (NRRL - Northern
Regional Research Laboratory) (Peoria, Illinois, United States) strains
kindly provided by the Department of Dairy Science, Faculty of
Agriculture, Cairo University were used in the current study.

2.1.2. Candida albicans strain

To study the effect of L. acidophilus (LA-5®) and L. johnsonii
(B-2178) strains on VVGC, a strain of C. albicans isolated from a case of
VVC in a previous study (Abd El-Aala et al., 2023) was used to induce
the infection in the rat model. The selected strain exhibited the best in
vitro response to L. acidophilus (LA-5) and L. johnsonii (B-2178)
among the 30 C. albicans strains tested by Abd El-Aala et al. (2023).

2.2. Animal study

2.2.1. Animals and grouping

All experimental procedures were carried out according to the
International Guidelines of Helsinki. Part of this assurance includes
the establishment of an appropriately constituted Institutional Animal
Care and Use Committee. All rats were housed in cages with
appropriate temperature, humidity, and a 12/12h light/dark cycle. In
total, 30 female Sprague-Dawley rats (weighing 180-200g) were
included in the current study. The animals were divided into 5 groups,
each of 6 rats as follows; Group 1: no intervention, Group 2: animals
were subjected to ovariectomy and subcutaneous (SC) estrogen
administration; and Groups 3-5: animals were subjected to
ovariectomy, estrogen administration, and an intravaginal inoculation
of C. albicans to establish VVC. Animals in Group 3 were the control
group for VVC with no treatment, while animals in Groups 4 and 5
received intravaginal lactobacilli treatment with L. acidophilus
(LA-5®) and L. johnsonii (B-2178) strains, respectively (Figure 1).

2.2.2. Ovariectomy

After 7days of adaptation, the animals in Groups 2-5 were
subjected to ovariectomy. All surgical procedures were done under
complete aseptic precautions. Each female rat was injected with
ketamine (50 mg/kg) and xylazine (10 mg/kg) intraperitoneally for
induction of anesthesia. After shaving the flank hair off from the last
rib down to the pelvis, the skin was disinfected with chlorhexidine
solution. Then two separate dorsolateral incisions between the last rib
and hips on the right side and the other on the left side were made.
After opening the muscle layers, the ovarian pad of fat was pulled out,
two knots were done below each ovarian tissue, and then the ovaries
were removed (Souza et al., 2019). Finally, the site of the incision was
closed using silk material. The post-operative care was done, and
animals recovered on the heating pads in their cages and were
supplemented with acetaminophen (50 mg/kg) subcutaneously.

2.2.3. Induction of pseudo-estrus state and
monitoring of the estrous cycle

Ten days after recovery from the operation, female rats were
sustained in a pseudo-estrus state by SC administration of estradiol
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hexa-hydrobenzoate (0.5 mg/week/rat). The dose was fractioned over
three administrations a week, and rats received estradiol until the end
of the experiment. Vaginal smear samples were collected daily between
9:00 and 10:00a.m. at the beginning of the experiment to ensure a
normal estrus cycle, after ovariectomy and estrogen administration to
confirm the establishment of a pseudo-estrus cycle, and at the end of
the experiment to ensure the pseudo-estrus cycle continuity. Smears
were prepared by inserting a sterile micropipette into the vaginal
opening, flushing deionized water (dH,O) 2-3 times in and out, and
placing the fluid onto glass slides. The fluid was left in the air to dry and
then stained with crystal violet (1%) for 1-2min. The smears were
examined by light microscopy to detect the different cell types, the
cornified epithelium, nucleated epithelium, and leukocytes, to
determine the estrous stage (Begum et al., 2020). Enucleated cornified
cells indicated a pseudo-estrus phase (Mandl, 1951; Carrara et al., 2010).

2.2.4. Establishment of VVC in the animal model
Induction of VVCin the rat model was done as previously described
(Lietal., 2019). The selected C. albicans strain was subcultured daily on
Sabouraud’s dextrose agar for 48 to get separate colonies. Colonies
were harvested and suspended in 0.9% saline solution and adjusted to
reach a final concentration of 6 x 10® colony-forming units (CFU)/ml.
Infection of the rat model was done by daily intravaginal injection of
500pL of the prepared C. albicans suspension (concentration of
6x10* CFU/mL) intravaginally in the animals in Groups 3-5 for 5 days.
In parallel, the animals in Groups 1 and 2 received an intravaginal
injection of 500pL sterile saline. On the 6th day of infection, the
establishment of VVC was confirmed by microscopic examination and
culture of vaginal specimens. For microscopic examination, vaginal
swab specimens were obtained, rolled on glass slides, Gram stained, and
examined under the light microscope. For the culture procedure,
vaginal fluid smear specimens were obtained by vaginal lavage (two
consecutive 500pL volumes of sterile saline). The vaginal lavage
specimens were put in sterile tubes and transported immediately to the
lab to be subjected to quantitative culture on Sabouraud’s dextrose agar
to determine the C. albicans load in the vaginal lavage (Li et al., 2019).

2.2.5. Treatment of VVC rat model with
lactobacilli

During the treatment phase of the study, both L. acidophilus (LA-5®)
and L. johnsonii (B-2178) strains were subcultured daily on MRS agar
plates (Himedia, India) anaerobically using Anaerogas Pack (Himedia,
India) at 37°C for 48h to obtain separate colonies. Suspensions were
prepared daily by suspending separate colonies of both strains in 0.9%
saline solution and suspensions were adjusted to 6 x 10*CFU/mL. After
confirming the establishment of VVC by microscopic examination on
the 6th day of infection, 500 pL of L. acidophilus (LA-5®) and L. johnsonii
(B-2178) suspensions were administered intravaginally to the animals
in Groups 4 and 5, respectively, once daily for 7days. In parallel, the
animals in Groups 1-3 received an intravaginal injection of 500 pL of
sterile saline (Li et al., 2019).

2.3. Assessment of the effect of lactobacilli
treatment

The effect of lactobacilli on VVC in rats was assessed by
measurement of the C. albicans load in the vaginal lavage 1, 3, and
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9 Control group No intervention
G 3 Animals were subjected to
LoD ovariectomy and SC estrogen
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7 days for 10 days for recovery 6 days for establishment 7 days for treatment
acclimatization from operation of infection
Ovariectomy Induction of VVC Starting treatment
FIGURE 1
Timeline for the study; a timeline represents all experimental procedures for induction and establishment of vulvovaginal candidiasis (VVC) and
scheduled therapeutic intervention using lactobacilli treatment with L. acidophilus (LA-5®) and L. johnsonii (B-2178) strains.

7 days after stoppage of the treatment as described above. At the end
of the experiment, all rats were injected intraperitoneally with
pentobarbital 150 mg/kg for euthanasia. Whole vagina samples were
harvested. The effect of lactobacilli treatment was assessed additionally
in the vaginal tissue by histological examination, morphometric and
immunohistochemical studies, and measurement of interleukin
(IL)-17, IL-4, and interferon (IFN)-y using enzyme-linked
immunosorbent assay (ELISA).

2.3.1. Estimation of IFN-gamma (IFNy), IL-4, and
IL-17 in vaginal tissues

After homogenization of vaginal tissue samples, the levels of IFNy,
IL-4, and IL-17 were estimated in mg tissue protein using Enzyme-
Linked Immuno-Sorbent Assay (ELISA) kits. According to the
manufacturer’s instructions, the levels of IFNy were determined using
Rat IFNy ELISA Kit (Catalog # BMS621, Thermofisher, United States),
the levels of IL-4 were determined using Rat IL-4 ELISA Kit
(ab100771, Abcam, Cambridge, United Kingdom), and the levels of
IL-17 were estimated using Rat IL-17 ELISA Kit (MyBioSource,
MBS2022678). The levels were estimated in mg tissue protein.

2.3.2. Histological studies

The entire vaginal tube from the experimental groups was
dissected, fixed in 10% formal saline, and processed to create paraffin
sections of 5-7 m thickness. These sections were then stained with
hematoxylin and eosin (H&E), Masson’s trichrome, and Orcin stains.

2.3.3. Immunohistochemical studies
Immunohistochemical staining of vaginal tissue sections was

done using the avidin-biotin peroxidase complex technique by anti-

NF-kB (aab16502; a rabbit monoclonal antibody, Abcam plc,
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England). For antigen retrieval, vaginal sections were boiled in citrate
buffer pH 6 for 10min, followed by overnight incubation with the
primary antibody. Mayer’s hematoxylin was employed as a
counterstain and diaminobenzidine (DAB) as a chromogen. To
provide negative control serial sections for immunohistochemical
staining specificity, the main antibody was changed to phosphate
buffer saline. Megakaryocyte cytoplasmic staining in human
served as a tissue control for

thrombocytosis positive

NF-kB immunostaining.

2.4. Statistical analysis

The statistical software for the social sciences (SPSS) version 28
(IBM Corp., Armonk, NY, United States) was used to code and input
the data. Data were presented through mean and standard deviation.
ANOVA with a post hoc test was utilized for group comparisons
(Chan, 2003). For the comparison of serial measurements within each
group repeated measures ANOVA was used (Chan, 2004). Statistics
were considered significant for p-values under 0.05.

3. Results

3.1. Successful induction of a
pseudo-estrus state and VVC in the rat
model

Microscopic examination of the vaginal smear in all groups at the

beginning of the experiment revealed a normal estrus cycle formed of
four subsequent phases but after ovariectomy and estrogen
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administration, a pseudo-estrus phase was established which
continued until the end of the experiment. Candida infection was
confirmed by demonstrating the pathogen in the vaginal smear
(Figure 2).

3.2. Inhibitory effect of Lactobacillus
acidophilus (LA-5¢) and Lactobacillus
johnsonii (B-2178) on Candida albicans in
VVC rats

At the end of the infection phase and before starting the
treatment phase, all vaginal fluid samples from the infected animals
were positive for C. albicans with a mean count of
(4166.67 +776.32 CFU/mL) in Group 3 and comparable counts in
Groups 4 and 5 (4966.67 +852.45 and 4,850+ 1419.51 CFU/mL)
with no statistically significant difference between them. Our results
demonstrated comparable potent anticandidal effects for vaginal
treatment with either L. acidophilus or L. johnsonii displayed by the
marked drop in C. albicans count 1 day after stopping treatment with
both species (133.33 £40.82 and 250 + 77.46 CFU/mL, respectively),
with a statistically significant difference compared to the
corresponding value in Group 3 (p<0.05). This significant
anti-C. albicans effect was maintained even after 7 days of stoppage
of treatment (Supplementary Table S1 and Figures 3A-D).
Regarding the assessment of anti-Candida activity of lactobacilli
over different time points after treatment, there was a statistically
significant drop in C. albicans counts in Groups 4 and 5 after
treatment compared with the corresponding value in the same
group before treatment (p<0.05), however, no statistically

10.3389/fmicb.2023.1222503

significant count difference was found between the two lactobacilli
treated groups (Groups 4 and 5) over the different time points after
stoppage of the lactobacilli treatment (Supplementary Table S1 and
Figure 3E).

3.3. Effect of Lactobacillus acidophilus
(LA-5°) and Lactobacillus johnsonii
(B-2178) on cytokine level in vaginal tissue
specimens

The levels of IFN-y, the hallmark of T helper-1 (Thl), and
IL-17, the hallmark of Th17, were significantly higher in the
untreated VVC group (Group 3) (315.83+31.64 and
577.27 £90.46) compared to the control group (Group 1)
(102.92 +9.34 and 381.55+39.62) (p<0.05). The level of IFN-y in
Group 2 was higher than in Group 1 with a statistically significant
difference. On the other hand, the levels of IL-4, the hallmark of
Th2, were significantly lower in Group 3 (145.88 +35.17) compared
to the control group (Group 1) (282.43+23.93) (p<0.05)
(Figures 4A-C).

Regarding treatment groups, there was a statistically significant
drop in the levels of IFN-y (150.38 £24.07 and 147.65+24.13) and
IL-17 (434.57+28.29 and 439+37.37), in the vaginal tissue of the
animals treated with L. acidophilus and L. johnsonii, respectively,
compared to Group 3 (p <0.05). Meanwhile, IL-4 was higher in both
treated groups compared to Group 3. No statistically significant
difference was observed between the L. acidophilus and L. johnsonii
treatment groups regarding levels of IFN-y, IL-17, or IL-4 (p=1)
(Figures 4A-C).

FIGURE 2

A Photomicrograph of vaginal smears stained with crystal violet-stained (A—E x200, F x400). (A—D) Group 1: displaying normal estrous cycles of 4
subsequent phases: (A) proestrus phase having nucleated epithelial cells; (B) estrus phase having cornified epithelial cells; (C) metestrus phase having
lymphocytes, epithelial and non-nucleated cells; and (D) diestrus phase having a large number of lymphocytes. (E) Groups after ovariectomy and
estrogen administration: pseudo-estrus phase can be demonstrated. (F) Group 3: showing Candida albicans in yeast form (yellow arrows).
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FIGURE 3
(A-D) Candida albicans load (CFU/mL) in vaginal lavage specimens. Values are presented as mean+SD, C: statistically significant compared to the
corresponding value in Group 3 (p<0.05), (E) Candida albicans load (CFU/mL) in vaginal lavage specimens in each group over time, data presented as
mean values. ©: statistically significant compared to the corresponding value before treatment (p<0.05).

3.4. Histological results

The control group illustrated a normal histological architecture of
the vagina (Figure 5A). Following ovariectomy and estrogen
treatment, the epithelial lining in the rats in Group 2 was thickened
together with an increase in eosinophilic infiltrations in the connective
tissue stroma (Figure 5B). However, the rats in Group 3 showed
keratin layer disintegration along with necrotic tissue debris that had
been infiltrated by Candida yeast and hyphae. It is important to note
the development of micro-abscess in cornified epithelium along with
pronounced infiltration of Candida yeast, hyphae, and neutrophils in
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the epithelium and underlying connective tissue (Figures 5C-H).
Similar to Group 3, the L. acidophilus (LA-5®) treatment group
revealed necrotic debris in the disintegrated keratin layer together
with Candida yeast and hyphae, but with only moderate neutrophil
infiltration in the connective tissue (Figure 5I). On the other hand,
treatment with L. johnsonii showed a substantial reduction in vaginal
epithelial mucosa injury and inflammation which nearly returned the
vaginal architecture to normal apart from a minor neutrophil
infiltration (Figure 5]).

Regarding the effect on hyphae formation, it was observed that
Group 3 had the highest mean percentage of hyphae production.
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FIGURE 4
(A) IFN-y. (B) IL-4. (C) IL-17. Cytokine levels in vaginal tissue specimens. Values are presented as mean+SD, *: statistically significant compared to the
corresponding value in Group 1 (p<0.05), #: statistically significant compared to the corresponding value in Group 2 (p<0.05), ¢: statistically significant
compared to the corresponding value in Group 3 (p<0.05).

Additionally, it was significantly higher in Groups 3 and 4 when
compared to the control group, and significantly lower in both
treatment groups when compared to Group 3. Moreover, it was
significantly reduced in Group 5 in comparison with Group 4
(Figure 5K).

In the control group, Masson’s trichrome staining showed that
the tiny collagen fibers beneath the epithelium in the CT stroma were
distributed normally. Following ovariectomy, estrogen treatment
barely enhanced collagen fibers. The mean area percentage of
collagen fibers was significantly increased in Groups 3 and 4
(13.54+0.39 and 10.9+0.4 respectively) compared to the control
group (Group 1) (2.32£0.29). On the other hand, it was significantly
lower in both treatment groups (Groups 4 and 5) (10.9+0.4 and
2.23+0.29, respectively) compared to Group 3 (13.54+0.39).
Additionally, Group 5 showed a significant reduction in the mean
area percentage of collagen fibers compared to Group 4 (p <0.05)
(Figures 6A-F).

In the CT stroma of the control group, orcein staining revealed
long branching brick-red elastic fibers, which were thickened in
Group 2. In Group 3, Candida infection destroyed the elastic fibers
in the CT, leaving only a few thin fibers and thick elastic fibers
surrounding dilated blood vessels. Treatment with L. acidophilus
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(LA-5®) did not restore elastic fibers, however, L. johnsonii (B-2178)

treatment  demonstrated elastic  fibers

(Figures 6G-K).

long  branching

3.5. Immunohistochemistry of vaginal
sections

In immunohistochemical examination of the vaginal sections,
epithelial and stromal cells in Groups 1 and 2 exhibited weakly
positive cytoplasmic immunostaining for NF-kB. Intense, pervasive
positive cytoplasmic and nuclear immunostaining was observed in the
Group 3 sections in the epithelial, stromal, and necrotic tissue debris,
along with a positive reaction of micro-abscess in the cornified
epithelium. Groups 3 and 4 had a significantly higher optical density
of NF-kB immunostaining (0.89 +0.03 and 0.36+0.04 respectively)
when compared to the control group (Group 1) (0.22+0.04). However,
the intensity of NF-kB immunostaining was significantly reduced in
the lactobacilli-treated groups (Groups 4 and 5) (0.36+0.04 and
0.26+0.01 respectively) when compared to Group 3 (0.89+0.03)
(p<0.05). Additionally, Group 5 revealed a marked reduction in
NF-kB immunostaining compared to Group 4 (p <0.05) (Figure 7).

07 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1222503
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

ElFeky et al.

10.3389/fmicb.2023.1222503

FIGURE 5

T«’: A Nzad 1—@1

Mean number of Hyphae
*H

245:5.82

*He

[aman

HCB
(317172
= = D

Group 1 Group 2 Group 3 Groupd Group 5

A photomicrograph of rat vaginal sections stained with H&E (A,B,C,1,J X200, D,E x400, and F=H x1,000). (A) Group 1: exhibits normal histological
architecture of the vagina formed of non-keratinized stratified squamous epithelium (E) lining the lumen with underlying connective tissue stroma
(CT). (B) Group 2: The lining epithelium (E) is thickened associated with an increased amount of eosinophilic infiltration (arrows) in the underlying
connective tissue stroma (CT). (C—E) Group 3: keratin layer is dissoluted with the presence of necrotic tissue debris (k) penetrated with Candida yeast
(notched arrows) and hyphae (kinked arrows). The formation of microabscesses (curved arrow) in the cornified epithelium containing neutrophils
(black arrows). Infiltration of Candida yeast (notched arrows), hyphae (kinked arrows), and neutrophils (arrows) in the epithelium (E) and underlying
connective tissue (CT). (F-H) Group 3: higher magnification showing infiltration of Candida yeast (notched arrows) and hyphae (kinked arrows) in the
cornified epithelium, epithelium, and underlying connective tissue among fibroblasts (wavy arrows). (I) Group 4: Necrotic debris is demonstrated in the
dissoluted keratin layer (k) with the presence of Candida yeast (notched arrows) and the epithelium (E) exhibits hyphae (kinked arrows). Neutrophilic
infiltration (arrows) is minimal in the connective tissue (CT). (J) Group 5: Epithelium (E) infiltrated with minimal neutrophils (arrows) and hyphae (kinked
arrows). Neutrophilic infiltration (arrows) is detected in the underlying connective tissue (CT). (K) Histogram showing the mean number of hyphae in
the epithelium of studied groups *: statistically significant compared to the corresponding value in Group 1 (p<0.05), #: statistically significant
compared to the corresponding value in Group 2 (p<0.05), €: statistically significant compared to the corresponding value in Group 3 (p<0.05), R:

statistically significant compared to the corresponding value in Group 4 (p<0.05).

4. Discussion

Mucosal surfaces are the main interface between the host and its
environment (Rast et al., 2016). The VMB of healthy women
(composed mainly of lactobacilli) helps to physically protect vaginal
mucosa against infections by sustaining a low pH, producing lactic
acid, and producing other antimicrobial compounds (Petrova et al.,
2015). VVC, mainly caused by C. albicans, is an extremely common
multifactorial mucosal infection that affects the lower female
reproductive system and causes pathologic inflammation (Willems
et al., 2020). In this study, we verified the ability of C. albicans to
induce damage in vaginal epithelial cells in a rat model through
histological and morphometric studies.

The fact that any epithelial cell layer that comes into contact with
C. albicans in vitro is quickly and effectively invaded and destroyed by
means of cell necrosis in the absence of a microbiota demonstrates the
crucial role of the microbiome in opposing epithelial cell damage
induced by C. albicans infection (Allert et al., 2018). Numerous studies
have revealed that providing lactobacillus strains with beneficial
characteristics alone or as a supplement to the standard antifungal
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therapies can be a successful method for preventing or treating VVC
(Reid et al., 2006; Ehrstrom et al., 2010; Vladareanu et al., 2018).
Various healthy Lactobacillus strains can exhibit a range of
characteristics and effects on Candida species (Rodriguez-Arias et al.,
2022). As a result, in vitro testing and animal experiments are essential
for choosing the most promising Lactobacillus species with
candidacidal effects (Ronnqvist et al., 2007; Joo et al., 2012; Wang
et al, 2017). Previous in vitro studies demonstrated that the
anticandidal effect of L. acidophilus could be attributed to different
mechanisms including the inhibition of C. albicans biofilm formation
and filamentation (Vilela et al., 2015; Matsubara et al., 2016), induction
of coaggregation (Gil et al., 2010; Salari and Ghasemi Nejad Almani,
2020), and production of lactic acid (Gil et al., 2010; Matsubara et al.,
2016) and hydrogen peroxide (Gil et al., 2010).

Different authors have investigated the in vitro anticandidal
properties displayed by L. johnsonii. Vazquez-Munoz et al. reported
that L. johnsonii reduced the growth of C. albicans and its capacity to
change into hyphae and create biofilms (Vazquez-Munoz et al.,, 2022).
Moreover, Charlet et al. found that in vitro co-incubation of Candida
with L. johnsonii reduced the viability and proliferation of C. albicans
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FIGURE 6

Photomicrographs of special-stained rat vaginal sections (x200). Masson's trichrome stain: (A) Group 1: reveals normal distribution of fine collagen
fibers (black arrows) in CT stroma underlying the epithelium. (B) Group 2: demonstrates a minimal increase of collagenous fibers (black arrows) in CT
stroma underlying the epithelium. (C) Group 3: exhibits an abundant number of thick collagen fibers (black arrows) in CT stroma underlying the
epithelium. (D) Group 4: shows an increased number of collagenous fibers (black arrows) in CT stroma. (E) Group 5: exhibits a minimal number of
collagen fibers (black arrows) in CT stroma. (F) Histogram showing mean area percentage of collagen fibers stained with trichrome stain. *: statistically
significant compared to the corresponding value in Group 1 (p<0.05), #: statistically significant compared to the corresponding value in Group 2
(p<0.05), ¢: statistically significant compared to the corresponding value in Group 3 (p<0.05), R: statistically significant compared to the corresponding
value in Group 4 (p<0.05). Orcein stain: (G) Group 1: shows long branching brick red elastic fibers (black arrows) in CT stroma with fine elastic fibers in
the wall of blood vessels (kinked arrow). (H) Group 2: reveals thick elastic fibers (black arrows) in CT stroma and the wall of blood vessels (kinked
arrows). (I) Group 3: shows few fine elastic fibers (black arrows) in CT stroma with thick elastic fibers around dilated blood vessels (kinked arrows).

(J) Group 4: exhibits short fine elastic fibers (black arrows) in CT stroma with thick brick red elastic fibers in the wall of blood vessels (kinked arrows).
(K) Group 5: demonstrates long branching elastic fibers (black arrows) in CT stroma with fine elastic fibers in the blood vessel wall (kinked arrow).

by producing enzymes with chitinase-like action which facilitate the  including its ability to co-aggregate with Candida species, attach to
breakdown of chitin and the eradication of C. albicans (Charlet et al,,  epithelial mucosa, and release both lactic acid and H,O, (Gil et al,,
2020). Furthermore, Gil et al. reported that L. johnsonii displayed ~ 2010). Through studying animal experimental models of VVC, the
traits that made it a promising candidate for a probiotic strain,  significance of inflammatory and immunological reactions necessary
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FIGURE 7
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Photomicrographs of rat vaginal sections stained immunohistochemically with NF-xB (x200). (A) Group 1: weak positive cytoplasmic NF-xB
immunostaining in epithelial and stromal cells. (B) Group 2: positive cytoplasmic NF-kB immunostaining in epithelial and stromal cells. (C,D) Group 3:
intense widespread positive cytoplasmic NF-kB immunostaining in epithelial, stromal cells associated with positive nuclear reaction in some epithelial
cells (kinked arrows), stromal cells (arrows) and necrotic tissue debris (arrowheads). The positive reaction of the microabcess in the cornified epithelium
(asterisk). (E,F) Groups 4 and 5: mild positive cytoplasmic NF-kB immunostaining in epithelial and stromal cells. (G) Histogram showing the optical
density of NF-kB immunostaining in the studied groups *: statistically significant compared to the corresponding value in Group 1 (p<0.05), #:
statistically significant compared to the corresponding value in Group 2 (p<0.05), C: statistically significant compared to the corresponding value in
Group 3 (p<0.05), R: statistically significant compared to the corresponding value in Group 4 (p<0.05).

for the effective management of human infection and the factors that
determine fungal pathogenicity have been highlighted (Cassone and
Sobel, 2016). In this study, we selected L. johnsinii (B-2178) to conduct
in vivo assays to compare its antifungal effect with the previously
investigated L. acidophilus (LA-5®) in a rat model with VVC. In this
work, we demonstrated that intravaginal delivery of L. johnsonii
(B-2178) has a similar effect to L. acidophilus (LA-5®) in reducing
vaginal Candida colonization as they both markedly decreased the
C. albicans count in the lactobacilli-treated groups with a statistically
significant difference compared to the untreated group even after
7 days of stoppage of treatment. Consequently, this animal model
offers convincing proof of the candidacidal effects of L. johnsonii
(B-2178) which was similar to the previously investigated
L. acidophilus (LA-5®). Our findings are consistent with previous in
vivo studies that evaluated the anticandidal effects of L. acidophilus as
well as human clinical trials which confirmed the potential role of this
probiotic in VVC. According to Vilela et al,, the therapeutic or
prophylactic use of L. acidophilus decreased the number of yeast cells
in the Galleria mellonella larval hemolymph that was infected with
C. albicans and enhanced the lifespan of these animals (Vilela et al.,
2015). Similar results have been reported by Matsubara et al. who
reported that the treatment of immunocompromised mice with
probiotic L. acidophilus significantly minimized oral colonization with
C. albicans compared to untreated mice (Matsubara et al., 2012).

In addition, many human clinical trials reported that different
strains of L. acidophilus when administrated in a simple combination,
could increase therapy efficacy, and reduce recurrences among VVC
patients (Murina et al., 2014; Kovachev and Vatcheva-Dobrevska,
2015; Russo et al., 2019). In human clinical trials, L. johnsonii Lal has
been used as a single agent probiotic, with various effective claims to
reduce H. pylori carriage and to control allergic diseases. As far as
we know, this is the initial work to assess the in vivo effect of
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L. johnsonii in a VVC animal model which will pave the path to its use
in human clinical trials.

Numerous virulence features expressed by C. albicans contribute
to the pathogenesis of VVC. Through two main mechanisms, this
opportunistic pathogen can adhere to, infiltrate, and destroy cells in
the vaginal mucosa: the secretion of virulence factors like Als family
and Ssalp which mediate biofilm formation and induce endocytosis
of Candida by epithelial cells (Rast et al., 2016; Gao et al., 2019;
Cangui-Panchi et al., 2023) and direct invasion by hyphal filaments,
which are essential for penetrating mucosal defenses and damaging
tissue by the release of degrading enzymes released at the hyphal tip
and pressure imposed by the elongating filament (Lew, 2011; Sudbery,
2011). In our study, there was evident hyphae formation in the
infected untreated group, while fewer hyphae formations were
observed in both the lactobacilli-treated groups compared to the
infected untreated group. However, hyphae formation was significantly
reduced in the L. johnsonii (B-2178) treated group compared to the
L. acidophilus (LA-5®) group which confirms their role in inhibiting
hyphae formation in C. albicans.

VVC susceptibility was long thought to be caused by deficiencies
in the adaptive immune response like those in other mucosal
candidiasis types where susceptibility was found to be T cell-
dependent. However, several clinical investigations and evidence from
animal models showed that humoral or cell-mediated immune
responses did not play any clear protective functions (Fidel, 2002;
Samaranayake et al., 2002). In a previous investigation utilizing human
volunteers, the recruitment of polymorphonuclear leukocytes into the
vaginal lumen was found to be positively linked with reported disease
manifestations, demonstrating that VVC was mediated through innate
immune responses (Fidel et al., 2004). Considering the detrimental
effect of host immunity on the development of the disease, VVC was
classified as an immunopathology (Willems et al., 2020).
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In an earlier study, Hickey et al. found that cells of the immune
system, such as neutrophils, macrophages, and natural killer (NK)
cells, are activated and multiplied within vaginal epithelial cells
throughout the infective process, in addition to the development of
micro-abscess (Hickey et al., 2011), which was observed in Group 3 in
the current study. In our study, L. acidophilus (LA-5®) treatment
resulted in minimal improvement, while treatment with L. johnsonii
(B-2178) restored normal vaginal architecture apart from minimal
neutrophil infiltration.

NF-kB is a fundamental transcription factor that controls the genes
involved in both the innate and the adaptive immunological response.
Moreover, the NF-kB signaling pathway is responsible for the expression
of proinflammatory cytokines (Su et al., 2021). It is also crucial for
regulating the survival, activation, and differentiation of inflammatory
T lymphocytes. It triggers T-helper 17 (Th17) cells to release IL-17, a
multifunctional pro-inflammatory cytokine, which promotes an
effective inflammatory response through enhancing neutrophil
recruitment and expression of cytokines (Conti et al, 2016).
Furthermore, through regulating T cell receptor signaling, NF-kB
induces Th1 cell differentiation which secrets IFN-y, a cytokine that both
enhances cellular immunity and participates in inflammatory processes
(Oh and Ghosh, 2013). In the present study, Candida infection was
associated with a significant increase in the optical density of NF-kB
immunostaining of vaginal tissue in the infected untreated animal group
compared to the uninfected groups. This could be explained by Oky
et al. who reported that epithelial cells activate NF-kB in response to
Candida colonization via a Toll-like receptor-4 (TLR-4) dependent
pathway (Oky et al., 2020). Previous research has shown that suppressing
NF-kB signaling is a major mechanism contributing to the anti-
inflammatory function of lactobacilli (Rottenberg et al., 2002) Another
investigation supported the idea that lactobacilli could prevent TLR-4-
associated NF-kB activation (Lee et al., 2009). In our work, the optical
density of NF-kB immunostaining of vaginal tissue was significantly
reduced in both the lactobacilli-treated groups compared to the infected
untreated group. However, the inhibitory effect of L. johnsonii (B-2178)
on NF-kB was significantly higher compared to L. acidophilus (LA-5®).
Our data are consistent with Santos et al. who observed that C. albicans
activated NF-kB in HeLa cells, but L. plantarum and L. fermentum
therapy inhibited its activation (Santos et al., 2018). Additionally,
L. rhamnosus and L. reuteri inhibited NF-kB signaling by suppressing
C. albicans-induced NF-kB IkB kinase (Ikka) in VK2/E667 cells (Wagner
and Johnson, 2012).

Cytokines create a hostile environment for the pathogen by
interacting with many immune cells or by inducing an antimicrobial
response (Hickey et al., 2011). In the current study, the inflammatory
cytokines IFN-y (the hallmark of Thl) as well as IL-17 were
significantly higher in the vaginal tissue of infected untreated animals
compared to the control uninfected groups, while IL-4 (the hallmark
of Th-2) was decreased in the vaginal tissue of these animals. This
shows that our infection model has induced a dominating Thl
cytokine response and is consistent with the detected pattern of the
NF-kB signaling pathway in the vaginal tissue. Our results are in line
with results reported in a previous rat model study, where no IL-4 or
IL-5 was found in the vaginal fluid after inoculation, while a notable
Thl cytokine pattern was found during the primary infection (de
Bernardis et al., 2000).

Most of the negative health effects linked to VVC are caused by a
short-term or long-term inflammatory response (Fidel et al., 2004).
The capability of controlling inflammation is essential for maintaining
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a balance between immunopathology and protection in mucosal
infections. Therefore, for a Lactobacillus strain to be considered as a
possible probiotic candidate, it is essential to ascertain its anti-
inflammatory effects (Petrova et al., 2015). In the current study, both
L. johnsonii (B-2178) and L. acidophilus (LA-5®) redirected the
immunological profile to a tolerant or regulating state that maintains a
balanced Th1/Th2 ratio and inhibits the generation of proinflammatory
cytokines by changing the cytokine profiles of vaginal epithelial cells.
In numerous in vitro studies, a significant downregulation of Thl
cytokines; IL-2, IFN-y and the proinflammatory IL-17 by probiotic
lactobacilli strains has been reported (Schultz et al., 2002; Lee et al.,
2009; Llopis et al., 2009; Biuerl et al., 2013). Moreover, a recent in vivo
study in murine models confirmed that lactobacilli have a moderating
influence on cytokine production during Candida infection where
intravaginal administration of L. crispatus and L. delbrueckii lowered
IFN-y and IL-17 while increased IL-4 expression in vaginal tissue (Li
et al, 2019). Clinical studies demonstrate that lactobacilli have
immune-modulating effects in humans and that giving probiotics to
pregnant women with VVC reduced the duration of inflammation over
time compared to the control group (Ang et al., 2022).

According to Nisaa et al., transforming growth factor (TGF)- atis a
critical mediator of acute inflammation and is considerably elevated in
Candida vaginal infection (Nisaa et al., 2023). TGF-« is involved in
several processes during wound healing, including inflammation,
activating angiogenesis, fibroblast proliferation and collagen production,
and deposition (Nall et al., 1996). This explains the increase in the mean
area percentage of collagen fibers stained with the trichrome stain after
Candida infection in our study. However, in the present study, the
vaginas of infected untreated animals displayed destructed elastic fibers,
leaving a few fine fibers, which could be explained by Oky et al. who
stated that following C. albicans infection, IL-6 cytokine levels increased
in rats, throughout the inflammatory phase, which led to the breakdown
of elastic fibers (Oky et al., 2020). Visser et al. (2022) reported that there
is a substantial link between IL-6 and the degeneration of elastic fibers.
In our study, it was reported that both the lactobacilli-treated groups
exhibited a significant decrease in the mean area percentage of collagen
fibers compared to the untreated group. However, the CT stroma of the
L. johnsonii (B-2178) treated group demonstrated long branching elastic
fibers with a significantly reduced number of collagen fibers compared
to the L. acidophilus (LA-5®) treated group.

A recent study conducted by Pacha-Herrera et al. (2022) reported
a strong multi-microbial interaction between different lactobacilli
species. Their study demonstrated that the absence of L. acidophilus
in other lactobacilli clusters can lead to defective probiotic protection
in vaginal dysbiosis. Therefore, although in our study L. johnsonii was
superior to L. acidophilus regarding its effect in reducing both vaginal
epithelial damage and hyphae formation, the protective probiotic role
of L. acidophilus as a part of a probiotic multi-microbial consortium
should not be overlooked.

5. Conclusion

Our study verified that L. johnsonii (B-2178) has a similar effect to
L. acidophilus (LA-5®) in the reduction of C. albicans vaginal
colonization as well as in reducing the pro-inflammatory cytokines IL-17
and IFN-y (the hallmark of Th1), suggesting an immune tolerant state
which is maintained in the vaginal epithelium by lactobacillus
colonization. However, treatment with L. johnsonii (B-2178) significantly
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minimized the epithelium damage triggered by C. albicans infection and
restored normal vaginal architecture as evidenced by the histologic and
morphometric studies compared to L. acidophilus (LA-5®), partly due
to significant reduction of hyphae formation and partly due to
ameliorating the undesirable uncontrolled inflammatory response in the
vaginal tissue. Our study has some limitations. First, we did not assess
the combined effect of L. johnsonii and L. acidophilus against C. albicans
vs. the effect of each individual strain. Second, we did not evaluate the
effect of lactobacilli species on the treatment or prevention of recurrences
of VVC. Therefore, further studies are required to assess the combined
effect of both lactobacilli species compared to their individual activity,
to investigate the precise mechanism of the anticandidal effect of the
lactobacilli strains used, and to explore their ability to treat recurrent
VVC in animal models. Despite limitations, the promising results of our
study highlighted the potential of L. johnsonii (B-2178) to be used either
alone or in combination with other lactobacilli species in human clinical
trials, utilizing their observed characteristics to treat or prevent VVC
including recurrent forms.
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