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Abstract

Vulvovaginal candidiasis (VVC) is a common gynecological infection, with Pichia kudriavzevii
emerging as a significant pathogen due to its intrinsic fluconazole resistance and biofilm-
forming capacity. This study investigates the antifungal efficacy and mechanisms of tannic acid
(TA) against P. kudriavzevii, as well as its potential to reverse azole resistance across multiple
Candida species with distinct resistance profiles. TA significantly inhibited P. kudriavzevii
growth, surface colonization, and virulence gene expression at 3 pg/mL. Mechanistically,
TA protected the human vaginal epithelial cell line VK2 /E6E7 by reducing ROS levels,
restoring mitochondrial membrane potential, and suppressing IL-13 and IL-18 release
through modulation of the NLRP3-Caspasel-ASC axis. Furthermore, TA demonstrated
synergistic activity when combined with azoles against five clinically azole-resistant Candida
isolates spanning three Candida species with distinct resistance mechanisms: P. kudriavzevii
(intrinsic), C. albicans (acquired), and N. glabrata (FKS-mediated). This study highlights TA
as a promising natural therapeutic agent for P. kudriavzevii infections and offers a novel
strategy for combating multidrug-resistant Candida through combination therapy.

Keywords: Pichia kudriavzevii; VVC; tannic acid; vaginal epithelial cells; azoles resistance;
Candida species

1. Introduction

Fungal infections have become a pressing global concern, with invasive candidiasis
and candidemia posing a substantial public health problem due to their alarming mortality
rates [1-3]. Pichia kudriavzevii, alternatively known as Candida krusei, has emerged as a
significant and emerging pathogen, accounting for approximately 1.5% to 8% of candidemia
cases [4,5]. P. kudriavzevii, classified within the order Saccharomycetales and the Agenus
Candida, is capable of causing a wide range of infections, including cutaneous infections,
candidemia, and infections of visceral organs [6]. Additionally, as a facultative anaerobe that
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can produce pseudohyphae, P. kudriavzevii possesses a thick cell wall and an abundance of
surface glycoproteins, which endow it with strong adhesion capabilities within the host [7].
Unfortunately, P. kudriavzevii exhibits intrinsic resistance and reduced susceptibility to
azoles and polyenes, two major classes of antifungal agents [5]. In recent years, although
echinocandins have been regarded as a good therapeutic option for the treatment of invasive
P. kudriavzevii infections, studies have demonstrated the rapid acquisition of resistance by P.
kudriavzevii during treatment with caspofungin [8]. Therefore, there is an urgent need to
discover novel antifungal agents to replace existing therapies [9].

Vulvovaginal candidiasis (VVC) is a common gynecological condition caused by the
overgrowth of Candida species, with approximately 75% of women experiencing at least
one episode in their lifetime [10]. Candida albicans (C. albicans) is the predominant pathogen
responsible for VVC, accounting for 80% to 95% of all cases worldwide [11]. However, in
recent years, there has been an increase in VVC cases caused by non- C. albicans species.
P. kudriavzevii, although less common, is an important pathogen in VVC, representing
about 1% of cases and exhibiting intrinsic resistance to fluconazole, a frequently used
antifungal agent [12,13]. Additionally, P. kudriavzevii is more frequently associated with
recurrent VVC and is more prevalent in older women [13]. Critically, VVC involves multiple
Candida species with distinct resistance mechanisms. P. kudriavzevii exhibits intrinsic azole
resistance, whereas Candida albicans (C. albicans) typically acquires resistance through target
site mutations and efflux pump overexpression, and Nakaseomyces glabrata (N. glabrata)
frequently demonstrates echinocandin resistance via FKS mutations [14-17]. This species-
specific diversity in drug resistance poses a significant clinical challenge, as effective
adjuvant therapies must demonstrate efficacy across the spectrum of VVC pathogens rather
than target a single species. Consequently, validation of novel therapeutic agents against
multiple clinically relevant Candida species is essential for developing broadly applicable
treatment strategies. Therefore, there is an urgent need to develop new therapeutic agents
targeting P. kudriavzevii to address the clinical challenges in treating VVC.

Tannins, a group of naturally occurring polyphenol compounds, are widely present
in various tree species and higher plants [18]. In recent years, there has been growing
attention towards the pharmacological efficacy of tannins [19]. TA, extracted from plant
sources like gallnuts, is a hydrolysable gallic acid tannin with low toxicity. Numerous
studies have demonstrated that TA exhibits diverse pharmacological activities, such as
anticancer, anti-inflammatory, neuroprotective, antiviral and antioxidant effects [20,21].
Additionally, it is noteworthy that TA exerts antifungal effects, albeit with limited research
in this area [19]. Here, we evaluated the inhibitory effect of TA on various Candida species,
and the results showed that TA displayed extremely strong antifungal activity against P.
kudriavzevii as well as synergistic chemosensitizing effects against fluconazole-resistant C.
albicans and N. glabrata isolates, expanding the therapeutic range of TA.

2. Materials and Methods
2.1. Strains and Cells

The standard strain of P. kudriavzevii, C6d (ATCC 6258), was kindly provided by
Peking University First Hospital. The clinical fluconazole-resistant C. albicans isolates (06-37,
09-07, C1-17, and C1-19) and the N. glabrata isolate (Y10-5) were obtained from our team'’s
previous multicenter epidemiological study on VVC in China [22]. The Candida strains
were activated on yeast extract peptone dextrose (YPD) solid medium, and single colonies
were selected and inoculated into liquid YPD medium for further cultivation. The human
vaginal epithelial cell line VK2/E6E7 (ATCC CRL-2616) was cultured in Keratinocyte-SFM
(Gibco, Grand Island, NY, USA).
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2.2. MTS Assay

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) assay was used to assess the viability of P. kudriavzevii after TA treatment.

To evaluate TA’s inhibitory effect on P. kudriavzevii surface colonization, we modified
the CLSI M27-A3 broth microdilution reference method (CLSI, 2008) as follows: a fixed
inoculum of 3 x 10° CFU/mL was used with selected TA concentrations (0, 1, 3, 9 pg/mL)
based on preliminary cytotoxicity screening; and cell viability was quantified using the
MTS colorimetric assay rather than visual turbidity assessment to enable objective, high-
throughput detection. Firstly, P. kudriavzevii inocula were standardized to 3 x 10° CFU/mL
in RPMI 1640 medium supplemented with L-glutamine and buffered with 0.165 M MOPS
(pH 7.0 £ 0.1), then seeded into 96-well plates (100 puL/well) and treated with TA at
indicated concentrations (0, 1, 3, 9 ug/mL), followed by incubation at 35 °C for 48 h.
Subsequently, 20 uL CellTiter 96% Aqueous solution reagent (Promega, Madison, WI,
USA) was added into each well and incubated for 1 h at 30 °C. Finally, the absorbance
of each well was detected at 490 nm using MultiskanGO (Thermo Scientific, Waltham,
MA, USA). The modified method was validated by correlation with CFU enumeration and
LIVE/DEAD staining.

2.3. Candida Proliferation Assay

After growing the test strain on YPD solid medium for 48 h, 3 to 5 colonies were
selected and used to prepare a suspension with a concentration of 3 x 103> CFU/mL in
RPMI 1640 medium. This suspension was then inoculated into a 96-well cell culture plate
(200 puL/well), and the plate was placed into a real-time label-free cell dynamic analyzer
(Nanoanalytics, Nordrhein-Westfalen, Germany), where data acquisition was performed
every 6 h. The total duration for monitoring the growth dynamics of the test strain was 48 h.

2.4. Hyphal Formation Assay

Before experiments, P. kudriavzevii was grown in 30 mL YPD broth and incubated
overnight at 30 °C. RPMI1640 medium containing 10% FBS was prepared. Subsequently,
the P. kudriavzevii strains were cultured in RPMI1640 medium with or without TA at a
density of 1 x 107 cells/mL. They were placed on a shaker (200 rpm) and incubated for 24 h
at 30 °C. Finally, the effect of TA on the hyphal formation of P. kudriavzevii was observed
under optical microscope (Leica Microsystems, Wetzlar, Germany).

2.5. Adhesion Assay

To evaluate TA’s inhibitory effect on P. kudriavzevii surface colonization, we modified
the CLSI M27-A3 broth microdilution method as follows: Initially, poly-l-lysine-coated
glass coverslips were placed in a 12-well cell culture plate, and 1 mL of P. kudriavzevii
suspension (1 x 10° CFU/mL) was added to each well. Subsequently, biofilms were formed
by incubating the P. kudriavzevii at 30 °C for 24 h in the presence of various concentrations
of TA. The biofilms not treated with TA served as the live controls, while those treated with
isopropanol for 60 min were used as dead controls. The formed biofilms were then subjected
to immunofluorescence staining using the LIVE/DEAD FungaLight Yeast Viability Kit
(Molecular Probes, Inc., Eugene, OR, USA). Live yeasts with intact cell membranes were
stained fluorescent green by SYTO9, whereas dead yeasts with damaged membranes were
stained fluorescent red, indicating the penetration of propidium iodide. According to the
manufacturer’s protocol, 500 pL of staining solution was added to each well and incubated
in the dark at 30 °C for 30 min. The biofilms were observed and photographed under a
confocal laser scanning microscope at 10x magnification.
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2.6. Lactate Dehydrogenase (LDH) Assay

The toxic effects of P. kudriavzevii induction on vaginal epithelial cells were assessed
by measuring LDH release in VK2 cells. Firstly, VK2 cells were seeded uniformly in 96-well
plates (1 x 10° cells/well). Subsequently, P. kudriavzevii (1 x 10° cells/well) or TA was
added to 96-well plates and the incubation continued for 6, 12, 24, or 48 h. Then, the LDH
detection reagent (Beyotime, Beijing, China) was added to each well and reacted at 37 °C
for 1 h. Finally, the plate was placed in microplate reader (Thermo MultiskanGO, Waltham,
MA, USA) to detect the absorption value at 490 nm.

2.7. qRT-PCR Experiment

The total RNA of P. kudriavzevii was extracted using TRizol reagent (#15596026, Invit-
rogen, Thermo Fisher Scientific, Carlsbad, CA, USA) and was co-incubated with DNase I
(10 uL/1 U) at 37 °C for 1 h to eliminate potential DNA contamination. Subsequently, the
RNA was reverse-transcribed into cDNA using the Evo M-MLV RT Kit (Agbio, AG11728,
Changsha, China). Finally, qRT-PCR analysis was performed using SYBR Green Pro Taq HS
Mix (Agbio, AG11701, Changsha, China). The primers used in this study are summarized
in Supplementary Table S1. Data normalization was performed using two independent
reference genes, ACT1 and 18S ribosomal RNA, to ensure the reliability and robustness
of our quantitative results. The relative gene expression levels were calculated using the
AACt method.

2.8. Reactive Oxygen Species (ROS) Detection Assay

The release of ROS in VK2 cells was detected using a commercial kit. Initially, VK2
cells were seeded into 6-well plates (1 x 10° cells/well). Subsequently, a suspension of
P. kudriavzevii (2 x 10° CFU/well) was added to the wells. Additionally, either blank
solvent or TA solution was introduced into the wells. After 48 h, the cells were labeled
with DCFH-DA (Beyotime, Beijing, China) according to the manufacturer’s instructions.
Finally, the cells were observed and photographed under a fluorescence microscope (Leica
Microsystems, Wetzlar, Germany).

2.9. Mitochondrial Membrane Potential Detection Assay

The mitochondrial membrane potential (MMP) in VK2 cells was assessed using a
Mitochondrial Membrane Potential Assay Kit (Beyotime, Beijing, China) with JC-1. VK2
cells were seeded into 6-well plates (1 x 10° cells/well) and incubated for 1 h to allow
cell attachment. Subsequently, a suspension of P. kudriavzevii (2 x 10 CFU/well) was
added to the wells. Additionally, either blank solvent or TA solution was introduced
into the wells. After 48 h, cells were stained with JC-1 according to the kit instructions
(37 °C, dark, 30 min), followed by washing. The fluorescence intensity of JC-1 monomers
(green) and aggregates (red) was detected using a confocal laser scanning microscope (Carl
Zeiss AG, Oberkochen, Germany). The MMP was evaluated by analyzing the red-to-green
fluorescence ratio.

2.10. Fluorescein Isothiocyanate (FITC) and PKH26 Fluorescence Staining Assay

P. kudriavzevii suspensions were irradiated with 254 nm UV light for 45 min and
then incubated with 1.25 mM FITC at 4 °C overnight in the dark. After centrifugation
and three PBS washes, FITC-labeled P. kudriavzevii were resuspended in SFM medium.
VK2 cells were digested with trypsin, collected by centrifugation, washed with PBS, and
then incubated with 4 uM PKH-26 (Sigma-Aldrich, St. Louis, MO, USA) in Solution C
for 5 min. After adding an equal volume of serum and incubating for 1 min, VK2 cells
were washed three times with medium to obtain PKH-26-labeled cells. FITC-labeled P.
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kudriavzevii were co-cultured with PKH-26-labeled VK2 cells at an MOI of 5. The co-culture
was treated with 3 pg/mL TA or blank solvent for 48 h. Images were captured using
a confocal laser scanning microscope with FITC (Ex/Em = 490/530 nm) and PKH-26
(Ex/Em = 551/585 nm) channels.

2.11. Immunofluorescence Assay

VK2 cells were seeded onto cell culture slides in 12-well plates. Subsequently, 5-fold
excess of P. kudriavzevii or 3 ug/mL TA was added and incubated for 6 h. Cells were
washed thrice with PBS and fixed with 4% paraformaldehyde for 15 min, followed by
three PBS washes. Cells were permeabilized with 0.1% Triton-100 in PBS for 10 min on ice,
washed twice with PBS, and blocked with 5% BSA at room temperature for 1 h. Primary
anti-NLRP3 antibody (CST, #15101, 1:500) was applied and incubated overnight at 4 °C.
After PBST washing, cells were incubated with the corresponding fluorescent secondary
antibody for 1 h in the dark, followed by DAPI staining of nuclei. Fluorescence images
were captured using a confocal laser scanning microscope.

2.12. Western Blotting Assay

Proteins were extracted using RIPA lysis buffer (Beyotime, Beijing, China) containing
protease inhibitors (Thermo Fisher, Waltham, MA, USA) and quantified by BCA protein as-
say kit (Thermo Fisher Scientific, Waltham, MA, USA). Total protein extracts were separated
via SDS-PAGE and transferred onto polyvinylidene fluoride membranes. The membranes
were blocked in 5% BSA and incubated overnight at 4 °C with primary antibodies against
NOD-like receptor family pyrin domain containing 3 (NLRP3) (Proteintech, Wuhan, China,
#15101), Apoptosis-associated speck-like protein containing a CARD (ASC) (Proteintech,
#10500), Cysteinyl Aspartate Specific Proteinasel (Caspasel) (Proteintech, Wuhan, China,
#22915), and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Engibody, Shanghai,
China, AT0002). Subsequently, membranes were incubated for 1 h at room temperature
with horseradish peroxidase-conjugated secondary antibody (anti-rabbit; 1:3000). Target
protein bands were detected using an ECL detection system (Thermo Fisher Scientific,
Waltham, MA, USA).

2.13. Broth Microdilution Assay

To evaluate the interaction between tannic acid (TA) and fluconazole, the checker-
board broth microdilution assay was performed according to the CLSI M27-A3 guidelines
with minor modifications. Briefly, TA and fluconazole were dissolved in Mueller-Hinton
Broth (MHB) and subjected to 2-fold serial dilutions, yielding final concentration ranges
of 1.5-24 ug/mL for TA and 0.25-256 ug/mL for fluconazole. Fungal suspensions from
24-h cultures were added to each combination of drug concentrations to achieve a final
inoculum density of 1-5 x 10° CFU/mL. The inoculated 96-well flat-bottom microtiter
plates (Corning, NY, USA) were incubated at 37 °C for 48 h. Candida growth was as-
sessed by visual inspection of turbidity. Each test was performed in triplicate. Drug
interactions were quantified using the Fractional Inhibitory Concentration (FIC) index, cal-
culated as FIC = [MIC (TA in combination)/MIC (TA alone)] + [MIC (fluconazole in com-
bination)/MIC (fluconazole alone)]. This formula enables systematic evaluation of the
synergistic inhibitory effect by comparing the minimum inhibitory concentrations (MICs)
of each agent when used in combination versus alone. Mean FIC values from three
independent experiments were used for final interpretation. Drug interactions were in-
terpreted as follows: FICI < 0.5 indicated synergy, 0.5 < FICI < 1.0 indicated additivity,
1.0 < FICI < 4.0 indicated indifference, and FICI > 4.0 indicated antagonism.
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2.14. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.0 software (GraphPad
Software, San Diego, CA, USA). All experiments included at least three independent
biological replicates. Data distribution was assessed for normality using the Shapiro-Wilk
test. Normally distributed data are presented as mean + standard deviation (SD) and were
analyzed by unpaired Student’s t-test for two-group comparisons or one-way ANOVA
followed by Tukey’s post hoc test for multi-group comparisons (>3 groups). Non-normally
distributed data are presented as median (IQR) and were analyzed using Mann-Whitney
U test or Kruskal-Wallis test with Dunn’s post hoc test. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. TA Exhibited a Significant Inhibitory Effect on the Growth of P. kudriavzevii

Firstly, we explored whether TA exerted potential inhibitory effects on P. kudriavzevii.
The MTS assays were performed to assess the changes in proliferation viability of P. ku-
driavzevii following treatment with different concentrations of TA for 24 h. As shown in
Figure 1B, TA at concentrations of 1, 3, and 9 ug/mL markedly inhibited the proliferation of
P. kudriavzevii. Considering that the inhibitory effect of 3 ug/mL TA on P. kudriavzevii was
the strongest, this concentration was selected for further investigation. Additionally, RTCA
(Real-Time Cell Analysis) assay showed that TA distinctly inhibited the growth viability of
P. kudriavzevii in a time-dependent manner (Figure 1C,D). Together, these results revealed
that TA demonstrated potent antifungal efficacy against P. kudriavzevii.
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Figure 1. TA significantly suppresses the growth of P. kudriavzevii. (A) The chemical structure of
TA. (B) MTS assays were performed to assess the changes in proliferation viability of P. kudriavzevii
following treatment with different concentrations of TA for 24 h. (C,D) TA at concentrations of 1, 3,
and 9 ug/mL markedly inhibited the proliferation of P. kudriavzevii. RTCA assay showed that TA
distinctly inhibited the growth viability of P. kudriavzevii in a time-dependent manner. Bar = 200 um.
Statistics in (B) by one-way ANOVA with Dunnett’s multiple comparisons test; statistics in (D) by
two-way ANOVA followed by Sidak’s multiple comparisons test; data are shown as mean =+ s.d.
**p <0.01, ** p < 0.001, *** p < 0.0001.
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3.2. TA Dramatically Inhibited the Hyphal Formation of P. kudriavzevii

Hyphal is considered one of the most virulent factors of Candida. Inhibition of hyphal
formation was expected to be one of the effective strategies for screening new antifungal
drugs [23]. Therefore, to further validate the inhibitory effect of TA on P. kudriavzevii, we
utilized optical microscopy to observe the impact of different concentrations of TA on the hy-
phal formation of P. kudriavzevii after 24 h of exposure. As shown in Figure 2A, TA obviously
suppressed hyphal formation in P. kudriavzevii in a concentration-dependent manner.

A

Control 1pg/ml 3pg/ml Sug/ml

0F91-INdTI

SEA%01
+0P91-WdId

Live control 12 pg/ml

Figure 2. TA obviously suppresses hyphal formation in P. kudriavzevii and notably disrupts the
viability and spatial integrity of the P. kudriavzevii adhesion in a concentration-dependent manner.
(A) P. kudriavzevii was cultured at 37 °C in RPMI-1640 medium (upper figure) and RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) (lower figure). Specified concentrations of TA were
applied to P. kudriavzevii for 24 h. After incubation, samples were retrieved and photographed under
a 40x objective lens. Bar = 20 pm. (B) P. kudriavzevii was cultured at 35 °C in a 12-well cell culture
plate, and specific concentrations of TA were applied to the fungus for 24 h. Biofilms were formed
on poly-L-lysine-coated glass coverslips. The adhesion viability was assessed using SYTO 9 (green
fluorescence) and PI (red fluorescence) staining. Yellow fluorescence indicates the overlap of green
and red signals, representing areas with both live and dead cells.

3.3. TA Significantly Inhibited P. kudriavzevii Surface Colonization and Disrupted
Microcolony Architecture

P. kudriavzevii has greater cell hydrophobicity than other Candida species, making it
easy to colonize host cells and rapidly multiply to form a dense network of biofilms, which
reduces its sensitivity and even produces resistance to antifungal drugs [24-26]. Here,
the effect of TA on P. kudriavzevii biofilms was explored by using confocal laser scanning
microscopy (CLSM). As shown in Figure 2B, the adhesion of normal P. kudriavzevii presented
a regular and compact three-dimensional structure, but TA dramatically destroyed the
normal surface colonization structure of P. kudriavzevii. In addition, with the increase in
TA concentration, the structure of P. kudriavzevii surface colonization was damaged more
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severely and the number of P. kudriavzevii cells decreased more sharply (Figure 2B). In brief,
TA prominently inhibited P. kudriavzevii adhesion and damaged the surface colonization.

3.4. TA Markedly Down-Regulated the Expression of Virulence-Related Genes in P. kudriavzevii

To further explore the mechanism by which TA inhibited P. kudriavzevii, qRT-PCR anal-
ysis was performed to evaluate the effect of TA on the expression levels of virulence-related
genes. It has been reported that EFG1 [27-29], agglutinin-like sequence (ALS) [30,31] and
hyphal wall protein 1 (Hwp1) [32] are closely related to hyphal formation and adhesion in
Candida spp. Here, our data showed that TA significantly inhibited the mRNA expression
levels of EFG1, ALS1, ALS3, and Hwp1 (Figure 3). Furthermore, TA obviously inhibited the
expression of targets associated with fungal resistance, such as CDR1 and 1,3-beta-D-glucan
synthase (FKS1). Not only that, but TA also remarkably inhibited the expression of secreted
aspartic protease 2 (SAP2), which were proven to be a crucial virulent factor during fungal
infections [33]. The target genes were selected based on their established roles in distinct vir-
ulence mechanisms: EFG1 (master regulator of hyphal morphogenesis) [28,34-36], ALS1/3
(adhesion and biofilm formation) [28,37,38], HWP1 (hyphal-specific host adhesion) [39,40],
CDR1 (drug efflux and resistance) [41,42], FKS1 (cell wall integrity) [43,44], and SAP2
(tissue invasion and nutrient acquisition) [33,45].
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Figure 3. TA markedly down-regulated the expression of virulence-related genes in P. kudriavzevii.
The expression levels of virulence-associated genes (ASL1, ASL3, CDR1, EFG1, EGR11, FSK1, HWP1,
and SAP2) in P. kudriavzevii were quantified using qRT-PCR analysis. All gene expression values
shown are ACT1-normalized relative quantities. Two-tailed unpaired ¢-tests were performed for each

gene independently; data are shown as mean =+ SD from three independent experiments. *** p < 0.001,
e p < 0.0001.

3.5. TA Alleviated the Damage of P. kudriavzevii on Human Vaginal Epithelial Cells

To explore the therapeutic effect of TA on VVC, we first investigated the effect of TA on
the activity of human vaginal epithelial cells by Cell Counting Kit-8 (CCK8) assay. As shown
in Figure 4A-C, the viability of human vaginal epithelial cells was significantly enhanced
after treatment with TA (0.125~2.5 ug/mL) for 24 h or 48 h, respectively. However, 3 ug/mL
TA had no obvious effect on the activity of human vaginal epithelial cells, so we chose
3 ug/mL TA to evaluate whether TA alleviated the damage of human vaginal epithelial cells
induced by P. kudriavzevii. Subsequently, LDH assay showed that P. kudriavzevii markedly
induced the damage of human vaginal epithelial cells in a time-dependent manner, while
3 ug/mL TA could significantly reverse this effect (Figure 4D). Additionally, we observed a
similar phenomenon by confocal fluorescence microscopy (Figure 4E,F).
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Figure 4. TA alleviated the damage of P. kudriavzevii on human vaginal epithelial cells. (A—C) CCK8
assays were performed to assess the changes in VK2 cells viability treatment with different concen-
trations of TA for 24 h, 48 h and 72 h. (D) The percentage of vaginal epithelial cell damage induced
by P. kudriavzevii in the control group and the group treated with 3 pg/mL TA was assessed by
measuring the release of LDH at various time points. (E) FITC was used to stain P. kudriavzevii (green),
while PKH26 was used to stain VK2 cells (red). Blank solvent or 3 pg/mL TA was added to the
co-culture system of P. kudriavzevii and vaginal epithelial cells. After 48 h, images were captured
using a confocal laser scanning microscope. (F) Quantitative analysis of FITC and PKH26 fluores-
cence signals was performed for (E). Statistics in (A—C) were performed using one-way ANOVA
with Dunnett’s multiple comparisons test. Statistics in (D) were performed using a 2-way ANOVA
followed by Sidak’s multiple comparisons test. Statistics in (F) were performed using a two-tailed
unpaired f-test; data are shown as mean =+ s.d. * p < 0.05, ** p < 0.01, *** p < 0.001; ns, not significant.

3.6. TA Significantly Decreased the ROS Levels in Human Vaginal Epithelial Cells Induced
by P. kudriavzevii

Mitochondrial dysfunction leads to a decrease in mitochondrial membrane potential
(MMP) and the accumulation of reactive oxygen species (ROS). TA contains many phenolic
hydroxyl groups in its molecular structure (Figure 1A), which has strong reducibility.
Therefore, we attempted to explore the effect of TA on ROS levels in human vaginal
epithelial cells. As shown in Figure 5A,B, ROS levels in human vaginal epithelial cells
were significantly increased after infection with P. kudriavzevii. Interestingly, 3 ng/mL
TA could significantly inhibit the ROS level of human vaginal epithelial cells induced by
P. kudriavzevii. ROS are closely related to changes in MMP. Therefore, we subsequently
detected the MMP in human vaginal epithelial cells using JC-1. As shown in Figure 5C,D,
P. kudriavzevii induces significant depolarization in human vaginal epithelial cells, while
TA (3 ug/mL) significantly alleviates the abnormal mitochondrial membrane potential
induced by P. kudriavzevii.
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Figure 5. TA significantly ameliorated MMP and the ROS levels in human vaginal epithelial cells
induced by P. kudriavzevii. (A,B) Under the specified conditions, VK2 cells were stained with JC-1
and captured using a confocal microscope. Bar = 30 pm. (A). The fluorescence intensities at 590 nm
(green) and 530 nm (red) were quantitatively analyzed (B). (C,D) Under the specified conditions,
the intracellular ROS levels were measured using the DCFH-DA kit, and images were captured
using a fluorescence microscope. Bar = 50 um (C). The fluorescence intensity was then quantitatively
analyzed (D). Statistics in (B,C) were performed using one-way ANOVA with Tukey’s multiple
comparisons test; data are shown as mean £ s.d. ** p < 0.01, ** p < 0.001.

3.7. TA Protected Human Vaginal Epithelial Cells Infected with P. kudriavzevii via the
NLRP3 Inflammasome

As reported, ROS serve as a key activator of the NLRP3 inflammasome, which can
induce pyroptosis by facilitating the assembly of the NLRP3-ASC-caspase-1 multiprotein
complex [46—-48]. The typical morphological characteristics of pyroptosis include membrane
blebbing, cell swelling, and eventual membrane rupture [49,50]. Our study demonstrated
that P. kudriavzevii could induce a significant spherical swelling structure in human vaginal
epithelial cells (indicated by arrows), while TA could markedly attenuate this change
(Figure 6A). This indicates that TA could ameliorate pyroptosis of human vaginal epithelial
cells induced by P. kudriavzevii. Furthermore, immunofluorescence assays revealed that TA
could significantly inhibit the induction of NLRP3 protein fluorescence intensity in human
vaginal epithelial cells by P. kudriavzevii (Figure 6B). Additionally, Western blot analysis
showed that TA could significantly reverse the decreased expression levels of NLRP3, ASC,
and caspase-1 proteins caused by P. kudriavzevii infection (Figure 6C). ELISA revealed that
P. kudriavzevii induces elevated levels of IL-18 and IL-13 in human vaginal epithelial cells,
whereas TA (3 ng/mL) significantly reduces the levels of IL-18 and IL-1$3 induced by P.
kudriavzevii (Figure 6D). In summary, these results indicate that TA may inhibit pyroptosis
and inflammatory responses induced by P. kudriavzevii via the NLRP3-ASC-caspase-1 axis.
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Figure 6. TA protects VK2 cells infected with P. kudriavzevii via the NLRP3 inflammasome. (A) Under
different treatment conditions, the morphology of VK2 cells was observed under a microscope.
Arrows indicate representative cells exhibiting balloon-like vesicles characteristic of pyroptosis.
Bar =20 um. (B) The expression level of NLRP3 in VK2 cells was detected by immunofluorescence.
Bar = 20 um. DAPI (blue) and NLRP3 (red). (C) WB analysis of NLRP3, Caspasel, ASC and GAPDH
expression in VK2 cells treated under indicated condition. (D). ELISA analysis of IL-1f and IL18
protein expression in VK2 cells treated under indicated condition. Statistics in (D) were performed
using one-way ANOVA; ** p < 0.01, *** p < 0.001.

3.8. Synergistic Antifungal Activity of TA and Fluconazole Against Clinical Fluconazole-Resistant
C. albicans and N. glabrata

In addition to P. kudriavzevii, C. albicans and N. glabrata are also important causative
agents of VVC. We collected four clinical fluconazole-resistant strains of C. albicans and
one clinical fluconazole-resistant strain of N. glabrata to further investigate whether the
combination of TA and fluconazole could reduce the minimal inhibitory concentrations
(MICs) of these Candida species. As expected, fluconazole alone required a high con-
centration of up to 128 ug/mL to significantly inhibit these resistant strains (Table 1).
Similarly, the antifungal efficacy of tannic acid in combination with fluconazole against
fluconazole-resistant Candida clinical isolates was evaluated using the Fractional Inhibitory
Concentration Index (FICI). Drug interactions were interpreted as follows: FICI < 0.5 indi-
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cated synergy, 0.5 < FICI < 1.0 indicated additivity, 1.0 < FICI < 4.0 indicated indifference,
and FICI > 4.0 indicated antagonism. Checkerboard assays revealed that the combination
of tannic acid and fluconazole exhibited pronounced synergistic activity (FICI < 0.5) across
all five tested strains (Table 1). This result confirms the groundbreaking synergistic effect
of the combination of tannic acid and fluconazole against clinical fluconazole-resistant
Candida species, further indicating that TA holds promise as a potential candidate for the
treatment of VVC.

Table 1. Antifungal Activity of TA in Combination with Fluconazole against Clinical Fluconazole-
Resistant Candida Strains.

Strains FCZ MIC90 FCZ + 3 ug/mL TA MIC90
C. albicans (06-37) >128 0.25
C. albicans (09-07) >128 0.5
C. albicans (C1-17) >128 0.5
C. albicans (C1-19) >128 0.5
C. glabrata (Y10-5) >128 0.25

The MIC90 (90% Minimal Inhibitory Concentration) is defined as the lowest concentration of an antimicrobial
agent required to inhibit the growth of 90% of the tested microbial strains.

4. Discussion

P. kudriavzevii is a pathogen of candidiasis and an emerging opportunistic yeast that
can rapidly develop acquired resistance to multiple antifungal agents. Therefore, it is im-
perative to develop new antifungal agents against P. kudriavzevii to address the limitations
of current clinical treatments. TA, a phenolic compound widely found in plants, possesses
various medicinal properties. In terms of antifungal activity, TA has been shown to inhibit
the growth of C. albicans [51]. Moreover, TA can suppress the growth and adhesiveness
of Candida tropicalis [52]. Additionally, TA has been reported to exhibit broad-spectrum
antifungal activity against human pathogenic fungi and yeasts [53]. However, the antifun-
gal mechanisms of TA, especially against the clinically important opportunistic pathogen
P. kudriavzevii, have not been fully elucidated. In this study, we demonstrated that TA
significantly inhibits the growth, hyphal formation, surface colonization, and expression
of virulence-related genes (such as EFG1, HWP1, and CDR1) in P. kudriavzevii. Therefore,
our findings suggest that TA may serve as a promising candidate for the development of
antifungal agents against P. kudriavzevii.

VVC is one of the most common invasive fungal infections, and its disruption of
vaginal microenvironment homeostasis significantly exacerbates the health burden on
female patients [54,55]. The majority of VVC patients exhibit pathological changes such as
mucosal barrier damage, abnormal elevation of local inflammatory factors, and reduced
abundance of Lactobacillus [56,57]. In VVC, P. kudriavzevii, although the third most common
pathogenic fungus after C. albicans and N. glabrata, poses a significant challenge due to its
intrinsic resistance to azole drugs like fluconazole, which significantly limits the efficacy
of traditional azole therapies. Importantly, clinical VVC often involves mixed infections
or sequential colonization by multiple Candida species, each with distinct drug resistance
profiles. Our comparative findings demonstrate that TA not only exerts direct antifungal
effects against P. kudriavzevii but also significantly enhances fluconazole sensitivity in
resistant isolates of C. albicans and N. glabrata. TA exhibits broad-spectrum resistance-
reversing activity against Candida species, indicating that TA-based combination therapy
may provide a unified treatment strategy for polymicrobial VVC, eliminating the need
for species-specific drug selection and thereby streamlining clinical management of drug-
resistant infections. Our study revealed that TA significantly mitigates host cell damage by
reducing the release of LDH from human vaginal epithelial cells infected with P. kudriavzevii,
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decreasing fungal adhesion, and inhibiting the overproduction of ROS. TA demonstrates
significant cell type selectivity in its biological activities—it exhibits cytotoxicity and pro-
apoptotic effects against various tumor cells (bladder cancer, osteosarcoma, glioma, lung
cancer, colon cancer) [58-61], while showing pro-proliferative and cytoprotective effects on
normal cells such as osteoblasts [59], neuronal cells [62], and vaginal epithelial cells in this
study. Therefore, our study expands the potential applications of TA and may provide a
new therapeutic option for VVC caused by P. kudriavzevii in clinical settings.

ROS are primarily generated during the mitochondrial electron transport chain (ETC)
process [63,64]. The mitochondrial membrane potential (MMP) can restrict excessive ROS
production, thereby reducing oxidative stress-induced cellular damage. The integrity of the
mitochondrial inner membrane is crucial for maintaining the stability of MMP. Disruption
of membrane integrity not only impairs mitochondrial energy metabolism but also activates
key signaling pathways such as pyroptosis [65,66]. Our study demonstrated that after
treatment with TA for 48 h, human vaginal epithelial cells infected with P. kudriavzevii
exhibited significant recovery of MMP, thereby alleviating the cytotoxic damage caused by
P. kudriavzevii. Additionally, TA significantly reduced the levels of ROS and LDH release
in human vaginal epithelial cells induced by P. kudriavzevii. These results suggest that in
human vaginal epithelial cells, TA may maintain mitochondrial functional homeostasis by
inhibiting ROS production and stabilizing MMP, thereby resisting cell damage caused by P.
kudriavzevii infection.

Pyroptosis is a form of programmed cell death characterized by cell swelling, rupture
of the cell membrane, and the release of large amounts of inflammatory factors, thereby
triggering a robust inflammatory response [49,50]. This study demonstrated that TA sig-
nificantly alleviated the swelling of human vaginal epithelial cells and improved cell
membrane integrity caused by P. kudriavzevii infection. Moreover, TA markedly inhibited
the activation of the NLRP3 inflammasome by P. kudriavzevii, thereby reducing the expres-
sion levels of the pro-inflammatory cytokines IL-18 and IL-1$3. This mechanism may be
an important pathway through which TA mitigates the inflammatory response in VVC
caused by P. kudriavzevii. These results indicate that TA can effectively reduce pyroptosis
in human vaginal epithelial cells induced by P. kudriavzevii via the NLRP3 inflammasome
pathway. Notably, this is the first study to elucidate the protective mechanism of tannic
acid against P. kudriavzevii infection from the perspective of pyroptosis. Although this study
primarily focused on the pyroptosis pathway, TA may also regulate other forms of cell
death. Based on the existing evidence, we propose that the mechanism by which TA, as a
potential antifungal agent, exerts its protective effects through the regulation of pyroptosis
warrants further investigation.

This study has three main limitations. First, we did not include fluconazole-susceptible
standard strains in the combination experiments. Future studies will therefore explore
experimental protocols with lower concentration ranges suitable for highly susceptible
strains to comprehensively evaluate the universality of the TA-fluconazole synergistic effect.
Second, although the present study evaluated fungal adhesion and early surface coloniza-
tion using confocal microscopy, quantification of specific extracellular polymeric substance
(EPS) components—including exopolysaccharides, extracellular DNA (eDNA), and matrix
proteins—was not performed. Consequently, we cannot conclusively demonstrate the
presence of structurally mature biofilms. Future studies will employ scanning electron
microscopy (SEM) combined with fluorescent labeling techniques (e.g., ConA-FITC for
polysaccharides, SYTO 9 for eDNA) to comprehensively characterize EPS composition and
validate true biofilm architecture. Finally, this study used the immortalized VK2 /E6E7
cell line rather than primary human vaginal epithelial cells. While widely accepted for
studying vaginal epithelial cell-Candida interactions, it may not fully recapitulate the phe-
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notypic and functional characteristics of primary cells in vivo. Future studies will validate
these findings using primary vaginal epithelial cells or ex vivo tissue models to ensure
translational relevance.

In summary, our study has confirmed the significant inhibitory effects of TA on P.
kudriavzevii and its anti-inflammatory protective effects on human vaginal epithelial cells
infected with P. kudriavzevii. Moreover, TA has been shown to enhance the sensitivity of
clinical fluconazole-resistant C. albicans and N. glabrata to fluconazole. These comparative
findings across multiple Candida species underscore the potential of TA as a broad-spectrum
anti-Candida therapeutic strategy for drug-resistant VVC, offering a unified approach to
manage the diverse etiology of this common gynecological infection. Therefore, our
research suggests that TA may be a promising candidate for the treatment of VVC.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ pathogens15050464 /s1, Supplementary Table S1. Sequence
information for qRT-PCR primers.
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