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ABSTRACT

Some probiotic strains of lactobacilli appear to be protective against vulvovaginal candidiasis. The vaginal epithelial
cell line (VK2 E6/E7) was used as a model to assess the protective mechanisms of probiotic lactobacilli for cells chal-
lenged with Candida albicans. Co-culture of VK2 cells with Lactobacillus rhamnosus GR-1 and Lactobacillus reuteri
RC-14 prior to C. albicans challenge showed reduced adherence of C. albicans to the VK2 cells and inhibition of C.
albicans growth. HyO, concentrations of 0.3 pg/ml, produced by lactobacilli and estrogen-primed VK2 cells, were in-
hibitory to C. albicans growth. C. albicans growth was also inhibited by 10 pg/ml lactic acid. C. albicans infection was
increased by 17f-estradiol through induction of hyphal germination. L. reuteri RC-14, but not L. rhamnosus GR-1,
H,0,, or lactic acid inhibited estrogen-stimulated hyphal germination. The results of this study support a role for H,O,
and lactic acid from probiotic bacteria in vaginal epithelial protection from candidiasis and a role for 174-estradiol in
the disease by induction of C. albicans hyphal germination.
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1. Introduction

The vaginal microbiota is one of the first lines of defense
against vulvovaginal candidiasis (VVC). The cultivable
normal vaginal microbiota is predominantly populated by
Lactobacillus iners, Lactobacillus jensenii, and Lactoba-
cillus crispatus [1], which tend to suppress growth of
other bacterial species by production of lactic acid and
antimicrobial products [2]. The low pH is considered a
result of microbial metabolic products (mostly lactic acid)
of glycogen, which is produced by vaginal epithelial cells
[3]. During menses, the composition of the vaginal mi-
crobiota is destabilized [4] and it is at that time that pro-
biotic lactobacilli may have a role to play in maintenance
of the barrier to C. albicans infection. Although numer-
ous strains of lactobacilli have been tested as probiotics
as replacements for commensal bacterial resistance to
VVC, many are not effective [S]. Some in vivo experi-
ments have shown that L. rhamnosus GR-1 and L. reuteri
RC-14 may be effective treatments for VVC [6]. If they
are effective, their value may be in the production of
H,0,, which is only produced by some strains of Lacto-
bacillus spp. [7]. Adherence to the VK2 cells may also
be a protective factor of these putative effective strains.
For example, in one study, the probiotic effects of one
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Lactobacillus sp. strain that inhibited C. albicans growth
was associated with being strongly adherent to VK2
(E6/E7) vaginal epithelial cells [8].

Estrogens appear to affect both the infectivity of C. al-
bicans and the recruitment of host defenses. Although C.
albicans colonizes the vaginal tract as a commensal or-
ganism most of the time, conventional wisdom says that
it can change to a virulent, invasive state by a mechanism
that is still not clearly understood [2]. This process ap-
pears to be enhanced during the luteal phase of the men-
strual cycle when there is a localized high estrogen con-
centration, which can also occur during high estrogen
contraceptive use [2]. Some hormonal contraceptives
induce epithelial hyperplasia in the vaginal tissues, even
greater than normally occurs during the luteal phase of
the menstrual cycle [9]. The presence of estrogen binding
proteins expressed by C. albicans appears to be specific
for estrogen and induces vaginal colonization in a rat
model [10]. In vitro cell culture experiments show that
estrogen causes a reduction in the transepithelial electri-
cal resistance (TEER) of differentiated vaginal epithelial
cell monolayers, which indicates a reduction in tight
junctions between cells [11]. The loss of tight junctions
under the control of estrogen could provide an increased
opportunity for Candida sp. to invade vaginal tissue.

OJMM



R.D. WAGNER ET AL. 55

Additional evidence for the role of estrogen in VVC has
been shown in animal experiments, where it may have
promoted germination of C. albicans and increased in-
fection of the cornified vaginal epithelial tissues [12].
Thus, estrogen is an important factor affecting both fun-
gal infectivity and the barrier functions of the vaginal
epithelium.

The recurrent use of antifungal agents for VVC is a
matter of concern as a selective pressure for the prolif-
eration of drug-resistant strains of yeast [13]. Probiotic
treatments may be an alternative or adjunct to antimicro-
bial drug use. The present study was done to evaluate
effects of probiotic lactobacilli on VVC at the point of
fungal contact with epithelial cells. The effects probiotic
lactobacilli had on VE2 cells and C. albicans, which in-
clude fungal growth inhibition, cellular adhesion, H,0,
production, and pH modification, were evaluated. It was
then of interest to establish whether probiotic lactobacilli
have an effect on epithelial cell resistance to C. albicans,
and how that effect is mediated and to establish whether
estrogen has an influence on these processes.

2. Methods
2.1. Microbial Strains and Growth Conditions

Candida albicans strain B 311 (ATCC 32354) was grown
aerobically overnight in Sabouraud’s dextrose broth (Ther-
mo Fisher Scientific, Houston, TX) at 37°C. Lactobacillus
rhamnosus GR-1® and Lactobacillus reuteri RC-14®,
which were investigated because they are used in com-
mercial vaginal probiotic products, (provided by Dr. Gregor
Reid, Urex Bioscience, London, Ontario) were grown in
anaerobic MRS broth (Thermo Fisher Scientific) at 35°C.

2.2. Culture and Microbial Challenge of VK2
Cell Line

The vaginal epithelial cell line VK2 E6/E7 (CRL-2616,
American Type Culture Collection, Rockville, MD.) was
seeded at 5 x 10° cells/ml and grown to confluence on 35
mm polyester inserts [14,15] in Keratinocyte-Serum Free
medium (K-SFM) containing 5 ng/ml recombinant epi-
dermal growth factor and 50 pg/ml bovine pituitary ex-
tract (Invitrogen Corporation, Grand Island, NY) and
primed with a physiological 10 nM concentration of 17
f-estradiol in the basolateral medium [16]. Genital tract
secretions (GTS) medium [17] was used on the apical
side of the VK2 cell monolayers. The cells were grown at
37°C with a 5% CO, atmosphere and 100% humidity.
Confluence, polarization, and differentiation of the VK2
cell monolayers were assessed by measurement of TEER
with an EVOM device (World Precision Instruments,
Inc., Sarasota, FL). Probiotic lactobacilli were added at 1
x 10" CFU/ml to the apical culture chambers 4 hours
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before 18 hour challenge with 2 x 10° CFU/ml C. albi-
cans. The experimental groups compared in this study
were: 1) VK2 cells grown 18 hours with K-SFM medium
on the basolateral sides and GTS medium on the apical
sides of the culture inserts; 2) VK2 cells cultured in the
same media and challenged 18 hours on the apical side
with 2 x 10° CFU C. albicans; 3) VK2 cells with 10 nM
17p-estradiol added to the basolateral medium; 4) VK2
cells with 10 nM 17p-estradiol added to the basolateral
medium and challenged on the apical side with 2 x 10°
CFU C. albicans; 5) VK2 cells cultured with 1 x 10’
CFU of both Lactobacillus strains on the apical side, and
6) VK2 cells cultured with 10 nM 17f-estradiol added to
the basolateral medium and pre-incubated 4 hours with 1
x 10”7 CFU of both Lactobacillus strains on the apical
side before apical challenge with 2 x 10° CFU C. albi-
cans. The final incubations were 18 hours after C. albi-
cans challenge.

2.3. Effects of Treatments on Trans-Epithelial
Electrical Resistance

Differences in nutritional content of K-SFM and GTS to
be used on the basolateral and apical sides, respectively,
of the cell monolayers prompted the need to evaluate
growth and stability of the VK2 cells and microbes in
each medium. A 24-well plate of VK2 cells seeded at 5 x
10° cells/ml on polycarbonate inserts in complete K-SFM
was grown to confluence and maximal TEER at 7 days
after plating. The K-SFM apical chamber media in 6
wells was replaced with GTS and grown with media
changes every two days. Six wells were set up with GTS
containing 10 nM 17p-estradiol; another 6 wells were set
up with K-SFM and 17p-estradiol. The monolayers were
observed and TEER was measured daily. After a week,
the cells were harvested from the inserts with tryp-
si/EDTA (Invitrogen) treatment and the numbers of
viable and non-viable cells were counted in a hemacy-
tometer using trypan blue stain. The effects of VK2 cell
co-culture with microbes were assessed in the same man-
ner.

2.4. Effects of H,O, and Lactic Acid on
Growth of Microbes

50 pl aliquots of an 18-hour C. albicans culture in Sa-
bouraud’s dextrose broth was diluted into 250 pl of GTS
medium containing serial dilutions of H,O, or lactic acid
(Sigma Chemical Co., St. Louis, MO) into wells of a
100-well honeycomb plate (Growth Curves, USA, Hav-
erhill, MA) sealed with vinyl tape. The plates were incu-
bated with shaking at 300 RPM and at a temperature of
37°C in a Bioscreen C instrument (Growth Curves) that
recorded optical densities of growth in the wells at 15
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minutes intervals for 18 hours using a broad band filter at
wavelengths of 420 - 580 nm. Growth curves were gen-
erated and growth rates were estimated with Norden Lab
v. 7.2 software (Norden Logic Oy, Helsinki, Finland) and
Prism v. 5.0 software (GraphPad Software, San Diego,
CA).

2.5. Estrogen Effects on C. albicans Growth
and Morphology

50 ul aliquots of an 18-hour C. albicans culture in Sa-
bouraud’s dextrose broth were diluted into 250 pl of
GTS medium containing 10 nM 17f-estradiol or 10 mM
ICl 52,780, Or containing both compounds in wells of a
96-well assay plate. The same treatments were also
evaluated in a honeycomb plate for growth curve analy-
ses. There were 6 replicates per treatment group. The
assay plates were incubated 18 hours in a 37°C incubator.
The cultures were diluted 10-fold in Dulbecco’s phos-
phate-buffered saline (Invitrogen) and 100 pl samples
were spread onto microscope slides with a Cytofuge 2
cytocentrifuge for 4 minutes at 2200 RPM (Statspin,
Norwood, MA). The slides were stained with Gram’s
stain and fungal blastospores and hyphae were counted
and averaged from 10 high power (400%) microscopic
fields.

Gram stains were also analyzed to compare inhibitory
effects of 0.01 pg/ml H,0,, 2 ug/ml lactic acid, 1 x 10’
CFU/ml L. rhamnosus GR-1 or L. reuteri RC-14, or a
combination of 1 x 10" CFU/ml of both strains of lacto-
bacilli. The results were compared as ratios of hyphae to
blastospores. The % hyphae present in microscopic fields
were determined as numbers of hyphae counted/numbers
of hyphae + numbers of blastospores % 100.

2.6. Adherence of C. albicans and Lactobacilli
to VK2 Cells

A semiquantitative assay for adherence of lactobacilli to
the VK2 cells was employed [7]. Confluent cultures of
VK2 cells on polyester inserts (Thermo Fisher) were
co-cultured with lactobacilli at a concentration of 1 x 10’
CFU/ml, and challenged with 2 x 10° CFU/ml of the
virulent C. albicans strain, as described [7]. After 18
hours incubation at 37°C in a 5% CO, atmosphere with
100% humidity, the culture inserts were rinsed four times
with GTS medium and the polyester membranes with the
VK2 cell monolayers were removed from the inserts. The
membranes were fixed with 3.7% paraformaldehyde for
1 hour. The membranes were rinsed with GTS medium
and the cells were stained with Gram’s crystal violet so-
lution. The average number of bacteria and yeast cells
adhering to VK2 cells were counted in 10 random mi-
croscopic fields.
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2.7. Fungal Inhibition Assay

The ability of the probiotic bacteria to inhibit growth of C.
albicans B 311 was evaluated with a culture overlay tech-
nique [7]. Each Lactobacillus strain was diluted in MRS
broth (Thermo Fisher) to 9 x 10° CFU/ml and spread in
20 mm bands across MRS agar plates and then grown 24
hours at 35°C in an anaerobic chamber (Coy Laboratories,
Grass Lake, MI). The cultures were overlaid with melted
YM agar (Thermo Fisher). The plates were swabbed with
C. albicans B 311 in Sabouraud broth diluted to 1.5 x 10°
CFU/ml, pre-incubated at 4°C for 4 hours to harden the
agar, and then incubated overnight at 37°C aerobically.
Inhibition of C. albicans growth was observed visually
and scored semi-quantitatively as: (—) no inhibition, (+)
partial growth inhibition over the lactobacilli, (++) com-
plete inhibition over the lactobacilli, or (+++) complete
inhibition over and beyond the band of lactobacilli [7].

2.8. Production of H,O, by Lactobacilli
in Culture

The amount of H,O, produced by the lactobacilli in cul-
ture was measured with an iodometric method designed
for determinations from bacterial cultures [18]. Lactoba-
cillus spp. cultures (20 ml) were grown in Rogosa broth
(Thermo Fisher) 48 hours at 35°C anaerobically and cen-
trifuged at 1800 X g for 15 minutes. Technical duplicates
of each control and blank (Rogosa broth) and 6 replicates
from each Lactobacillus sp. culture supernatant were
added (50 pl) to 2 ml of HCI, 0.2 ml of KI, 0.2 ml of 1
mm ammonium molybdate solution (Sigma), and 0.2 ml
of starch solution (Sigma), as described [18]. The optical
absorbance was measured with a spectrophotometer at
570 nm wavelength and the standard curve from serial
dilutions of H,O, and concentrations of samples were
determined.

2.9. Production of H,0O, by Lactobacilli on
VK2 Cell Monolayers

The amounts of H,O, produced by the lactobacilli ap-
plied to the apical sides of VK2 cell monolayers were
measured with a chromagenic method designed to meas-
ure H,O, concentrations in vaginal secretions [18]. The
GTS medium from the apical chambers and K-SFM me-
dium from the basolateral chambers conditioned by the
lactobacilli were diluted in 0.01 M sodium acetate, pH
4.5, mixed with 0.01 mg/ml peroxidase (Sigma) and 20 ul
o-dianisidine solution (Sigma), and incubated at room
temperature 10 minutes. The reactions were stopped with
40 ul of 4N HCI and incubated 5 minutes at room tem-
perature. Color development was measured in a plate
reader (Perkin Elmer, Waltham, MA) at 405 nm. Concen-
trations were determined from a standard curve consisting

OoJMM



R.D. WAGNER ET AL. 57

of dilutions of a 30% H,0, stock solution (Sigma).

2.10. pH in Cell-Conditioned Media from Apical
and Basolateral Culture Chambers

The PHR-146 Micro Combination pH Electrode from
Lazar Research (Thermo Fisher) was used to measure pH
levels in cell-conditioned media. After the 18 hour incu-
bation of VK2 cells with the microbes, media was re-
moved and saved from the inserts and the wells; both
were centrifuged at 10,000 x g for 2 minutes, and the pH
of each supernatant was measured using the micro pH
electrode.

2.11. Analysis of Data

Normally distributed results were analyzed for statistical
significance by paired T-tests where appropriate and by
Repeated Measures One-Way Analysis of Variance and
Newman-Keuls post tests for multiple comparisons [19]
with Prism v. 5.0 software (GraphPad Software). Statis-
tical significance was defined by a P < 0.05.

3. Results

3.1. Effects of Apical Growth Medium on VK2
Cell Monolayers and Microbes

The environment surrounding vaginal epithelial cells in
vivo is different on the apical and basolateral sides of the
vaginal mucosa. The effect of the media surrounding the
VK2 cells grown on culture inserts on monolayer stabil-
ity was assessed. Over seven days of culture, confluent
monolayers had increased TEER values from 32 to 48 Q
cm’. No differences in trypan blue uptake or cell counts
were observed. On the fourth and seventh days of culture,
the TEER values in K-SFM were higher than in GTS.
When the fungi and bacteria were inoculated into GTS
individually to test for differences in growth characteris-
tics, the numbers of C. albicans cells increased from 2 X
10° CFU/ml to 5.3 x 10" CFU/ml overnight. Addition of
17p-estradiol to the medium increased the average num-
ber of C. albicans to 1.2 x 10° CFU/ml. Growth curves of
C. albicans in GTS had significantly increased slopes
from 12.42 + 0.57 to 17.96 + 0.87 (average R”= 0.948
and 0.945, respectively). Slopes were determined by re-
gression analysis with Prism software, over 18 hours’
incubation. The lactobacilli did not increase in numbers
overnight in GTS or GTS containing 17f-estradiol; how-
ever, they remained viable in GTS medium for 48 hours,
since growth resumed after transfer to MRS medium.

3.2. Effects of Microbes and 17f8-Estradiol on
VK2 Cell Monolayer Integrity

The presence of C. albicans appeared to increase the
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TEER of the VK2 cell monolayers of most samples, but
the effect was not statistically significant (Figure 1).
When 17 f-estradiol was incubated with the cells alone,
there was a significant increase in TEER, but when VK2
cells were treated with 17f-estradiol and C. albicans-
challenged, the TEER values were significantly reduced
(Figure 1). The probiotic lactobacilli did not signifi-
cantly alter the TEER values of VK2 cells alone or mod-
ify the reduced TEER values of VK2 cells treated with
17 f-estradiol and challenged with C. albicans (Figure
1).

3.3. Effects on C. albicans Growth by Soluble
Factors from Lactobacilli

Assays of probiotic mechanisms were performed to as-
sess the ability of L. rhamnosus GR-1 and L. reuteri
RC-14 to inhibit the growth and infectivity of the C. al-
bicans B-311 strain. The fungal inhibition assay revealed
that both Lactobacillus spp. strains were inhibitory to C.
albicans growth, which was inhibited 2+ by L. rhamno-
sus GR-1 and 3+ by L. reuteri RC-14 (data not shown)
on the 4-point scale of Strus, et al. [7]. This corresponds
to L. reuteri RC-14 producing more soluble factors that
diffuse further into the agar overlay to inhibit C. albicans
growth than those produced by L. rhamnosus GR-1.

As assessed in this study, the production of H,O, by
lactobacilli is an inhibitory mechanism of fungal growth.
The amount of H,O, produced by L. rhamnosus GR-1
and L. reuteri RC-14 in culture supernatants averaged
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Figure 1. The TEER in VK2 cell monolayers were increased
by 17p-estradiol and decreased by the lactobacilli. The ex-
perimental groups were: (1) VK 2 cells; (2) VK2 cells + C.
albicans; (3) VK2 cells + 17f-estradiol; (4) VK2 cells +
17p-estradiol + C. albicans; (5) VK2 cells + probiotic lacto-
bacilli; (6) VK2 cells + 17f-estradiol + C. albicans + probi-
otic lactobacilli. Measurements of TEER were taken 18
hours after C. albicans challenge (groups 2, 4, and 6) or 22
hours after addition of 17f4-estradiol and probiotic lactoba-
cilli (groups 3, 5). All data represent mean = standard error
for 6 VK2 cell monolayers. The asterisks show means that
are significantly different than group 1 by analysis of vari-
ance, P <0.05.
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12.5 pg/ml. These H,O, concentrations were 20-fold
greater than H,O, concentrations present in the apical
GTS media from the VK2 cell cultures containing lacto-
bacilli. This difference in H,O, concentrations produced
by the lactobacilli in anaerobic enriched media compared
with an environment approximating the vaginal mucosa
suggests that the Lactobacillus strains tested may not be
as adaptable to that environment as normal vaginal iso-
lates. The H,O, concentrations in VK2 cell cultures with
or without 17p-estradiol, and VK2 cell cultures chal-
lenged with C. albicans were not different (Figure 2A).
Addition of 17p-estradiol to the C. albicans-challenged
VK2 cell cultures yielded significantly increased H,O,
concentrations in the basolateral medium (Figure 2A).

The probiotic lactobacilli did not induce H,O, produc-
tion by VK2 cells, and did not appear to contribute sig-
nificantly to H,O, in the co-culture with VK2 cells and C.
albicans (Figure 2A).

Production of H,O, by VK2 cells was not expected, but
the cells are known to produce soluble factors that inhibit
Candida spp. [8]. The H,0, concentration was also sig-
nificantly elevated in the basolateral media from the C.
albicans-challenged group containing 17f-estradiol and
the probiotic lactobacilli.

The average pH of VK2 cell cultures was not signifi-
cantly affected by overnight challenge with C. albicans
or 17f-estradiol. Co-culture of VK2 cells with the lacto-
bacilli significantly decreased the pH, in both the apical
and basolateral media (Figure 2B). The presence of C.
albicans and 17f-estradiol modulated the low pH pro-
duced by the probiotic lactobacilli.

3.4. Adherence of C. albicans and Lactobacilli to
VK2 Cells

C. albicans adhered to VK2 cell monolayers as hyphae
and blastospores (Figure 3A). The lactobacilli also ap-
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peared to adhere to the VK2 cells, and in their presence,
C. albicans remained more in the blastospore form (Fig-
ure 3B). The numbers of adherent C. albicans on VK2
cells were significantly decreased in the presence of lac-
tobacilli (Figure 3C).

Reduced adherence of C. albicans to VK2 cells in the
presence of probiotic lactobacilli may be related to de-
creased pH resulting from acid production by the lacto-
bacilli. This conclusion agrees with the observation by
Gaffney et al., that lowered pH of vaginal fluids corre-
sponds with reduced microbial adhesion to epithelial cell
lines [20].

3.5. Effects of H,O, and Lactic Acid on
Growth of Microbes

Growth inhibitory concentrations of H,O, and lactic acid
for C. albicans, L. rhamnosus, and L. reuteri were de-
termined using growth curve analyses. The inhibitory
concentration of H,O, on C. albicans was 0.3 pg/ml
(Figure 4A). This was also the concentration maximally
achieved by the lactobacilli co-cultured with VK2 cells.
The inhibitory concentration of lactic acid on C. albicans
growth was 10 pg/ml (Figure 4B).

Growth curves of L. rhamnosus GR-1 showed inhibi-
tory concentrations of 50 pg/ml H,O, and 6 pg/ml lactic
acid (Figure 5). The growth curves of L. reuteri RC-14
showed inhibited growth at 2 pg/ml H,O, or 6 pg/ml
lactic acid over an 18-hour time course (Figure 5).

Addition of 10 nM 17p-estradiol increased C. albicans
resistance to growth inhibition by 0.3 pg/ml H,0,, but
not 10 ug/ml lactic acid (Figure 6).

3.6. Effects of Probiotic Lactobacilli and
17p-Estradiol on C. albicans Morphology

Addition of 10 nM 17f-estradiol to C. albicans cultures

8+ 3 Basolateral
Hl Apical

il

5-
% %
- 4 5 6

1 2 3

Figure 2. Effects of microbes and estrogen on concentrations of H,O, and pH measurements in culture supernatants. (A) The
H,0, concentrations in (L]) basolateral and () apical culture supernatants were measured by the chromagenic method; (B)
The pH of basolateral and apical media were measured 18 hours after challenge with C. albicans and compared between the
experimental groups. The experimental groups were: 1) VK 2 cells; 2) VK2 cells + C. albicans; 3) VK2 cells + 17f-estradiol; 4)
VK2 cells + 17f-estradiol + C. albicans; 5) VK2 cells + probiotic lactobacilli; 6) VK2 cells + 17f-estradiol + C. albicans + pro-
biotic lactobacilli. All data represent mean £ standard error for 6 VK2 cell monolayers. The asterisks show means that are
significantly different than group 1 by analysis of variance, P < 0.05.
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Figure 3. C. albicans and lactobacilli adhered to VK2 cells. Monolayers of VK2 cells were challenged with (A) C. albicans, and
(B) probiotic lactobacilli and C. albicans in media containing 17 f-estradiol overnight and then stained with crystal violet stain.
The solid bars in the lower right corners of the photomicrographs indicate 10 pm length, the solid arrow indicates C. albicans
hyphae, the open arrow indicates C. albicans blastospores, and the arrowhead indicates lactobacilli. Average numbers of C.
albicans cells adherent per VK2 cell from 10 high power microscopic fields (400x) per sample were compared from 10 wells
of each treatment group as shown in (C). The comparison groups were: 1) C. albicans-challenged VK2 cells and 2) VK2 cells
treated with both Lactobacillus strains and challenged with C. albicans. The asterisk indicates statistically significant differ-
ences between means by the paired T-test, P < 0.05.
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Figure 4. C. albicans growth was inhibited by H,0, and lactic acid. Growth curves of C. albicans incubated with (A) H,0, or
(B) lactic acid showing (@) uninhibited growth at 0.01 ug/ml H,O, or 2 pg/ml lactic acid, (ll) partially inhibited at 0.1 pg/ml
H,O0, or 4 pg/ml lactic acid, and (V) inhibited growth at 0.3 pg/ml H,O, or 10 pg/ml lactic acid over an 18-hour time course.
All data represent mean * standard error ug/ml H,0, or lactic acid for 6 samples. The means of the slopes of the uninhibited,
inhibited, and partially inhibited growth curves, as derived from regression analyses, were significantly different from each
other by analysis of variance, P < 0.05.
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incubated with (C) H,O, or (D) lactic acid showing (@) uninhibited growth at 0.3 pg/ml H,0, or 2 pg/ml lactic acid and (V)
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ror ug/ml H,O, or lactic acid for 6 samples. The means of the slopes of the inhibited and uninhibited growth curves were sig-
nificantly different from each other, as derived from regression analyses, P < 0.05.

°-4i o.4oF
%‘0-3'50900, 0.354
§ [y e |
£0s rpifi Hﬂm
§0.1- 0.30--i —J_J.J-thiiiiiiii
0.0 ' T T - A 025 0 5 10 15 20
Time (Hr) Time (Hr)

Figure 6. 17f-estradiol affects C. albicans growth inhibition by H,O,. C. albicans was grown 18 hrs in GTS medium with (A)
0.3 pg/ml H,0,, (®) 0.3 ug/ml H,0, and 10 nM 178-estradiol, (V) 10 pg/ml lactic acid, or (ll) 10 ug/ml lactic acid and 10 nM
17p-estradiol. Addition of 10 nM 17f-estradiol increased C. albicans resistance to growth inhibition by (A) H,0O,, but not (B)
lactic acid. The slope of the growth curve of C. albicans grown with 0.3 pg/ml HO, and 10 nM 17f-estradiol was significantly
greater than with H,0, alone, as derived by regression analysis, P < 0.05. All data represent mean * standard error pg/ml
H,0, or lactic acid for 6 samples.

Copyright © 2012 SciRes. OJMM



R.D. WAGNER ET AL. 61

was associated with an apparent increase in numbers of
hyphal forms of the fungus (Figure 7). The percentages
of hyphae in 10 microscopic fields per control or treat-
ment increased significantly from 22% to 32%, respec-
tively, when 10 nM 17f-estradiol was present during
incubation.

The ability of 17f-estradiol to induce hyphal germina-
tion may be counteracted by cytotoxic molecules such as
H,0, and lactic acid. The probiotic lactobacilli may also
have influenced 17p-estradiol induction of hyphal ger-
mination. To assess this, C. albicans was grown in GTS
medium with or without 10 nM 17p-estradiol and treated
with 0.01 pg/ml H,O,, 2 pg/ml lactic acid, or with 1 x
10" CFU/ml L. rhamnosus GR-1, L. reuteri RC-14, or
both strains together. The ratios of hyphae to blasto-
spores in the cultures with or without 174-estradiol were
decreased in the presence of H,0, or lactic acid as com-
pared to the control group, but neither compound was
able to prevent stimulation of hyphal germination by
17p-estradiol (Figure 8). Figure 8 also shows that the
presence of L. rhamnosus GR-1 did not significantly in-
fluence the ratios of hyphae and blastospores nor was it

able to prevent stimulation of hyphal germination by
17p-estradiol. The presence of L. reuteri RC-14 signifi-
cantly reduced the hyphae to blastospore ratio compared
with the control containing 17f-estradiol, but not as
compared with the untreated control. The presence of L.
reuteri RC-14, with or without L. rhamnosus GR-1, sig-
nificantly reduced the ratio of hyphae to blastospores in
the 17f-estradiol-treated group compared with the con-
trol group (Figure 8). These results suggest that L.
reuteri RC-14, but not L. rhamnosus GR-1, inhibits
17p-estradiol-induced hyphal germination.

4. Conclusions

Protective effects on VK2 cells by L. rhamnosus GR-1
and L. reuteri RC-14 were observed to be mediated di-
rectly against C. albicans, as well as by influencing VK2
cell responses in the present study. The lactobacilli pro-
duced soluble inhibitors of C. albicans growth including
H,0,, which has previously been recognized as an inhibi-
tor [7]. The H,O, production by 17p-estradiol-induced
VK2 cells in the latter study was of the same magnitude

40+
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i
R
104
0 T
Control 17p-estradiol

Figure 7. 17f-estradiol affects the morphology of C. albicans. Addition of (A) 10 nM 17p-estradiol to C. albicans cultures was
associated with the presence of 32% hyphal forms compared with (B) 22% hyphal forms without 17f-estradiol. The images
illustrate numbers of hyphae counted in 10 high power microscopic fields (400%) of Gram-stained cultures. The rectangles in
each image approximate a span of 10 pm. The average numbers (C) of hyphae were compared as average % hyphae from 10
high-power microscopic fields of Gram-stained slides from each of 6 groups of untreated and 10 nM 17-estradiol-treated
cultures. *There were significantly more hyphae in 17f-estradiol-treated cultures than control cultures by the paired T-test,

P <0.05.
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Figure 8. Effects of treatments on estrogen-induced hyphal
germination. C. albicans was grown in GTS medium ([J)
without or (H) with 10 nM 17p-estradiol and (1) untreated
or treated with (2) 0.01 pg/ml H,0,, (3) 2 pg/ml lactic acid,
(4) 1 x 10’ CFU/ml L. rhamnosus GR-1, (5) 1 x 10’ CFU/ml
L. reuteri RC-14, or (6) 1 x 10" CFU/ml L. rhamnosus GR-1
and L. reuteri RC-14. Data are represented as the mean =+
standard error ratios of pseudohyphae to blastospores in 10
microscopic high-power (400x) fields. *The results from the
group cultured with 17f-estradiol is significantly different
from the untreated group by the paired T-test, P < 0.05.
**The results from the treated group is significantly differ-
ent than the results from the untreated control group by
analysis of variance, P < 0.05.

as H,O, produced by the lactobacilli in the present study.
Vaginal epithelial cells produce xanthine oxidase and
superoxide dismutase, which can generate reactive oxy-
gen intermediates, including H,O, [21]. The ability of
vaginal epithelial cells to produce anti-Candida mediators
suggests that there are natural defenses already in place in
the vaginal mucosa with further contributions by lactoba-
cilli.

In the present study, the pH of the media was de-
creased in the presence of the lactobacilli, which is also
known to be inhibitory to C. albicans [22]. While some
of the pH lowering may have been due to lactobacilli,
17p-estradiol was also able to induce the VK2 cells to
lower pH without lactobacilli. This phenomenon of es-
trogen-induced vaginal pH lowering has been explained
as an increased regulation of a proton pump mechanism
at the apical membrane surface of vaginal epithelial cells
[22]. Apparently, the vaginal mucosa already exhibits
some of the same mechanisms to suppress C. albicans
that are expected from the lactobacilli.

In the present study, the lactobacilli also decreased the
adherence of C. albicans to the VK2 cell monolayers,
which may reduce C. albicans infectivity. The addition
of 17p-estradiol to the media increased germination of C.
albicans to hyphal forms, which may be a more infective
morphology [12]. In the present study, more blastospores
were observed in the presence of lactobacilli, suggesting
that they can antagonize the effects of the hormone on C.
albicans hyphal germination. The induction of C. albi-

Copyright © 2012 SciRes.

cans hyphal germination by 17f-estradiol was not sig-
nificantly inhibited by H,O,, lactic acid, or L. rhamnosus
GR-1, but was inhibited by L. reuteri RC-14. The latter
strain has been shown to inhibit C. albicans growth [23].
Some Lactobacillus spp. strains produce H,O, and bacte-
riosin-like molecules that work together to inhibit C. al-
bicans growth [24]. Another product from L. reuteri
RC-14 may account for its’ ability to inhibit C. albicans
germination, but it was not identified in the current study.
Some strains of L. reuteri produce the antibiotic reuterin,
but strain RC-14 does not [25].

17p-estradiol can increase infectivity of C. albicans on
vaginal epithelia by altering the structure of the tissue.
Estrogen causes changes in the permeability of the vagi-
nal epithelium through estrogen receptor « and an
ERK-MAPK signaling cascade [26]. This increased per-
meability of the epithelium may be exploited by fungal
hyphae to invade through the mucosal cell layer. In the
present study, the presence of 178-estradiol significantly
reduced the TEER of C. albicans-infected VK2 cell
monolayers without evidence of cell damage, which is
consistent with the concept of increased epithelial per-
meability described in the latter study [26]. Other studies
have shown growth of C. albicans is enhanced by the
presence of 10 nM 17 f-estradiol [27]. The more effective
suppression of C. albicans growth on agar inhibition tests
by L. reuteri RC-14, compared with L. rhamnosus GR-1
supports this role of growth and germination inhibition
for L. reuteri RC-14.

In summary, this study shows that C. albicans infec-
tion of VK2 cells, a model of vaginal epithelial cells, can
be inhibited by the VK2 cells themselves through pro-
duction of H,O, and acidification of the media, and pro-
biotic L. rhamnosus GR-1 and L. reuteri RC-14 provide
additional support to this protective mechanism. The
presence of 17f-estradiol induces infectivity of C. albi-
cans by increasing growth and hyphal germination,
which is not inhibited by H,0,, lactic acid, or L. rham-
nosus GR-1 alone. The presence of L. reuteri RC-14 re-
stricts these indicators of increased C. albicans infectiv-
ity by 17f-estradiol. This work helps explain why VVC
symptoms emerge during times of increased estrogen
levels in the vaginal tract and suggests a mechanism by
which some probiotic lactobacilli can be protective
against VVC. From a regulatory science viewpoint, we
suggest that future probiotic bacterial strains be selected
for their ability to limit 17f-estradiol-induced growth and
hyphal germination by C. albicans.
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