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Objectives: Aureobasidin A (AbA) is a natural antifungal lipopeptide known to
inhibit inositol phosphorylceramide (IPC) synthase. While its antifungal effect,
mechanism via the inositol pathway involved in sphingolipid synthesis, and
influence on ABC efflux pumps have been reported previously, its potential role
in inducing programmed cell death and efficacy against oral candidiasis remain
unexplored. This study aimed to elucidate a novel, complementary mechanism
of AbA against Candida albicans (C. albicans), focusing on ROS-implicated
apoptosis, and to evaluate its therapeutic potential for oral candidiasis.
Methods: In vitro experiments were initially conducted to assess the inhibitory
effects of AbA on the virulence factors of C. albicans and investigate its
impact on intracellular reactive oxygen species (ROS) levels and mitochondrial
function to infer its potential apoptotic pathways. Subsequent transcriptome
sequencing (RNA-seq) was employed to explore apoptotic mechanisms, with
key genes validated by qRT-PCR. Finally, a murine oral candidiasis model was
established to evaluate its in vivo antimicrobial activity and explore its clinical
translational potential.
Results: AbA potently inhibited the growth and key virulence of C.
albicans. Against strain SC5314, its minimum inhibitory concentration (MIC)
was 0.0625 μg/mL, with 75% fewer colonies at 72 h. After 4 h treatment,
intracellular reactive oxygen species (ROS) increased by 2.75-fold, and propidium
iodide (PI) fluorescence confirmed apoptosis induction. RNA-sequencing
(RNA-seq) showed activation of oxidative stress-related pathways, validated
by qRT-PCR: oxidative stress genes (TSA1, NADPH oxidase, MCA1, CAT1)
were significantly downregulated. These findings suggest that AbA induces
apoptosis, a process critically mediated by the activation of the oxidative
stress pathway. In murine models, 1-week topical AbA reduced tongue fungal
burden by 80%, inflammatory cell infiltration area by 60%, and alleviated tongue
pathological damage.
Conclusion: Beyond its known effect on sphingolipid synthesis, AbA exerts
potent antifungal effects, which our data suggest involve the induction of ROS
accumulation and subsequent mitochondrial dysfunction, leading to apoptosis.
This dual mechanism highlights its promise as a therapeutic candidate, especially
against azole-resistant infections.
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1 Introduction

Natural products are a rich source of antifungal agents due
to their structural diversity and biological specificity (Chopra
and Dhingra, 2021). Aureobasidin A (AbA), a cyclic lipopeptide
antibiotic derived from Aureobasidium pullulans, has garnered
interest for its potent activity and low toxicity (Zhen et al., 2022).
Its established primary mechanism involves the specific inhibition
of inositol phosphorylceramide (IPC) synthase, a key enzyme in
sphingolipid biosynthesis, disrupting membrane integrity (Mota
Fernandes and Del Poeta, 2020; Khalfe and Rosen, 2022). Notably,
AbA-mediated IPC synthase inhibition can also interfere with the
function of membrane-localized ABC efflux pumps (e.g., CDR1,
CDR2), which are major mediators of azole resistance in C.
albicans. However, the complete spectrum of AbA’s antifungal
actions, particularly its potential to induce programmed cell
death (PCD) and its efficacy in treating oral candidiasis, remains
inadequately explored.

Apoptosis, a form of PCD, is characterized by conserved
morphological changes including cell shrinkage, chromatin
condensation, and DNA fragmentation (Obeng, 2021). It can be
initiated through intrinsic (mitochondrial) or extrinsic (death
receptor) pathways (Bertheloot et al., 2021). The intrinsic pathway
is often precipitated by cellular stress, leading to mitochondrial
outer membrane permeabilization, release of cytochrome c
(Cyt C), and activation of caspase proteases (Zhou et al., 2024).
Notably, fungi, including Candida albicans (C. albicans), possess a
rudimentary apoptotic machinery that can be activated by external
stimuli, presenting a novel target for antifungal development (Yuan
and Ofengeim, 2024; Rodríguez-González and Gutiérrez-Kobeh,
2023).

Mitochondria are central regulators of this intrinsic apoptosis
(Al Amir Dache and Thierry, 2023). Beyond their role in energy
production, they are a primary source of reactive oxygen species
(ROS; Palma et al., 2024). Excessive ROS accumulation causes
oxidative damage, leading to mitochondrial dysfunction, loss of
mitochondrial membrane potential (MMP), and the release of pro-
apoptotic factors, thereby initiating a caspase-dependent apoptotic
cascade (Chen et al., 2022). This ROS-mediated apoptosis is
increasingly recognized as a critical mechanism of action for
several antifungal agents (Vringer and Tait, 2023; Semighini et al.,
2006).

Given that AbA’s known action on membrane lipids could
potentially generate secondary oxidative stress, we hypothesized
that ROS-mediated mitochondrial apoptosis might be involved
in its antifungal efficacy (Yaakoub et al., 2022; Atriwal et al.,
2021). To date, AbA has not been approved for clinical use
in the treatment of oral candidiasis, despite its potent in
vitro antifungal activity. This study aims to systematically
investigate this novel mechanism of AbA. By combining
phenotypic assays, transcriptional profiling, and molecular
analysis, we delineate how AbA induces ROS accumulation,
mitochondrial damage, and subsequent apoptosis in C.
albicans. Furthermore, we evaluate the in vivo therapeutic
efficacy of AbA in a murine model of oral candidiasis,
providing a comprehensive rationale for its development as
a multi-mechanistic antifungal therapy for both oral and
invasive infections.

2 Materials and methods

2.1 Strains, culture conditions, and reagents

The standard wild-type C. albicans strain SC5314 (Biobw,
China) was used exclusively throughout this study. Strains were
stored at −80 ◦C in 25% sterile glycerol. For routine cultivation,
yeast extract-peptone-dextrose (YPD) medium (1% yeast extract,
2% peptone, 2% dextrose; Sigma, China) was used. For solid media,
2% agar was added. To activate the strain, frozen stocks were
streaked onto YPD agar plates and incubated at 30 ◦C for 48 h.
A single colony was then inoculated into YPD liquid medium
and incubated overnight at 30 ◦C with constant shaking at 200
rpm. This overnight culture was diluted to an OD600 of 0.1
in fresh YPD medium and grown to the mid-logarithmic phase
(OD600 ≈ 0.6–0.8) at 37 ◦C with shaking for all experiments,
ensuring a predominantly yeast-form population for consistent
experimental conditions.

2.2 Assessment of antifungal efficacy

2.2.1 Determination of minimum inhibitory
concentration (MIC)

The MIC of AbA against C. albicans SC5314 was determined
in accordance with the Clinical and Laboratory Standards Institute
(CLSI) M27-A3 guidelines for broth microdilution. Briefly, AbA
was first dissolved in methanol and then serially diluted two-fold
in RPMI-1640 medium (with L-glutamine, without bicarbonate,
buffered to pH 7.0 with 0.165 M MOPS; Sigma, China) across
a 96-well microtiter plate. The final concentrations ranged from
0.0625 to 2 μg/mL. Each well was inoculated with 100 μL of a C.
albicans cell suspension adjusted to 1 × 103 CFU/mL. The plate
was incubated at 37 ◦C for 48 h. The MIC was defined as the lowest
concentration of AbA that resulted in complete visual inhibition of
growth. The MIC value was determined to be 0.0625 μg/mL, which
was used for all subsequent experiments.

2.2.2 Time-kill kinetics assay
C. albicans cells in the logarithmic growth phase were treated

with AbA at concentrations of 0.0625 (1 × MIC), 0.125 (2 ×
MIC), 0.25 (4 × MIC), and 0.5 (8 × MIC) μg/mL. Aliquots
were withdrawn at 0, 2, 4, 8, and 12 h, serially diluted in sterile
phosphate-buffered saline (PBS; Gibco, USA), and plated on YPD
agar in triplicate. Colony-forming units (CFUs) were enumerated
after 48 h of incubation at 37 ◦C. Time-kill curves were plotted as
log10 CFU/mL vs. time.

2.2.3 Crystal violet biofilm assay
The effect of AbA on early biofilm formation was assessed

using a crystal violet staining method. C. albicans cell suspension
(1 × 106 CFU/mL in RPMI-1640) was added to a 96-well plate
(200 μL/well). AbA was added to reach final concentrations of
0.0625–0.5 μg/mL. The plate was incubated at 37 ◦C for 2 h. After
incubation, non-adherent cells were removed by gently washing
twice with PBS (Gibco, USA). The adherent cells (biofilms) were
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fixed with methanol for 15 min, air-dried at room temperature,
and stained with 0.1% crystal violet for 15 min. Excess stain was
removed by washing with deionized water. The bound dye was
solubilized with 95% ethanol, and the optical density (OD) was
measured at 570 nm using a microplate reader (Thermo Fisher
Scientific, USA).

2.2.4 Extracellular polymeric substance (EPS)
assay

The phenol-sulfuric acid method was used to quantify
extracellular polysaccharide content (Yue et al., 2022). C. albicans
cell suspension (1 × 106 CFU/mL) was co-cultured with AbA
(0.0625–0.5 μg/mL) in Sabouraud dextrose broth (Sigma, China)
for 24 h at 37 ◦C. The culture supernatant was collected by
centrifugation at 3,000× g for 3 min at 4 ◦C. To 200 μL of
supernatant, 200 μL of 5% (w/v) aqueous phenol and 2 mL of
concentrated sulfuric acid were added. The mixture was gently
vortexed immediately after addition and incubated at room
temperature in the dark for 1 h, and the absorbance was measured
at 490 nm. Glucose was used to generate a standard curve.

2.2.5 Adhesion assay
Mouse fibroblast L929 cells were used as the adhesion surface

(Ibrahim et al., 2021). Cells were seeded in a 24-well plate at a
density of 1 × 105 cells/well and cultured for 24 h to form a
confluent monolayer. The monolayer was infected with C. albicans
cell suspension (1 × 106 CFU/mL) at a multiplicity of infection
(MOI) of 10:1 (C. albicans cells to L929 cells) and incubated for 5 h.
Subsequently, AbA (0.0625–0.5 μg/mL) was added and incubation
continued for another 2 h. Non-adherent fungal cells were removed
by gentle washing three times with PBS. The adherent fungi were
imaged under a light microscope, and the area of adhesion was
quantified using ImageJ software (NIH).

2.2.6 Hyphal inhibition assay
The ability of AbA to inhibit the yeast-to-hypha transition was

evaluated in both liquid and solid media. For liquid assays, C.
albicans cell suspension (1 × 106 CFU/mL) was incubated in Spider
medium (1% nutrient broth, 1% mannitol, 0.2% K2HPO4) with
AbA (0.03125 (1/2×MIC), 0.0625 (1×MIC), and 0.125 (2×MIC)
μg/mL) at 37 ◦C for 24 h. Hyphal formation was observed under
an inverted light microscope, and hyphal length was quantified by
analyzing five random fields per sample using ImageJ software. For
solid assays, 50 μL of C. albicans suspension (1× 105 CFU/mL) was
spread onto Spider agar plates (supplemented with an additional
2% agar compared to the liquid Spider medium) containing the
same concentrations of AbA. Plates were incubated at 37 ◦C for 4
days, and colony morphology was photographed.

2.3 Investigation of antifungal mechanism

2.3.1 Cell membrane integrity and permeability
assay

The integrity of the cell wall and membrane was assessed using
crystal violet uptake and propidium iodide (PI; Beyotime, China)

staining (Venkataraman et al., 2023; Luo et al., 2022). For crystal
violet uptake, log-phase C. albicans cells (1 × 107 CFU/mL) were
treated with AbA (0.5 μg/mL) for 10 h, stained with 5% crystal
violet for 20 min, fixed with 10% tannic acid (Thermo Fisher, USA),
and observed under a microscope. The percentage of cells with
compromised walls was calculated from counts of 100 random
cells. For PI staining, washed twice with PBS, then incubated with
5 μg/mL PI solution (Beyotime, China) in the dark for 30 min.
Cells were visualized using confocal microscopy, and fluorescence
intensity was quantified with a microplate reader, with five replicate
wells per group.

2.3.2 Scanning electron microscopy (SEM)
C. albicans cells treated with and without AbA (0.5 μg/mL)

were fixed overnight in 2.5% (v/v) sterile glutaraldehyde at 4 ◦C,
then washed three times with PBS (pH 7.4) to remove excess
fixative. The samples were then dehydrated through a graded
ethanol series (70%, 80%, 90%, 100%; 5 min each), critical-point
dried, and sputter-coated with gold. The morphological changes
were observed at magnifications of 2,000×, 2,500× (for overall
cellular morphology) and 20,000× (for surface ultrastructure)
using a scanning electron microscope (Thermo Fisher, USA).

2.3.3 Intracellular ROS detection
Intracellular ROS levels were measured using the fluorescent

probe 2
′
,7

′
-dichlorodihydrofluorescein diacetate (DCFH-DA;

Beyotime, China; Benedetti et al., 2022). C. albicans cells (1 ×
106 CFU/mL) treated with AbA (0.0625–0.5 μg/mL) for 4 h were
collected by centrifugation at 5,000× g for 5 min at 4 ◦C, washed
with PBS, and incubated with 10 μM DCFH-DA at 37 ◦C in the
dark with gentle shaking for 30 min. The cells were washed again
to remove excess probe. Fluorescence images were captured using
a confocal laser scanning microscope (CLSM, Olympus, Japan).

2.3.4 Mature biofilm analysis and live/dead
staining

A mature biofilm model was established using cell culture
inserts (Irwin et al., 2023). C. albicans cell suspension (1 × 107
CFU/mL) was added to the inserts and incubated in RPMI-1640 for
48 h at 37 ◦C to form biofilms. At 24 h post-inoculation (to initiate
biofilm formation), AbA (0.5 μg/mL) was added, and incubation
was continued for an additional 24 h to reach mature biofilms.
Biofilms were then stained using the LIVE/DEADTM BacLightTM

viability kit (Thermo Fisher Scientific, USA) according to the
manufacturer’s instructions. Z-stack images (step size: 1 μm) were
acquired using a laser scanning confocal microscope (CLSM) with a
20× objective. Biofilm thickness and the ratio of live/dead cells were
quantified, and 3D reconstructions were generated using ImageJ
software (NIH, USA) with the Bio-Formats plugin.

2.3.5 Cytocompatibility assay of AbA
The L929 mouse fibroblast cell line was selected as the in vitro

biocompatibility model. The cells were subcultured in high-glucose
DMEM medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS; Hyclone, USA) and 1% penicillin-streptomycin
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double antibiotics (Thermo Fisher, USA) in an incubator at 37 ◦C
with 5% CO2 and saturated humidity. When the cell confluency
reached 80%-90%, the cells were digested with 0.25% trypsin-
EDTA digestion solution (Hyclone, USA), centrifuged at 200× g
for 5 min, resuspended and counted. The cell density was adjusted
to 8 × 103 cells/mL. After the cells were cultured overnight for
adherence, and two-fold serially diluted AbA solutions as well as 10
μL of methanol (served as the solvent control) were added to the
corresponding wells. The cells were further cultured for 1, 2, and 3
days, respectively, to evaluate the effects of gradient concentrations
of AbA and solvent methanol on the proliferation and viability of
L929 mouse fibroblasts.

At the end of each culture period, the culture medium was
aspirated, and 100 μL of pre-mixed CCK-8 working solution
(containing 10% CCK-8 reagent and 90% serum-free medium,
Beyotime, China) was added to each well. The plates were then
incubated in the dark for 2 h. The absorbance value of each
well was measured at 450 nm using a microplate reader, and the
cytocompatibility of AbA toward L929 cells was assessed based on
the measured absorbance values.

2.3.6 RNA sequencing and analysis
Log-phase C. albicans cell suspension (1 × 108 CFU/mL)

were treated with 1 × MIC AbA (0.0625 μg/mL) or sterile PBS
(untreated control) for 12 h at 37 ◦C, with three independent
biological replicates per group. Total RNA was extracted using
TRIzol (Invitrogen, USA) reagent. RNA quality was then assessed
using an Agilent 2100 Bioanalyzer, with samples having a RNA
Integrity Number (RIN) ≥ 8.0 selected for subsequent library
preparation. Library preparation and sequencing were performed
on an Illumina NovaSeq platform. Quality-controlled reads were
aligned to the C. albicans SC5314 reference genome. Differential
gene expression analysis was performed using DESeq2 with
thresholds set at |log2 fold change| > 1 and adjusted p-value < 0.05.
Gene Ontology (GO) enrichment analysis was conducted using the
clusterProfiler R package (v4.6.0) with adjusted p-value < 0.05 set
as the significance threshold.

2.3.7 Quantitative real-time PCR (qRT-PCR)
To validate RNA-seq results, total RNA was extracted from

cells treated with AbA (0.0625, 0.25, 0.5 μg/mL) for 24 h. cDNA
was synthesized using a PrimeScript RT reagent kit (TaKaRa,
Japan) with gDNA Eraser (to further eliminate genomic DNA
contamination). qRT-PCR was performed using SYBR Green
Premix (Vazyme, China) on a QuantStudio system. The primers
for oxidative stress-related genes (TSA1, CAT1, NADPH oxidase,
MCA1) and the C. albicans reference gene GAPDH (GenBank ID:
XM_712258) are listed in Supplementary Table S1. Relative gene
expression levels were calculated using the 2−��CT method, with
GAPDH as the internal control.

2.3.8 Analysis of cell apoptosis
The percentages of early and late apoptotic cells were

determined using an Annexin V-FITC/PI apoptosis detection kit
(Beyotime, China; Zhu et al., 2022). C. albicans cells were treated

with AbA (0.0625–0.5 μg/mL) for 12 h, washed twice with PBS,
and resuspended in the kit-supplied binding buffer. Cells were
stained with Annexin V-FITC and PI for 15 min in the dark and
analyzed immediately by flow cytometry (Beckman Coulter, USA).
Data were analyzed using FlowJo software. Additionally, for the
NAC intervention assay, C. albicans cells were first pretreated with
the optimized concentration of NAC (10 mM) for 1 h, followed by
co-incubation with 8 × MIC AbA for 12 h. After treatment, both
the 8 × MIC AbA treated cells and the NAC + 8 × MIC AbA cells
were subjected to the same washing, resuspension in binding buffer,
and Annexin V-FITC/PI staining (15 min in the dark) as described
above. These stained cells were then analyzed by flow cytometry
immediately, and the percentages of Annexin V-FITC positive cells
were quantified and compared using FlowJo software.

2.3.9 Mitochondrial membrane potential (MMP)
assay

MMP was assessed using the JC-1 fluorescent dye (Beyotime,
China). AbA-treated log-phase C. albicans cells (1 × 106 CFU/mL,
treated with 0.0625–0.5 μg/mL AbA for 12 h) were collected by
centrifugation at 5,000× g for 5 min at 4 ◦C, washed twice with PBS
(pH 7.4), and incubated with JC-1 (5 μg/mL) at 37 ◦C in the dark
for 30 min. After washing twice with PBS to remove excess dye, cells
were analyzed by flow cytometry (Beckman Coulter CytoFLEX,
USA) and confocal laser scanning microscopy (CLSM, Olympus
FV3000, Japan). For CLSM imaging, each experimental group
(Control, 1 × MIC, 4 × MIC, 8 × MIC AbA) was clearly labeled,
with red fluorescence representing JC-1 aggregates (high MMP)
and green fluorescence representing JC-1 monomers (low MMP).

2.3 TUNEL assay for DNA fragmentation

DNA fragmentation, a hallmark of late apoptosis, was detected
using a TUNEL assay kit (Beyotime, China; Moore et al., 2021).
Log-phase C. albicans cell suspension (1 × 106 CFU/mL) was
treated with AbA (0.5 μg/mL) for 2 h, collected by centrifugation
at 5,000× g for 5 min at 4 ◦C, and fixed with 4% (w/v)
paraformaldehyde at room temperature for 30 min. Cells were
washed twice with PBS (pH 7.4), permeabilized with 0.1% Triton
X-100 for 10 min, and then labeled with TUNEL reaction mixture
at 37 ◦C in the dark for 60 min. Cells were visualized under
a CLSM (Olympus FV3000, Japan), with TUNEL-positive cells
(green fluorescence) counted in three random fields per sample.
The positive rate was calculated, and three independent biological
replicates were performed.

2.4 In vivo antifungal activity assessment

2.4.1 Murine model of oral candidiasis
All animal procedures were approved by the Institutional

Animal Care and Use Committee of University of Electronic
Science and Technology of China. Six-to-eight-week-old female
C57BL/6J mice (weight: 18–22 g, purchased from Chengdu Dossy
Laboratory Animal Co., Ltd., China) were housed under specific
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pathogen-free (SPF) conditions with a 12-h light/dark cycle, ad
libitum access to food and water, and acclimatized for 1 week
before experimentation.

2.4.2 Treatment groups and drug administration
All experimental procedures were performed in accordance

with the Guide for the Care and Use of Laboratory Animals and
approved by the local Ethics Committee [Approval No.: Lun Shen
(Yan) 2024-662].

The mouse oral C. albicans model was established using the
currently most commonly used intraoral swab method (Jungnickel
and Jacobsen, 2022). To induce immunosuppression and facilitate
fungal infection, cortisone acetate (220 mg/kg, dissolved in sterile
normal saline, 0.1 mL/10 g body weight) was administered via
subcutaneous injection on 3 days before infection, 1 day before
infection, and 2 days after infection; meanwhile, 28.3 mg/mL
tetracycline hydrochloride (Medchem Express, China) was added
to the drinking water.

Pentobarbital sodium powder (Sigma, China) was accurately
weighed and dissolved in sterile normal saline to prepare a
0.3% (w/v) solution. Anesthesia was induced via intraperitoneal
injection at a dose of 50 mg/kg body weight. When the mice
were anesthetized, a cotton ball was soaked in C. albicans cell
suspension with a concentration of 1 × 108 CFU/mL. The saturated
cotton ball was evenly swabbed inside the mouse’s oral cavity, then
placed under the mouse’s tongue, and removed after 2.5 h when the
anesthetic effect subsided.

Starting at 24 h post-infection, local drug administration was
conducted once daily for 3 consecutive days, following the specific
procedure: First, mice were briefly anesthetized with isoflurane.
Once anesthetized, 20 μL of the corresponding treatment solution
(PBS or AbA at concentrations of 0.5 μg/mL) was aspirated with
a pipette and slowly dispensed into the mouse’s oral cavity—first
evenly along the hard palate and bilateral buccal mucosa, followed
by targeted dispensing onto the sublingual region. This ensured the
treatment solution covered the entire surface of the oral mucosa.
After dispensing, the mouse’s head was kept slightly tilted upward
for 10–15 s to allow the solution to fully infiltrate the mucosa
without significant loss. The mice were then returned to their
cages to recover from anesthesia, ensuring the efficacy of local
administration. Administration on post-infection day 1, 2, and 3
(once daily) was completed before euthanasia on post-infection day
4, ensuring consistent treatment duration across all mice.

2.4.3 Clinical scoring and fungal burden
assessment

On post-infection day 4, mice were euthanized by
intraperitoneal injection of an overdose of 0.3% pentobarbital
sodium solution (150 mg/kg, approximately 0.5 mL/10 g body
weight). Euthanasia was confirmed by observing the absence of
chest movements for at least 2 min and the lack of pedal reflexes,
in strict accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) and the AVMA Guidelines
for the Euthanasia of Animals. The tongues were then aseptically
excised using sterile forceps and scissors.

For clinical scoring, tongues were photographed under
standardized white light illumination between 9:00 a.m. and
11:00 a.m. The white plaque area was quantified using ImageJ
software, and five independent investigators performed blind
assessments using the following scoring system: Grade 0 (normal,
white plaque area < 20%), Grade 1 (white plaque area 21%−50%),
Grade 2 (white plaque area 51%−90%), and Grade 3 (white plaque
area > 91%).

For fungal burden detection, each mouse’s tongue was
homogenized in 1 mL of PBS. After serial dilution of the
homogenate, it was plated onto YPD agar medium supplemented
with chloramphenicol. Following incubation at 37 ◦C for 48 h,
colony-forming units (CFUs) were counted. The fungal burden was
finally expressed as the number of CFUs per gram of tongue tissue.

2.4.4 Histopathological analysis
Tongues were fixed in 10% neutral buffered formalin for 24 h,

paraffin-embedded, and sectioned (7 μm thickness). Sections were
stained with hematoxylin and eosin (H&E) to assess inflammation
and tissue architecture, and with periodic acid-Schiff (PAS) to
visualize fungal elements (hyphae and colonies). Stained sections
were examined under a light microscope.

2.5 Statistical analysis

All in vitro experiments were performed with at least three
independent biological replicates. Data are presented as mean
± standard error of the mean (S.E.M.). Statistical analysis was
performed using GraphPad Prism 10. Comparisons between two
groups were analyzed using an unpaired two-tailed Student’s t-
test. Comparisons among multiple groups were analyzed by one-
way analysis of variance (ANOVA) followed by Dunnett’s post
hoc test (compared to control) or Tukey’s post hoc test (for all
pairwise comparisons). A p-value of less than 0.05 was considered
statistically significant.

3 Result

3.1 AbA exhibits potent concentration- and
time-dependent antifungal activity

The MIC of AbA against C. albicans SC5314 was determined
to be 0.0625 μg/mL. Time-kill kinetics assays demonstrated the
potent fungicidal activity of AbA (Figure 1A). Treatment with
concentrations ≥ 2 × MIC (0.125 μg/mL) resulted in a progressive,
time-dependent reduction in colony-forming units (CFUs), with 4
× MIC and 8 × MIC achieving near-complete eradication within
12 h.

3.2 AbA suppresses key virulence factors of
C. albicans

AbA significantly impaired biofilm-associated pathogenicity.
Crystal violet staining revealed a dose-dependent inhibition of early
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FIGURE 1

AbA inhibits growth and virulence factors of C. albicans SC5314. (A) Time-kill curves of C. albicans treated with AbA at concentrations of 0.03125 (1/2
× MIC), 0.125 (2 × MIC), 0.25 (4 × MIC), and 0.5 (8 × MIC) μg/mL over 12 h. Data are presented as mean ± SD (n = 3 independent biological
replicates). (B) Quantitative analysis of early biofilm formation measured by crystal violet staining. Biofilms were treated with the indicated
concentrations of AbA for 2 h. (C) Effect of AbA on the production of EPS, as determined by the phenol-sulfuric acid method. (D) Adhesion capability
of C. albicans to L929 mammalian cell monolayers following AbA treatment. Adhesion area was quantified using ImageJ. (E, F) Representative
micrographs (E) and quantitative analysis (F) of hyphal formation in Spider liquid medium after 24 h treatment with AbA. Hyphal length was measured
using Image J. Scale bar = 50 μm. (G, H) Representative images of colony morphology (G) and hyphal formation (H) on Spider solid agar plates after
4 days of incubation with AbA. Data are presented as mean ± SD from four independent experiments. Statistical significance was determined by
one-way ANOVA with Dunnett’s post hoc test (ns: p > 0.05 (not significant), *p < 0.05, **p < 0.01, ***p < 0.001.).

biofilm formation at concentrations as low as 2 × MIC (Figure 1B).
This was accompanied by a concomitant reduction in the
production of extracellular polymeric substances (EPS; Figure 1C),
which are critical for biofilm matrix integrity. Furthermore,
AbA treatment markedly attenuated the adhesion capacity of C.
albicans to host L929 cells, reducing its ability to initiate infection
(Figure 1D).

The morphological transition from yeast to hyphae, a
cornerstone of C. albicans virulence, was profoundly inhibited
by AbA. In Spider liquid medium, AbA treatment caused
a concentration-dependent reduction in hyphal formation.
Quantitative analysis confirmed a significant decrease in hyphal
length compared to the control (Figures 1E, F). This anti-hyphal
effect was consistently observed on solid Spider medium, where
AbA-treated colonies exhibited a predominantly yeast-form

morphology, in stark contrast to the extensive hyphal outgrowth in
the control (Figures 1G, H).

3.3 AbA compromises cell membrane
integrity and cellular ultrastructure

Crystal violet uptake assays indicated that treatment with 8
× MIC AbA (0.5 μg/mL) significantly increased dye absorption,
suggesting enhanced membrane permeability and compromised
cell wall integrity (Figures 2A, B). Scanning electron microscopy
(SEM) provided visual evidence of ultrastructural damage. AbA-
treated cells displayed extensive surface wrinkling, collapse, and a
near-complete absence of hyphal structures, contrasting with the
smooth, intact surface of untreated control cells (Figures 2C, D).
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FIGURE 2

AbA compromises cellular integrity and ultrastructure without mammalian cell toxicity. (A, B) Assessment of cell wall integrity by crystal violet uptake
assay. C. albicans cells were treated with 0.5 μg/mL (8 × MIC) AbA for 10 h. (A) Representative micrographs; scale bar = 50 μm. (B) Quantitative
analysis of cells with compromised integrity. (C, D) Scanning electron microscopy (SEM) images revealing the ultrastructural alterations in C. albicans
after treatment with 0.5 μg/mL (8 × MIC) AbA. (C) Representative images show surface wrinkling and collapse of AbA-treated cells compared to the
smooth surface of untreated control cells. Magnification: 20,000×. (D) Quantitative analysis of hyphal formation. (E, F) Evaluation of membrane
integrity by propidium iodide (PI) staining. (E) Representative fluorescence micrographs of cells treated with the indicated concentrations of AbA
(0.0625–0.5 μg/mL). PI (red) stains nuclei of cells with permeabilized membranes. Scale bar = 100 μm. (F) Quantitative analysis of PI fluorescence
intensity measured by a microplate reader. (G) Cytocompatibility of AbA on mouse L929 fibroblast cells after 48 h of treatment, as assessed by CCK-8
assay. Data are normalized to the untreated control (100% viability). Data are presented as mean ± SD from five independent experiments. Statistical
significance was determined by one-way ANOVA with Dunnett’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

This membrane damage was further confirmed by PI staining.
As the concentration of AbA increased, so did the intensity of
PI fluorescence, indicating a dose-dependent loss of membrane
integrity (Figures 2E, F). Importantly, the cytocompatibility assay
results showed that AbA had no significant cytotoxic effects on
mammalian L929 fibroblast cells at the tested concentrations.
Statistical comparison between the solvent control group (0.5%
methanol) and the blank control group confirmed that the solvent
had no significant impact on cell viability (Figure 2G), indicating
the selective antifungal action of AbA.

3.4. AbA induces oxidative stress and is
associated with apoptotic cell death in C.
albicans

We hypothesized that the membrane damage induced by
AbA could lead to intracellular ROS accumulation, triggering
apoptosis (Figure 3A). DCFH-DA staining confirmed a significant,

dose-dependent increase in intracellular ROS levels following
AbA treatment (Figures 3B, C). We next investigated if this ROS
burst could induce apoptosis within mature biofilms, a treatment-
recalcitrant state. Confocal microscopy analysis of LIVE/DEAD-
stained biofilms showed that 8 × MIC AbA treatment drastically
reduced biofilm viability and thickness (3D reconstruction). The
ratio of dead (red) to live (green) cells increased significantly,
demonstrating potent antibiofilm activity (Figures 3D–F).

3.5 Transcriptomic and molecular analysis
confirms apoptosis activation

RNA-seq analysis of AbA-treated cells revealed significant
transcriptional reprogramming (Figure 4A). Gene Ontology (GO)
enrichment analysis of differentially expressed genes (DEGs)—
which were identified via DESeq2 analysis to total 700 significantly
dysregulated genes, including 465 upregulated genes (log2FC >

1) and 235 downregulated genes (log2FC < −1), with adjusted p
< 0.05 (Figure 4B), GO enrichment analysis showed a significant
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FIGURE 3

AbA induces oxidative stress and triggers apoptosis in C. albicans biofilms. (A) Proposed model for the antifungal mechanism of AbA, involving
membrane targeting, ROS accumulation, and induction of the mitochondrial apoptotic pathway. (B, C) Intracellular ROS detection via DCFH-DA
fluorescence. (B) Representative confocal micrographs of C. albicans biofilms after 4 h treatment with 2 × MIC, 4 × MIC, 8 × MIC AbA (or PBS as
Control); scale bar = 100 μm. (C) Quantitative analysis of DCFH-DA fluorescence intensity (reflecting intracellular ROS levels) in the groups shown in
(B); data are presented as mean ± SD (n = 3 independent biological replicates). (D, E) AbA-induced cell death in mature C. albicans biofilms. (D)
LIVE/DEAD staining results (Control, 1/2 × MIC, 2 × MIC, 4 × MIC AbA groups): PI (red, dead cells), SYTO-9 (green, live cells), and merged images;
scale bar = 50 μm. (E) Representative 3D reconstructions (from z-stack confocal images) of C. albicans biofilms corresponding to the groups in (D).
(F) Quantitative analysis of live/dead cell proportions in C. albicans biofilms across the groups shown in (D); data are presented as mean ± SD (n = 3
independent biological replicates). Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test (**p < 0.01, ***p < 0.001).

downregulation of processes related to oxidative stress response
(Figure 4C).

qRT-PCR validation confirmed the dose-dependent
downregulation of key oxidative stress defense genes, MCA1
(GenBank ID: XM_711927) was selected as a candidate gene for
qRT-PCR validation based on its well-documented role in fungal
apoptosis, rather than being identified as a DEG in RNA-seq.
including TSA1 (thiol-specific antioxidant), CAT1 (catalase), a
NADPH oxidase gene (Figure 4D). This downregulation of the
antioxidant defense system presumably exacerbates ROS-induced
cellular damage.

Pretreatment of C. albicans with NAC, a ROS-specific
scavenger, completely reversed AbA-induced intracellular

ROS elevation to the control level (Supplementary Figure S1).
Furthermore, flow cytometric analysis confirmed that NAC
pretreatment abrogated the AbA-induced increase in apoptotic cell
populations (Figure 4G), underscoring ROS as a critical upstream
mediator of AbA-triggered apoptosis. Flow cytometry analysis
using Annexin V-FITC/PI staining provided direct evidence of
apoptosis. AbA treatment led to a significant, concentration-
dependent increase in the population of early (Annexin V+/PI-)
and late (Annexin V+/PI+) apoptotic cells (Figures 4E, F). Loss
of mitochondrial membrane potential (MMP), a key event in
intrinsic apoptosis, was detected using JC-1 staining. AbA-treated
cells showed a pronounced shift from red (aggregated JC-1,
high MMP) to green (monomeric JC-1, low MMP) fluorescence,
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FIGURE 4

Transcriptomic and functional validation of AbA-induced mitochondrial apoptosis in C. albicans. (A–C) After treatment with AbA at 1 × MIC
(0.0625 μg/mL) for 12 h, RNA-sequencing (RNA-seq) analysis was performed on C. albicans. (A) Volcano plot of differentially expressed genes (DEGs;
screening criteria: |log2 fold change| > 1, adjusted p-value < 0.05); (B) Bar chart of differentially expressed genes (statistical counts of upregulated
and downregulated DEGs: 465 upregulated and 235 downregulated, with the same screening criteria as in A). (C) Gene Ontology (GO) enrichment
analysis of biological processes for the downregulated DEGs, and revealing the oxidative stress response pathway was significantly downregulated.

(Continued)
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FIGURE 4 (Continued)

(D) qRT-PCR validation of key oxidative stress-related genes (TSA1, NADPH oxidase, MCA1, CAT1) in cells treated with AbA (0.0625, 0.25, 0.5 μg/mL)
for 24 h. data are presented as mean ± SD (n = 6 independent biological replicates). (E, F) Quantification of apoptosis by Annexin V-FITC/PI staining
and flow cytometry. data are presented as mean ± SD (n = 3 independent biological replicates). (G) Effect of NAC pretreatment on AbA-induced
apoptosis. Quantitative analysis of Annexin V-FITC/PI positive cells in Control, 8MIC × AbA, and 8MIC × AbA+NAC groups. data are presented as
mean ± SD (n = 3 independent biological replicates). (H, J) Assessment of mitochondrial membrane potential (MMP) via JC-1 staining. (H)
Representative fluorescence micrographs (red: JC-1 aggregates, high MMP; green: JC-1 monomers, low MMP); scale bar = 5 μm. (J) Quantitative
analysis of the red/green fluorescence intensity ratio in Control, 1MIC × AbA, 4MIC × AbA, and 8MIC × AbA groups. data are presented as mean ±
SD (n = 5 independent biological replicates). (I, K) Detection of DNA fragmentation via TUNEL assay (late apoptosis hallmark). (I) Representative
fluorescence micrographs of TUNEL-positive cells (green) after 0.5 μg/mL AbA treatment for 2 h; scale bar = 50 μm. (K) Quantitative analysis of
TUNEL-positive cells. data are presented as mean ± SD (n = 5 independent biological replicates). Statistical significance was determined by one-way
ANOVA with Dunnett’s post hoc test (ns: p > 0.05 (not significant), *p < 0.05, **p < 0.01, ***p < 0.001).

indicating MMP collapse (Figures 4H, J). To confirm that MMP
loss is ROS-dependent, we further evaluated the effect of NAC
pretreatment on MMP: consistent with ROS scavenging activity,
NAC significantly reversed the AbA-induced shift toward JC-1
monomeric form, restoring the proportion of aggregated JC-
1-positive cells to the control level (Supplementary Figure S2).
This result confirms that ROS accumulation is a prerequisite for
AbA-induced mitochondrial dysfunction.

Finally, TUNEL assay confirmed the occurrence of DNA
fragmentation—the terminal stage of apoptosis—in AbA-treated
cells (Figures 4I, K). Complementary experiments showed that
NAC pretreatment markedly reduced the number of TUNEL-
positive cells in AbA-treated cultures (Supplementary Figure S3),
directly linking ROS accumulation to downstream DNA damage
and validating the integrity of the “ROS to mitochondrial
dysfunction to DNA fragmentation” signaling cascade.

To distinguish between cell apoptosis and non-
specific necrosis, we performed LDH release assay
(Supplementary Figure S4). The results showed that the LDH
release rate in the AbA group was not significantly different from
that in the control group. Since LDH release is a hallmark of cell
necrosis but not apoptosis, this finding confirms that AbA-induced
cell death occurs via apoptosis.

3.6 Topical AbA application ameliorates oral
candidiasis in vivo

The therapeutic efficacy of AbA was evaluated in a murine
model of oral candidiasis (Figure 5A). Macroscopic examination
showed that vehicle-treated mice developed extensive white plaques
and significant tongue edema. In contrast, mice treated with
topical AbA exhibited markedly reduced plaque areas and minimal
signs of inflammation (Figure 5B). This was corroborated by a
significantly lower clinical score in the AbA group (Figure 5C).
Quantitative culture of tongue homogenates revealed a substantial
reduction (p < 0.01) in the fungal burden (CFU/g of tissue) in
AbA-treated mice compared to the vehicle control (Figure 5D).
Histopathological analysis further supported these findings. H&E
staining showed that AbA treatment reduced epithelial hyperplasia
and inflammatory cell infiltration (Figures 5E, F). PAS staining
clearly demonstrated that AbA treatment significantly inhibited
fungal colonization and hyphal penetration of the mucosal tissue
(Figures 5G, H).

4 Discussion

The escalating prevalence of azole-resistant C. albicans
strains highlights an urgent need for antifungal agents with
novel mechanisms of action. While AbA is well-documented to
inhibit inositol phosphorylceramide (IPC) synthase, the present
study suggests a potential secondary mechanism involving the
participation of ROS in mitochondrial apoptosis, rather than
definitively demonstrating ROS-mediated induction of apoptosis.
This work significantly advances our understanding of AbA’s
polypharmacological properties and its potential as both an anti-
virulence and pro-apoptotic agent, particularly for the treatment of
oral candidiasis.

As the rate-limiting enzyme in fungal sphingolipid
biosynthesis, IPC synthase is critical for maintaining the
lipid composition, fluidity, and structural integrity of fungal cell
membranes (Usmani et al., 2023; Cahoon et al., 2024). By inhibiting
IPC synthase, AbA initially disrupts sphingolipid homeostasis.
This disruption not only impairs the structural foundation of
fungal cell membranes but also interferes with the function of
membrane-localized transporters—such as CDR1 and CDR2, the
major efflux pumps mediating azole resistance—and signaling
complexes (Czajka et al., 2023).

This membrane perturbation creates two favorable conditions
for activating the secondary apoptotic pathway (Ponde et al., 2021;
Shaito et al., 2022). First, it increases membrane permeability
to AbA itself, facilitating intracellular drug accumulation and
preventing the selection of drug-resistant mutants caused by
“insufficient drug concentrations.” Second, it diminishes the
membrane’s capacity to scavenge ROS and compromises the
stability of the outer mitochondrial membrane, rendering ROS
accumulation and subsequent mitochondrial dysfunction more
likely to occur.

Subsequently, the AbA-triggered ROS burst further amplifies
cellular damage. Oxidative stress not only directly oxidizes
DNA, proteins, and lipids but also downregulates the expression
of antioxidant genes (e.g., TSA1, CAT1), forming a “ROS
amplification loop” that accelerates mitochondrial depolarization
and apoptosis (Liu et al., 2022; Ulasov et al., 2022; Sazykin and
Sazykina, 2023). By targeting two genetically and functionally
independent pathways, this dual mechanism renders fungi less
likely to develop resistance through a single mutational event.

Our findings confirm that AbA exerts potent, concentration-
dependent fungicidal effects against C. albicans (Figure 1A).
More importantly, we demonstrate that AbA effectively disrupts
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FIGURE 5

Topical application of AbA ameliorates oral candidiasis in a murine model. (A) Experimental workflow of the oral candidiasis model and treatment
regimen. C57BL/6J mice were immunosuppressed with cortisone acetate, sublingually infected with C. albicans (1 × 108 CFU/mL), and treated with
AbA or PBS (vehicle) for 3 consecutive days post-infection. (B) Representative macroscopic images of mouse tongues from the PBS-treated (vehicle)
and AbA-treated (8MIC × AbA) groups at the experimental endpoint. (C) Clinical scoring of oral lesion severity (0–3 scale) based on the area of white
plaques. Each data point represents the score of one mouse, as assessed by five independent investigators via blinded assessments. (D) Fungal
burden in tongue tissue, quantified by plating tissue homogenates and enumerating CFUs. Data are presented as CFUs per gram of tongue tissue.
The dashed line indicates the limit of detection. (E, F) Histopathological analysis of tongue sections via H&E staining. Scale bars = 100 μm. (G, H)
Assessment of fungal burden and morphology in tongue sections via PAS staining. Scale bars = 100 μm. Data in (C, D, F, H) are presented as mean ±
SD (n = 5 mice per group). Statistical significance was determined by unpaired two-tailed Student’s t-test (**p < 0.01, ***p < 0.001).

key virulence-associated pathways. It significantly inhibits
hyphal formation (Figures 1E–H)—a critical determinant of
tissue invasion and pathogenicity in C. albicans. Notably,
the inhibition of hyphal formation may be associated with
the downregulation of key regulatory genes such as HWP1,
ALS1, and EFG1, which are essential for hyphal development
and adhesion in C. albicans; this hypothesis warrants further
verification via RT-PCR and Western blot assays in subsequent
studies. Additionally, it impairs biofilm formation and adhesion
(Figures 1B–D), traits essential for establishing persistent
infections and mediating antimicrobial resistance. This multi-
faceted targeting of virulence factors suggests that AbA may not
only eradicate C. albicans but also prevent the establishment of
hard-to-treat infections.

The central novel finding of this study is elucidation of a
potential apoptotic pathway involving AbA, with ROS playing
a participatory role. We provide a robust evidence chain
supporting ROS participation: (1) AbA induces membrane damage
(Figures 2A–F); (2) this membrane damage leads to a surge in
intracellular ROS levels (Figures 3B, C); (3) transcriptomic and

qRT-PCR analyses reveal downregulation of key antioxidant
genes (TSA1, CAT1), which further exacerbates oxidative stress
(Figures 4A–D); (4) ROS overload triggers mitochondrial
dysfunction, as evidenced by the collapse of mitochondrial
membrane potential (MMP; Figures 4E, F); (5) this dysfunction
initiates apoptosis, confirmed by the down-regulation of MCA1
(the key cysteine protease of C. albicans intrinsic apoptosis
pathway), phosphatidylserine externalization (Annexin V-FITC/PI
staining, Figures 4H, J) and DNA fragmentation (TUNEL assay,
Figures 4I, K). Notably, this mechanism is particularly effective
against biofilms (Figures 3D–F)—a major challenge in clinical
antifungal therapy.

To further clarify the causal hierarchy of the aforementioned
apoptotic pathway, we conducted targeted intervention
experiments for verification: Results from N-acetylcysteine
(NAC)-mediated ROS scavenging assays clearly highlight the
participatory role of ROS in AbA-induced apoptosis of C. albicans.
These findings confirm the regulatory effect of NAC on ROS levels
and apoptosis rates (Supplementary Figure S1 and Figure 4G) and
suggest a potential regulatory hierarchy within the pathway—ROS
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accumulation may act as a potential upstream signal that
contributes to AbA-triggered cell death. This is consistent with the
classical understanding of fungal apoptosis: oxidative stress is a
conserved driver of apoptotic signaling in fungi, and excessive ROS
disrupts cellular redox homeostasis, thereby initiating downstream
apoptotic cascades. Importantly, these results do not rule out
the possibility that ROS elevation and apoptosis may interact in
a bidirectional manner, nor do they exclude the involvement of
other parallel pathways that may contribute to apoptosis. Thus, we
cannot definitively conclude that ROS is the “cause” of apoptosis;
instead, ROS is likely a key mediator involved in the progression of
AbA-induced apoptotic events.

As a core event in the intrinsic apoptotic pathway, MMP
collapse serves as a critical intermediate node connecting ROS
accumulation and DNA fragmentation (Supplementary Figure S2).
Building on the above finding that ROS is an upstream signal,
NAC’s ability to restore AbA-impaired MMP indicates that ROS-
mediated mitochondrial dysfunction is not random cellular damage
but a targeted regulatory step in AbA-induced apoptosis. It is well-
established that mitochondria play dual roles in ROS metabolism:
they are both the primary source of intracellular ROS and the
core target of ROS-induced damage (Huangteerakul et al., 2021;
Andrieux et al., 2021). Excessive ROS generated by AbA-induced
oxidative stress can oxidize lipids and proteins in the mitochondrial
membrane, directly leading to MMP loss; this loss, in turn, disrupts
mitochondrial homeostasis and promotes the release of pro-
apoptotic factors into the cytoplasm. Our results suggest that AbA
may exploit this interaction to form a positive feedback loop: AbA
initially induces oxidative stress and ROS accumulation, which
damages mitochondria and causes MMP collapse; the damaged
mitochondria then produce more ROS, amplifying the apoptotic
signal. This mitochondrial ROS amplification loop can well explain
the concentration-dependent apoptotic effect of AbA observed in
flow cytometry assays (Figures 4E, F)—higher AbA concentrations
further disrupt cellular redox balance, exacerbate mitochondrial
damage, and thus enhance the ROS amplification effect, ultimately
leading to a more pronounced apoptotic response.

Moving to the terminal stage of apoptosis, we found that
NAC significantly inhibits AbA-induced DNA fragmentation
(Supplementary Figure S3)—a finding that further supports the
downstream regulatory role of ROS signaling in the apoptotic
execution phase. DNA fragmentation is a hallmark of late
apoptosis, tightly regulated by caspase-like proteases and
endonucleases in fungi (Bhatt et al., 2023). Our data indicate that
ROS accumulation is a prerequisite for activating these apoptotic
effector molecules: by scavenging ROS, NAC blocks upstream
signal transduction leading to DNA damage, thereby inhibiting
the completion of apoptotic execution. In the context of existing
antifungal research, ROS-dependent DNA damage has been
linked to the cytotoxicity of azoles and echinocandins. However,
AbA is unique in that it specifically targets the oxidative stress
defense system—by downregulating key antioxidant genes such
as TSA1 and CAT1, AbA impairs the cell’s ability to tolerate ROS
accumulation, suggesting a distinct mechanism for amplifying
ROS-induced DNA damage.

The LDH release assay (Supplementary Figure S4) provides key
evidence for clarifying the type of cell death induced by AbA. No

significant LDH release was observed in the AbA-treated group—
a core distinguishing feature between apoptosis and necrosis.
This finding holds important clinical value: apoptotic cell death
is generally less immunogenic than necrosis, whereas membrane
rupture associated with necrosis releases pro-inflammatory cellular
components, triggering host inflammatory responses that may
exacerbate tissue damage during fungal infections. By eliminating
C. albicans through inducing apoptosis rather than necrosis, AbA
may possess a unique therapeutic advantage, a characteristic that
warrants further validation in in vivo models.

The in vivo efficacy of topical AbA administration was highly
promising in an immunocompetent mouse model (Figure 5). The
significant reductions in fungal burden and pathological damage
highlight its therapeutic potential for topical applications, such as
the treatment of oral thrush. Although a high fungal inoculum
was used in the model to ensure robust infection, the clear
therapeutic effect demonstrates AbA’s ability to act in a complex
biological microenvironment.

Despite these promising findings, the present study has several
limitations. First, only the C. albicans SC5314 strain was used,
limiting the generalizability of our results to other clinical isolates.
Second, the in vivo model employed high inoculum doses and
immunosuppressive conditions, which may not fully recapitulate
clinical scenarios. Third, the systemic pharmacokinetics and
toxicity profile of AbA remain unknown. Furthermore, while
topical AbA was effective in the mouse oral candidiasis model,
caution is warranted for clinical translation, and additional long-
term assessments of oral mucosal toxicity are required. Fourth,
while pharmacological inhibition points to a critical role for
ROS, future studies employing genetic tools to manipulate ROS
generation or scavenging in a temporally controlled manner would
help to further delineate the causal hierarchy within the proposed
apoptotic pathway.

In summary, the present study clearly delineates the complete
pathway of AbA-induced apoptosis in C. albicans: AbA first
downregulates the oxidative stress defense system, leading to
ROS accumulation; ROS then mediates mitochondrial membrane
potential collapse, activates downstream apoptotic effector
molecules, and ultimately induces DNA fragmentation. Of key
importance is the synergistic effect between this newly discovered
apoptotic mechanism and AbA’s established role as an IPC synthase
inhibitor. Based on this, we propose a synergistic model: AbA-
mediated inhibition of sphingolipid synthesis may disrupt cell
membrane structure from the initial stage, promoting the initial
uptake of AbA by cells on the one hand and reducing membrane
stability on the other. This primary membrane damage may lay the
foundation for the subsequent explosive accumulation of ROS and
apoptotic cell death. This dual mechanism of action may explain
AbA’s significant antifungal activity and its potential to inhibit the
development of drug resistance.

In conclusion, beyond its well-characterized inhibition of
sphingolipid synthesis, AbA executes a sophisticated antifungal
strategy by targeting essential cellular processes and triggering
programmed cell death in C. albicans. Through its ability to
induce ROS-mediated apoptosis and suppress virulence traits,
AbA represents a promising multi-target therapeutic candidate
for both oral and invasive drug-resistant fungal infections.
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This study provides a robust foundation for the further
development of AbA and underscores the induction of fungal
apoptosis as a viable strategy for combating drug-resistant
fungal infections.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Ethics Committee of
Sichuan Academy of Medical Sciences & Sichuan Provincial
People’s Hospital. It is an internal institutional review
board directly affiliated to Sichuan Academy of Medical
Sciences & Sichuan Provincial People’s Hospital. The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

JY: Conceptualization, Data curation, Methodology, Validation,
Visualization, Writing – original draft. QZ: Conceptualization,
Formal analysis, Methodology, Validation, Writing – original draft.
HZ: Investigation, Supervision, Validation, Writing – original
draft. WF: Investigation, Supervision, Validation, Writing – review
& editing. JL: Supervision, Validation, Writing – review &
editing. YH: Data curation, Supervision, Validation, Visualization,
Project administration, Resources, Software, Writing – review &
editing. JG: Formal analysis, Methodology, Software, Supervision,
Validation, Writing – review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported

by the Cadre Health Care Research Project of Sichuan
Province (2022-209).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issues, please
contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2026.
1725921/full#supplementary-material

References

Al Amir Dache, Z., and Thierry, A. R. (2023). Mitochondria-derived cell-to-cell
communication. Cell Rep. 42:112728. doi: 10.1016/j.celrep.2023.112728

Andrieux, P., Chevillard, C., Cunha-Neto, E., and Nunes, J. P. S. (2021).
Mitochondria as a cellular hub in infection and inflammation. Int. J. Mol. Sci. 22:11338.
doi: 10.3390/ijms222111338

Atriwal, T., Chawla, M., Hussain, A., Alajmi, M. F., and Abid, M. (2021). Reactive
oxygen mediated apoptosis as a therapeutic approach against opportunistic Candida
albicans. Adv. Protein Chem. Struct. Biol. 125, 25–49. doi: 10.1016/bs.apcsb.2020.12.004

Benedetti, S., Catalani, S., De Stefani, S., Primiterra, M., Fraternale, A., Palma, F.,
et al. (2022). A microplate-based DCFH-DA assay for the evaluation of oxidative stress
in whole semen. Heliyon 8:e10642. doi: 10.1016/j.heliyon.2022.e10642

Bertheloot, D., Latz, E., and Franklin, B. S. (2021). Necroptosis, pyroptosis and
apoptosis: an intricate game of cell death. Cell. Mol. Immunol. 18, 1106–1121.
doi: 10.1038/s41423-020-00630-3

Bhatt, P., Joshi, H., Sharma, S., and Sharma, M. (2023). Late stage
specific Rv0109 (PE_PGRS1) protein of Mycobacterium tuberculosis induces
mitochondria mediated macrophage apoptosis. Microb. Pathog. 176:106021.
doi: 10.1016/j.micpath.2023.106021

Cahoon, E. B., Kim, P., Xie, T., González Solis, A., Han, G., Gong, X., et al. (2024).
Sphingolipid homeostasis: how do cells know when enough is enough? Implications
for plant pathogen responses. Plant Physiol. 197:kiae460. doi: 10.1093/plphys/
kiae460

Chen, B., Zhao, J., Zhang, R., Zhang, L., Zhang, Q., Yang, H., et al.
(2022). Neuroprotective effects of natural compounds on neurotoxin-
induced oxidative stress and cell apoptosis. Nutr. Neurosci. 25, 1078–1099.
doi: 10.1080/1028415X.2020.1840035

Chopra, B., and Dhingra, A. K. (2021). Natural products: a lead for drug discovery
and development. Phytother. Res. 35, 4660–4702. doi: 10.1002/ptr.7099

Frontiers in Microbiology 13 frontiersin.org

https://doi.org/10.3389/fmicb.2026.1725921
https://www.frontiersin.org/articles/10.3389/fmicb.2026.1725921/full#supplementary-material
https://doi.org/10.1016/j.celrep.2023.112728
https://doi.org/10.3390/ijms222111338
https://doi.org/10.1016/bs.apcsb.2020.12.004
https://doi.org/10.1016/j.heliyon.2022.e10642
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1016/j.micpath.2023.106021
https://doi.org/10.1093/plphys/kiae460
https://doi.org/10.1080/1028415X.2020.1840035
https://doi.org/10.1002/ptr.7099
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Yi et al. 10.3389/fmicb.2026.1725921

Czajka, K. M., Venkataraman, K., Brabant-Kirwan, D., Santi, S. A., Verschoor,
C., Appanna, V. D., et al. (2023). Molecular mechanisms associated with antifungal
resistance in pathogenic Candida Species. Cells 12:2655. doi: 10.3390/cells12222655

Huangteerakul, C., Aung, H. M., Thosapornvichai, T., Duangkaew, M., Jensen,
A. N., Sukrong, S., et al. (2021). Chemical-genetic interactions of Bacopa monnieri
constituents in cells deficient for the DNA repair endonuclease RAD1 appear linked
to vacuolar disruption. Molecules 26:1207. doi: 10.3390/molecules26051207

Ibrahim, A. M. H., Takacova, M., Jelenska, L., Csaderova, L., Balog, M., Kopacek,
J., et al. (2021). The effect of surface modification of TiMg composite on the in-vitro
degradation response, cell survival, adhesion, and proliferation. Mater. Sci. Eng. C
Mater. Biol. Appl. 127:112259. doi: 10.1016/j.msec.2021.112259

Irwin, S., Wang, T., Bolam, S. M., Alvares, S., Swift, S., Cornish, J., et al. (2023). Rat
model of recalcitrant prosthetic joint infection using biofilm inocula. J. Orthop. Res. 41,
2462–2473. doi: 10.1002/jor.25587

Jungnickel, B., and Jacobsen, I. D. (2022). Systemic candidiasis in mice: new insights
from an old model. Front. Fungal Biol. 3:940884. doi: 10.3389/ffunb.2022.940884

Khalfe, Y., and Rosen, T. (2022). Future fungal fighters in dermatology: novel
antifungal drug pipeline. J. Drugs Dermatol. 21, 496–501. doi: 10.36849/JDD.6373

Liu, X., Hussain, R., Mehmood, K., Tang, Z., Zhang, H., and Li, Y. (2022).
Mitochondrial-endoplasmic reticulum communication-mediated oxidative stress and
autophagy. Biomed. Res. Int. 2022:6459585. doi: 10.1155/2022/6459585

Luo, T., Zhou, X., Qin, M., Lin, Y., Lin, J., Chen, G., et al. (2022).
Corilagin restrains NLRP3 inflammasome activation and pyroptosis through the
ROS/TXNIP/NLRP3 pathway to prevent inflammation. Oxid. Med. Cell. Longev.
2022:1652244. doi: 10.1155/2022/1652244

Moore, C. L., Savenka, A. V., and Basnakian, A. G. (2021). TUNEL assay: a powerful
tool for kidney injury evaluation. Int. J. Mol. Sci. 22:412. doi: 10.3390/ijms22010412

Mota Fernandes, C., and Del Poeta, M. (2020). Fungal sphingolipids: role in the
regulation of virulence and potential as targets for future antifungal therapies. Expert
Rev. Anti Infect. Ther. 18, 1083–1092. doi: 10.1080/14787210.2020.1792288

Obeng, E. (2021). Apoptosis (programmed cell death) and its signals - a review.
Braz. J. Biol. 81, 1133–1143. doi: 10.1590/1519-6984.228437

Palma, F. R., Gantner, B. N., Sakiyama, M. J., Kayzuka, C., Shukla, S., Lacchini, R.,
et al. (2024). ROS production by mitochondria: function or dysfunction? Oncogene 43,
295–303. doi: 10.1038/s41388-023-02907-z

Ponde, N. O., Lortal, L., Ramage, G., Naglik, J. R., and Richardson, J. P. (2021).
Candida albicans biofilms and polymicrobial interactions. Crit. Rev. Microbiol. 47,
91–111. doi: 10.1080/1040841X.2020.1843400

Rodríguez-González, J., and Gutiérrez-Kobeh, L. (2023). Apoptosis and its
pathways as targets for intracellular pathogens to persist in cells. Parasitol. Res. 123:60.
doi: 10.1007/s00436-023-08031-x

Sazykin, I. S., and Sazykina, M. A. (2023). The role of oxidative stress
in genome destabilization and adaptive evolution of bacteria. Gene 857:147170.
doi: 10.1016/j.gene.2023.147170

Semighini, C. P., Hornby, J. M., Dumitru, R., Nickerson, K. W., and Harris,
S. D. (2006). Farnesol-induced apoptosis in Aspergillus nidulans reveals a possible
mechanism for antagonistic interactions between fungi. Mol. Microbiol. 59, 753–764.
doi: 10.1111/j.1365-2958.2005.04976.x

Shaito, A., Aramouni, K., Assaf, R., Parenti, A., Orekhov, A., Yazbi, A. E., et al.
(2022). Oxidative stress-induced endothelial dysfunction in cardiovascular diseases.
Front. Biosci. 27:105. doi: 10.31083/j.fbl2703105

Ulasov, A. V., Rosenkranz, A. A., Georgiev, G. P., and Sobolev, A. S.
(2022). Nrf2/Keap1/ARE signaling: Towards specific regulation. Life Sci. 291:120111.
doi: 10.1016/j.lfs.2021.120111

Usmani, S. A., Kumar, M., Arya, K., Ali, B., Bhardwaj, N., Gaur, N. A.,
et al. (2023). Beyond membrane components: uncovering the intriguing world
of fungal sphingolipid synthesis and regulation. Res. Microbiol. 174:104087.
doi: 10.1016/j.resmic.2023.104087

Venkataraman, S., Viswanathan, V., Thangaiah, S. G., Omine, K., and Mylsamy,
P. (2023). Adsorptive exclusion of crystal violet dye using barium encapsulated
alginate/carbon composites: characterization and adsorption modeling studies.
Environ. Sci. Pollut. Res. Int. 30, 106718–106735. doi: 10.1007/s11356-023-29894-8

Vringer, E., and Tait, S. W. G. (2023). Mitochondria and cell death-associated
inflammation. Cell Death Differ. 30, 304–312. doi: 10.1038/s41418-022-01094-w

Yaakoub, H., Sanchez, N. S., Ongay-Larios, L., Courdavault, V., Calenda, A.,
Bouchara, J. P., et al. (2022). The high osmolarity glycerol (HOG) pathway in fungi(†).
Crit. Rev. Microbiol. 48, 657–695. doi: 10.1080/1040841X.2021.2011834

Yuan, J., and Ofengeim, D. (2024). A guide to cell death pathways. Nat. Rev. Mol.
Cell Biol. 25, 379–395. doi: 10.1038/s41580-023-00689-6

Yue, F., Zhang, J., Xu, J., Niu, T., Lü, X., and Liu, M. (2022). Effects of
monosaccharide composition on quantitative analysis of total sugar content by phenol-
sulfuric acid method. Front. Nutr. 9:963318. doi: 10.3389/fnut.2022.963318

Zhen, C., Lu, H., and Jiang, Y. (2022). Novel Promising Antifungal Target
Proteins for Conquering Invasive Fungal Infections. Front. Microbiol. 13:911322.
doi: 10.3389/fmicb.2022.911322

Zhou, Z., Arroum, T., Luo, X., Kang, R., Lee, Y. J., Tang, D., et al. (2024). Diverse
functions of cytochrome c in cell death and disease. Cell Death Differ. 31, 387–404.
doi: 10.1038/s41418-024-01284-8

Zhu, S., Li, X., Dang, B., Wu, F., Wang, C., and Lin, C. (2022). Lycium
Barbarum polysaccharide protects HaCaT cells from PM2.5-induced apoptosis
via inhibiting oxidative stress, ER stress and autophagy. Redox Rep. 27, 32–44.
doi: 10.1080/13510002.2022.2036507

Frontiers in Microbiology 14 frontiersin.org

https://doi.org/10.3389/fmicb.2026.1725921
https://doi.org/10.3390/cells12222655
https://doi.org/10.3390/molecules26051207
https://doi.org/10.1016/j.msec.2021.112259
https://doi.org/10.1002/jor.25587
https://doi.org/10.3389/ffunb.2022.940884
https://doi.org/10.36849/JDD.6373
https://doi.org/10.1155/2022/6459585
https://doi.org/10.1155/2022/1652244
https://doi.org/10.3390/ijms22010412
https://doi.org/10.1080/14787210.2020.1792288
https://doi.org/10.1590/1519-6984.228437
https://doi.org/10.1038/s41388-023-02907-z
https://doi.org/10.1080/1040841X.2020.1843400
https://doi.org/10.1007/s00436-023-08031-x
https://doi.org/10.1016/j.gene.2023.147170
https://doi.org/10.1111/j.1365-2958.2005.04976.x
https://doi.org/10.31083/j.fbl2703105
https://doi.org/10.1016/j.lfs.2021.120111
https://doi.org/10.1016/j.resmic.2023.104087
https://doi.org/10.1007/s11356-023-29894-8
https://doi.org/10.1038/s41418-022-01094-w
https://doi.org/10.1080/1040841X.2021.2011834
https://doi.org/10.1038/s41580-023-00689-6
https://doi.org/10.3389/fnut.2022.963318
https://doi.org/10.3389/fmicb.2022.911322
https://doi.org/10.1038/s41418-024-01284-8
https://doi.org/10.1080/13510002.2022.2036507
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

	ROS-implicated apoptosis in Candida albicans: mechanistic insights into Aureobasidin A's antifungal activity
	1 Introduction
	2 Materials and methods
	2.1 Strains, culture conditions, and reagents
	2.2 Assessment of antifungal efficacy
	2.2.1 Determination of minimum inhibitory concentration (MIC)
	2.2.2 Time-kill kinetics assay
	2.2.3 Crystal violet biofilm assay
	2.2.4 Extracellular polymeric substance (EPS) assay
	2.2.5 Adhesion assay
	2.2.6 Hyphal inhibition assay

	2.3 Investigation of antifungal mechanism
	2.3.1 Cell membrane integrity and permeability assay
	2.3.2 Scanning electron microscopy (SEM)
	2.3.3 Intracellular ROS detection
	2.3.4 Mature biofilm analysis and live/dead staining
	2.3.5 Cytocompatibility assay of AbA
	2.3.6 RNA sequencing and analysis
	2.3.7 Quantitative real-time PCR (qRT-PCR)
	2.3.8 Analysis of cell apoptosis
	2.3.9 Mitochondrial membrane potential (MMP) assay

	2.3 TUNEL assay for DNA fragmentation
	2.4 In vivo antifungal activity assessment
	2.4.1 Murine model of oral candidiasis
	2.4.2 Treatment groups and drug administration
	2.4.3 Clinical scoring and fungal burden assessment
	2.4.4 Histopathological analysis

	2.5 Statistical analysis

	3 Result
	3.1 AbA exhibits potent concentration- and time-dependent antifungal activity
	3.2 AbA suppresses key virulence factors of C. albicans
	3.3 AbA compromises cell membrane integrity and cellular ultrastructure
	3.4. AbA induces oxidative stress and is associated with apoptotic cell death in C. albicans
	3.5 Transcriptomic and molecular analysis confirms apoptosis activation
	3.6 Topical AbA application ameliorates oral candidiasis in vivo

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


