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Abstract
The emergence of the “super fungus” Candida auris poses a significant threat to human health, given its multidrug 
resistance and high mortality rates. Therefore, developing a new antifungal strategy is necessary. Our previous research 
showed that Baicalein (BE), a key bioactive compound from the dried root of the perennial herb Scutellaria baicalensis 
Georgi, has strong fungistatic properties against C. auris. Nevertheless, the antifungal activity of BE against C. auris and 
its mechanism of action requires further investigation. In this study, we explored how BE affects this fungus using vari-
ous techniques, including scanning electron microscopy (SEM), Annexin V-FITC apoptosis detection, CaspACE FITC-
VAD-FMK In Situ Marker, reactive oxygen species (ROS) assay, singlet oxygen sensor green (SOSG) fluorescent probe, 
enhanced mitochondrial membrane potential (MMP) assay with JC-1, DAPI staining, TUNEL assay and reverse transcrip-
tion–quantitative polymerase chain reaction (RT-qPCR). Our findings revealed that BE induced several apoptotic features, 
including phosphatidylserine (PS) externalization, metacaspase activation, nuclear condensation and DNA fragmentation. 
BE also increased intracellular ROS levels and altered mitochondrial functions. Additionally, transcriptomic analysis and 
RT-qPCR validation indicated that BE may induce apoptosis in C. auris by affecting ribosome-related pathways, sug-
gesting that ribosomes could be new targets for antifungal agents, in addition to cell walls, membranes, and DNA. This 
study emphasizes the antifungal activity and mechanism of BE against C. auris, offering a promising treatment strategy 
for C. auris infection.
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Abbreviations
AmB  Amphotericin B
BE  Baicalein
C. auris  Candida auris
C. albicans  Candida albicans
DCFH-DA  2’,7’-Dichlorodihydrofluorescein diacetate
DDR  DNA damage response
DR4  Death receptor 4
FLZ  Fluconazole
GO  Gene Ontology
KEGG  Kyo-to Encyclopedia of Genes and 

Genomes
MDS  Myelodysplastic syndrome
MMP  Mitochondrial membrane potential
mROS  Mitochondrial reactive oxygen species
PBS  Phosphate buffered saline
PCD  Programmed cell death
PS  Phosphatidylserine
ROS  Reactive oxygen species

RP  Ribosomal protein
rRNA  Ribosomal RNA
RSR  Ribotoxic stress response
Rt-qPCR  Reverse transcription–quantitative poly-

merase chain reaction
snoRNP  Small nucleolar ribonucleoprotein
SEM  Scanning electron microscope
SOSG  Singlet oxygen sensor green
TRAIL  Tumor necrosis factor-related apoptosis-

inducing ligand
WHO FPPL  WHO fungal priority pathogens list
YPD  Yeast Peptone Dextrose

Introduction

Candida auris, first identified in Japan in 2009, has emerged 
as a significant threat to public health (Satoh et al. 2009). 
C. auris is a yeast that causes invasive candidiasis, a 

Graphical Abstract

Schematic representation of this study. Baicalein (BE) triggers apoptosis in Candida auris by affecting ribosome-related 
pathways. This action leads to several apoptotic characteristics, such as phosphatidylserine (PS) externalization, metacas-
pase activation, nuclear condensation, DNA fragmentation, increased levels of ROS and 1O2, and alterations in mitochon-
drial membrane potential (MMP)
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life-threatening disease with high mortality rates. C. auris 
can cause outbreaks and has already led to several hospi-
tal outbreaks worldwide (Ahmad et al. 2020). It is resistant 
to most antifungal medications, including azoles, polyenes, 
and echinocandins, with some strains being pan-resistant. 
C. auris is classified as a critical priority pathogen on the 
WHO’s fungal priority pathogens list (WHO FPPL) (Bing 
et al. 2024).

Currently, the strong drug resistance of C. auris limits 
the available treatment options for its infection. Our pre-
vious studies have demonstrated that baicalein (BE) has 
the potential to be a new antifungal and anti-biofilm agent. 
Results indicate that BE effectively inhibits the growth, 
adhesion, and biofilm formation of C. auris. It also reduced 
drug resistance and aggregation by disrupting the cell mem-
brane and cell wall, as well as decreasing colonization and 
invasion of the host. We showed that BE effectively inhibits 
multidrug-resistant C. auris through in vitro phenotypic and 
genotypic analyses, along with preliminary signs of BE-
induced apoptosis. However, further research is needed to 
understand how BE works against C. auris at a mechanistic 
level. (Li et al. 2024). Apoptosis, a form of programmed cell 
death, is present in both multicellular and unicellular organ-
isms. (Kaczanowski. 2016). Apoptosis is characterized by 
several hallmarks, including PS externalization, DNA frag-
mentation, nuclear condensation, metacaspase activation, 
ROS and 1O2 accumulation, and loss of mitochondrial mem-
brane potential (MMP) (Jia et al. 2019). Previous research 
has demonstrated that baicalein (BE) is capable of inducing 
apoptosis in Candida albicans. Upon exposure to 14.8 µM 
BE for 12 h, the cells of C. albicans underwent apoptosis. 
Furthermore, an increase in intracellular levels of ROS and 
the upregulation of redox-related genes (CAP1, SOD2, 
TRR1) were observed. Additionally, there was a significant 
change in the MMP of C. albicans cells upon BE treatment. 
These findings indicate that BE treatment induces apoptosis 
in C. albicans cells by disrupting the MMP (Dai et al. 2009). 
Further research has also demonstrated that the combination 
of BE and Amphotericin B (AmB) accelerates C. albicans 
apoptosis, concomitant with an increase in ROS (Fu et al. 
2011). Therefore, we were intrigued by the potential of BE 
to induce apoptosis in C. auris.

To elucidate the mechanism of BE-induced apoptosis in 
C. auris, we conducted transcriptomic analysis. The results 
indicated a significant link between ribosome activity and 
apoptosis in C. auris under these conditions. Ribosomes are 
cellular organelles responsible for mediating protein trans-
lation, which is one of the most energy-demanding activities 
within the cell. Eukaryotic ribosomes are made up of two 
subunits: 40 S and 60 S, which include ribosomal proteins 
and ribosomal RNA (rRNA). In addition to translation, ribo-
somal proteins also play roles in various extra ribosomal 

functions, such as cell apoptosis (Liu et al. 2024). Mal-
functions in ribosomes can trigger ribotoxic stress response 
(RSR), impairing protein synthesis and reducing cell via-
bility (Sinha et al. 2024). A study demonstrated that both 
MMP and mitochondrial reactive oxygen species (mROS) 
levels increased in response to ribosomal impairments (Liu 
et al. 2024); Ribosomal protein (RP) L23 negatively regu-
lates cellular apoptosis. In patients with higher-risk myelo-
dysplastic syndrome (MDS), CD34+ cells exhibit abnormal 
resistance to apoptosis due to the overexpression of RPL23. 
It has been observed that reduced RPL23 expression led to 
suppressed cellular viability, increased apoptosis, and G1-S 
cell cycle arrest (Qi et al. 2017); Unphosphorylated RPS6 
induces apoptosis by increasing the expression of death 
receptor 4 (DR4), which is part of the mechanism of tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) 
(Yi et al. 2021).

In conclusion, ribosomes are closely linked to apoptosis. 
This study explored how BE combats C. auris by examining 
various apoptotic markers after treatment, using the ribo-
somal gene set pathway identified through transcriptome 
sequencing.

Materials and methods

Candida auris strain and cultivation

The C. auris strain was obtained from Prof. Huang Guang-
hua at FuDan University. After culturing on Yeast Peptone 
Dextrose (YPD) Agar, the C. auris was activated in YPD 
Broth and then incubated at 37 °C for 12 h until reaching the 
exponential phase. The fungal precipitate was collected by 
centrifugation at 825 × g for 5 min, and the supernatant was 
removed. RPMI-1640 medium (pH 7.0) was added to adjust 
the concentration to 2 × 106 CFU/ml. The C. auris suspen-
sions were then treated with different concentrations of BE 
and FLZ, while a control group without medication was also 
included for comparison purposes. The methods outlined 
below all adhere to the experimental setup and conditions 
described. The following methods adhere to the experimen-
tal setup and conditions described above.

SEM

After cultured, non-adherent cells were rinsed with sterile 
phosphate buffered saline (PBS) buffer and then immersed 
in pre-chilled 2.5% glutaraldehyde for at least 2 h. The 
samples were then dehydrated in a series of ethanol con-
centrations (30%, 50%, 70%, 95%, and 100%) for 20 min. 
Following adequate air drying, the specimens were gold-
coated, examined, and imaged using a Thermo Quattro S 
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to measure the MMP. After being washed in PBS, the cells 
were analyzed using flow cytometry. The ratio of fluores-
cence intensities of aggregates JC-1 to monomer was calcu-
lated (Jia et al. 2019).

Detection of nuclear condensation

After incubation, the treated cells were washed with PBS 
two times and stained with DAPI (Sparkjade Biotechnology 
Co., Ltd., Shandong, China) at a concentration of 10 µg/ml 
for 10 min in the dark (Tian et al. 2017; Jia et al. 2019; Liu et 
al. 2022). Subsequently, the samples were examined using a 
DMi8 microscope at a magnification of ×630.

Determination of DNA fragmentation

Following the incubation period, the cells were washed 
with PBS two times and stained with a One Step TUNEL 
Apoptosis Assay Kit (Beyotime Biotechnology Co., Ltd., 
Shanghai, China) for 60 min at 37˚C (Tian et al. 2017; Jia et 
al. 2019; Liu et al. 2022). Finally, the apoptotic cells were 
assessed by DMi8 microscope at a magnification of ×630.

Transcriptome sequencing

Firstly, total RNA was extracted from C. auris in the control 
group (n = 3) and the BE (59.2 µM) group (n = 3), and the 
concentration and purity of the RNA were assessed using 
Nanodrop2000. The integrity of the RNA was evaluated 
through agarose gel electrophoresis, and the RQN value 
was determined with Agilent5300. Subsequently, mRNA 
was isolated from total RNA by A-T base pairing of ploy 
A with magnetic beads containing Oligo (dT). Following 
fragmentation in suitable conditions, the mRNA fragments 
were reverse transcribed into one-strand cDNA using ran-
dom primers and reverse transcriptase. This single-stranded 
cDNA then underwent two-strand synthesis to form a stable 
double-stranded structure. The double-stranded cDNA ends 
were repaired to create blunt ends using End Repair Mix, 
followed by addition of an A base at the 3’ end to facili-
tate adapter ligation. After purification and separation of 
adapter-ligated products, PCR amplification was performed 
to generate final library for sequencing on a computer (Wu 
et al. 2024). In GO analysis, the software Goatools was 
employed for enrichment analysis, and the Fisher exact test 
was utilized. To control the calculated false positive rate, 
four multiple test approaches (Bonferroni, Holm, Sidak, and 
false discovery rate) were adopted to correct the P-value. 
Generally, when the corrected P-value (p_fdr) < 0.05, it is 
regarded that there is significant enrichment of GO func-
tion. The Python scipy software package was employed for 
KEGG PATHWAY enrichment analysis. The calculation 

scanning electron microscope. (Thermo Quattro S, Thermo 
Fisher Scientific, USA) (Li et al. 2024).

Analysis of phosphatidylserine (PS) externalization

Following the incubation process, the cells were then cen-
trifuged at 1000 × g for 3–5 min and resuspended in fresh 
PBS, followed by two washes with PBS. Subsequently, the 
Annexin V-FITC apoptosis detection kit (Beyotime Bio-
technology Co., Ltd., Shanghai, China) was used according 
to the manufacturer’s instructions to determine the induc-
tion of apoptosis in cells using flow cytometry (BD FACS-
Celesta, USA) (Jia et al. 2019; Liu et al. 2022).

Metacaspase activation assay

After incubation, the fungal cells were collected and washed 
with sterile PBS. Subsequently, they were stained with 
10µM CaspACE™ FITC-VAD-FMK In Situ Marker (Pro-
mega Biotech Co., Ltd., USA) at 37˚C for 25–30 min in the 
dark. Fluorescence was examined using a DMi8 microscope 
(Leica, Wetzlar, Hesse, Germany) at ×630 magnification 
(Liu et al. 2022).

ROS

Following the incubation period, Samples were stained 
using the ROS Assay Kit (Beyotime Biotechnology Co., Ltd, 
Shanghai, China) for 20 min at 37 °C. Excess 2’,7’-Dichlo-
rodihydrofluorescein diacetate (DCFH-DA) was removed 
with sterile PBS (Liu et al. 2022; Lei et al. 2023). Fluo-
rescence was observed using a DMi8 microscope at ×630 
magnification.

SOSG

After incubation, non-adherent fungal cells were removed 
by rinsing with sterile PBS. Subsequently, Singlet oxygen 
sensor green (SOSG, Maokang Biotechnology Co., Ltd, 
Shanghai, China) was added at concentration of 10 µM, and 
the cells were stained for 30 min under light protection (Liu 
et al. 2022). Fluorescent expression was observed using a 
DMi8 microscope at ×630 magnification.

Mitochondrial membrane potential assay

After being cultured, the cells were subsequently centri-
fuged at 1000 × g for 3–5 min and then resuspended in fresh 
PBS, followed by three washes with PBS. Following this, 
the enhanced mitochondrial membrane potential assay kit 
with JC-1(Beyotime Biotechnology Co., Ltd, Shanghai, 
China) was utilized as per the manufacturer’s instructions 
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ANOVA followed by LSD or Welch’s method. Statistical 
significance was considered at P < 0.05.

Results

BE inhibits the formation of C. Auris biofilm

C. auris exhibited a distinct oval-shaped yeast morphology 
in both the control group and the groups treated with 7.4 µM 
and 14.8 µM BE, as well as 209 μM FLZ. Moreover, expo-
sure to BE at concentrations of 29.6 µM and 59.2 µM caused 
noticeable changes in yeast cell shape, suggesting a reduced 
ability to divide. Additionally, we observed a decrease in the 
number of C. auris as BE concentration increased (Fig. 1).

BE triggers PS externalization results in viable 
apoptosis

PS is typically located on the inner side of the plasma 
membrane, but in apoptotic and necrotic cells, PS becomes 
exposed on the outer surface. Therefore, PS is considered 
an early marker of apoptosis in fungi. Annexin V has a spe-
cific affinity for externalized PS, while PI only stains dam-
aged cells. Viable apoptotic cells are identified as Annexin 
V-FITC+/PI-, whereas non-viable apoptotic and necrotic 
cells are labeled as Annexin V-FITC+/PI+.

In our study, the control groups had a large population of 
viable cells, with only 3.98% showing staining for apoptotic 
cells, highlighting the contrast with the increased apoptosis 
observed after treatment. Following treatment with vari-
ous concentrations of BE and FLZ, there was an increase 
in the number of cells in the Annexin V+/PI- and Annexin 
V-FITC+/PI + quadrants. C. auris cells treated with 29.6 
μM and 59.2 μM BE showed significant apoptotic popula-
tions of 39.9% and 41.23%, respectively, indicating that BE 
induced apoptosis in C. auris (Fig. 2).

BE induces metacaspase activation

Metacaspases are caspase-like cysteine proteases found in 
yeast that play a crucial role in the early stages of apoptosis 
and can be detected using FITC-VAD-FMK staining. Cells 
with activated intracellular metacaspases exhibit green fluo-
rescence, whereas control cells show no staining. The study 
showed that fluorescence intensity increased with higher 
concentrations of BE (14.8, 29.6, and 59.2 μM), indicating 
elevated metacaspase activity in BE-treated cells, but not in 
FLZ-treated cells (Fig. 3).

principle was consistent with that of GO functional enrich-
ment analysis, and the Fisher exact test was utilized for 
the calculation. To control the calculation of the false dis-
covery rate, the BH(FDR) method was adopted for mul-
tiple tests, and a Corrected P-Value of 0.05 was set as the 
threshold. KEGG pathways fulfilling this condition were 
defined as those that were significantly enriched in differ-
entially-expressed genes. The software for cluster analysis 
is fastcluster.

RT-qPCR

The cDNA extracted from C. auris was utilized for cDNA 
synthesis according to the manufacturer’s instructions for 
the reverse transcription kit (Yeasen Biotechnology Co., 
Ltd., Shanghai, China). The primer sequences are presented 
in Table 1. RT-qPCR amplification was performed using a 
Light Cycler ® 96 for fluorescence quantification, with an 
initial denaturation at 95 °C for 5 min, followed by 40 cycles 
of denaturation at 95 °C for 10 s, annealing at 50–60 °C for 
20 s, and extension at 72 °C for 20 s. Gene expression lev-
els were assessed using the relative quantification method 
based on cycle threshold values (2-ΔΔCt). (Wu et al. 2023).

Statistical analysis

The data presented represent the average value ± the stan-
dard deviation from a minimum of three biological repli-
cates. Statistical analysis was performed using Graphpad 
Prism 9.5 and SPSS 23.0, with the application of one-way 

Table 1 Primers sequences used for RT-qPCRPrimers sequences used 
for RT-qPCR
Gene Primer sequences
C. auris- Forward (5’-3’):  G T C G G T G A T G A G G C T C A A T C C A 

A G
ACT1 Reverse (5’-3’):  G T C G T C C C A G T T C G T G A C A A T A C C
C. auris- Forward (5’-3’):  G G T G T G G T G A T G T G T C G T C T T C G
IMP3 Reverse (5’-3’):  A C C C A C G T T A G G T A G T C C T C C A 

A G
C. auris- Forward (5’-3’):  T G G T G G T G C T C G T G G T G G T C
NOP1 Reverse (5’-3’):  A G C G T G T C T G T G A G G T T C A A T G 

A C
C. auris- Forward (5’-3’):  T C G G A C A C A G C A A C A G A A T C A C 

A G
UTP21 Reverse (5’-3’):  C A C G T T A G G A A G G C G G A T A C C A 

T C
C. auris- Forward (5’-3’):  G C C A G A T G A G A G T G C G G T T G C
NOG2 Reverse (5’-3’):  T C T T C G C C T G T T C T C A C C T C C T C
C. auris- Forward (5’-3’):  A A C A A G C T C C G A C A G C A C A A G 

A G
RCL1 Reverse (5’-3’):  G A C T T C A C C A C C G C C C A A A G G
C. auris- Forward (5’-3’):  G C T G C T A G A A G A A A C G T C C C T G 

T C
RLP24 Reverse (5’-3’):  G C C T C T C C T T G T T G C C T C T C A T T C
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fluorescence in a dose-dependent manner, indicating that 
BE caused ROS accumulation in C. auris (Fig. 4).

BE produces 1O2 accumulation

The reactive oxygen species, 1O2, could disrupt various bio-
logical cell components such as lipids, proteins, and nucleic 

BE produces ROS accumulation

The production of ROS may directly damage yeast cells 
by inducing and regulating apoptosis. As depicted in Fig, 
the BE (29.6 and 59.2 µM) groups exhibited strong green 
fluorescence, while the other groups showed minimal flu-
orescence. This suggests that BE significantly increased 

Fig. 2 Baicalein (BE) triggers the externalization of phosphatidylser-
ine (PS), resulting in viable apoptosis. (A) Images represent results of 
flow cytometry. (B) Histogram displays quantification of the number 

of C. auris apoptosis by FlowJo. All data are presented as mean ± SD: 
****P < 0.0001 vs. Control group

 

Fig. 1 Baicalein (BE) disrupts the morphological architecture of C. auris biofilm. Images depict the biofilms of C. auris under scanning electron 
microscope (SEM) examination
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This alteration is considered the initial event of apoptosis. 
Typically, a high mitochondrial membrane potential (MMP) 
leads to the accumulation of JC-1 in the mitochondrial 
matrix, forming JC-1 aggregates that emit red fluorescence. 
In contrast, when MMP decreases, JC-1 exists as monomers, 
which produce green fluorescence. Our study revealed that 
in C. auris cells treated with BE, the ratio of JC-1 aggre-
gates to monomers decreased in a concentration-dependent 
manner, indicating a loss of MMP and mitochondrial dam-
age. Similar findings were also obtained for the FLZ group 
(Fig. 6).

acids through cellular metabolism, REDOX reactions, and 
photoactivation. The production of intracellular 1O2 was 
further assessed using SOSG stained C. auris, which emits 
a green fluorescence in the presence of singlet oxygen. As 
depicted in Fig, the BE (29.6 and 59.2 µM) group exhibited 
strong green fluorescence, while the other groups showed 
minimal fluorescence (Fig. 5). This result indicates that BE 
led to an accumulation of 1O2 in C. auris.

BE disrupts mitochondrial membrane potential

Mitochondria are a crucial target of ROS. An abnormal 
rise in ROS levels usually causes mitochondrial damage 
and changes in the mitochondrial membrane potential. 

Fig. 4 Baicalein (BE) produces reactive oxygen species (ROS) accu-
mulation. (A) Images represent the accumulation of ROS, with green 
fluorescence observed. (B) Histogram displays the proportion of cells 

that are positive for ROS. Quantification of fluorescence-labeled C. 
auris number by Image J. All data are presented as mean ± SD: ns = not 
significant, ****P < 0.0001 vs. Control group

 

Fig. 3 Baicalein (BE) triggers metacaspase activation of C. auris. 
(A) Images represent the accumulation of metacaspase, with green 
fluorescence observed. Scale bars 20 μm. (B) Histogram displays the 
proportion of cells that are positive for metacaspase. Quantification 

of fluorescence-labeled C. auris number by Image J. All data are pre-
sented as mean ± SD: ns = not significant, *P < 0.05, ****P < 0.0001 
vs. Control group
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BE causes DNA fragmentation

Additionally, DNA fragmentation is recognized as a hall-
mark of apoptosis in the late phase. The TUNEL assay is 
commonly used to detect DNA fragmentation in cells, as it 
can identify apoptotic DNA cleavage by labeling fluorescent 
dUTP at the 3’-OH ends of DNA. Figure shows that there 
was a significant increase in fluorescence quantity in the BE 
(14.8,29.6 and 59.2 µM) groups, but not in the FLZ group, 
suggesting that BE caused DNA fragmentation (Fig. 8).

BE induces nuclear condensation

In comparison to the normal nucleus of the control and 
FLZ groups, the nucleus of BE (14.8,29.6 and 59.2 µM) 
treated yeasts exhibited a fragmented blue fluorescence or 
increased condensation, suggesting that BE induced nuclear 
condensation and fragmentation of C. auris (Fig. 7).

Fig. 6 Baicalein (BE) disrupts mitochondrial membrane potential (MMP). (A) Images represent results of flow cytometry. (B) Histogram displays 
quantification of MMP of C. auris by FlowJo. All data are presented as mean ± SD: ****P < 0.0001 vs. Control group

 

Fig. 5 Baicalein (BE) produces 1O2 accumulation. (A) Images repre-
sent the accumulation of 1O2, with green fluorescence observed. (B) 
Histogram displays the proportion of cells that are positive for 1O2. 

Quantification of fluorescence-labeled C. auris number by Image J. All 
data are presented as mean ± SD: ns = not significant, ****P < 0.0001 
vs. Control group
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involvement of differentially expressed genes in the top 20 
enriched pathways. Among these pathways, it was found 
that the induction of C. auris apoptosis by BE may be 
attributed to its influence on rRNA processing (112 dif-
ferentially regulated genes), ncRNA processing (146 dif-
ferentially regulated genes), rRNA metabolic process (114 
differentially regulated genes), nucleolus (102 differentially 
regulated genes), preribosome (59 differentially regulated 
genes), ncRNA metabolic process(157 differentially regu-
lated genes), cleavage involved in rRNA processing (30 
differentially regulated genes), preribosome, and large sub-
unit precursor (23 differentially regulated genes) (Fig. 9B). 
Clustering analysis of the associated genes, as depicted in 
the heatmap, indicated that BE had an impact on a range of 
ribosomal genes. (Fig. 9C-D).

To confirm the transcriptome results, we selected the six 
most differentially expressed genes (DEGs) from the two 
groups of ribosome-related genes for RT-qPCR. IMP3 is a 

Transcriptomics and RT-qPCR results reveal BE 
regulated ribosome-related pathways

We sought to understand the molecular mechanisms of BE 
against C. auris. To achieve this, we performed transcrip-
tome sequencing analysis on samples from the control and 
BE treatment groups using the Illumina high-throughput 
sequencing platform.

This research focused on genes with varying expression 
levels in the BE treatment group (59.2 μM) versus the con-
trol group. The analysis from the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) indicated significant enrich-
ment of differentially expressed genes in eukaryotic ribo-
some biogenesis and related processes. Among them, there 
are 54 differentially regulated genes in the ribosome bio-
genesis in eukaryotes pathway, and 58 differentially regu-
lated genes in the ribosome pathway (Fig. 9A). The Gene 
Ontology (GO) enrichment analysis revealed the collective 

Fig. 8 Baicalein (BE) causes DNA fragmentation (A) Images repre-
sent the accumulation of DNA fragmentation, with green fluorescence 
observed. Scale bars 20 μm. (B) Histogram displays the proportion of 

cells that are positive for DNA fragmentation. Quantification of fluo-
rescence-labeled C. auris number by Image J. All data are presented 
as mean ± SD: ns = not significant, ****P < 0.0001 vs. Control group

 

Fig. 7 Baicalein (BE) induces nuclear condensation. (A) Images rep-
resent the nuclear condensation of C. auris, with blue fluorescence 
observed. Scale bars 10 μm. (B) Histogram displays quantification of 

fluorescence intensity of C. auris stained with DAPI by Image J. All 
data are presented as mean ± SD: **P < 0.01, ****P < 0.0001 vs. Con-
trol group
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3’-phosphate cyclase in yeast, associates with U3 snoRNP 
and is required for 18 S rRNA biogenesis. The results dem-
onstrated a significant downregulation of all genes under 
BE treatment, which is consistent with the transcriptome 
data (Fig. 10). This suggests that BE can have a significant 
impact on the ribosomal pathways of C. auris.

U3 small nucleolar ribonucleoprotein (snoRNP) that plays 
a crucial role in pre-rRNA processing. The snoRNP NOP1 
(fibrillarin) is essential for pre-rRNA processing in yeast and 
is vital for cell viability. UTP21 is a protein component of 
UTPB, which is a large and evolutionarily conserved com-
plex involved in the early processing of 18 S rRNA within 
the 90 S small subunit processome. Additionally, NOG2 
and RLP24 are pre-ribosomal proteins that serve as criti-
cal regulators of ribosome biogenesis. RCL1, like the RNA 

Fig. 9 Baicalein (BE) regulates the expression of ribosomal genes 
associated with C. auris. (A) Annotation analysis of KEGG function 
in the BE (59.2µM) group vs. control group. (B) GO functional enrich-

ment analysis of the BE (59.2µM) group vs. control group. (C) Heat-
map of clustering analysis of ribosome biogenesis in eukaryotes. (D) 
Heatmap of clustering analysis of ribosome
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azoles, AmB, and echinocandins (Chaabane et al. 2019; 
Chowdhary et al. 2023). It is crucial to explore new antifun-
gal drugs to overcome the limited effectiveness, high levels 
of toxicity, and drug resistance linked with existing antifun-
gal medications. In our previous studies, BE demonstrated 
potent antifungal activity against C. auris, and it was also 
observed that BE possesses the capability to induce cellular 
apoptosis and diminish yeast cell viability (Li et al. 2024). 
To better understand how BE works against C. auris by 
inducing apoptosis, we examined the characteristics related 
to yeast apoptosis.

Apoptosis is the earliest discovered type of regulated cell 
death, mediated by intracellular caspase-3 and caspase-7. 
These enzymes cleave different intracellular substrates. 
This process results in cell shrinkage, chromatin fragmenta-
tion, membrane blebbing, and the creation of membrane-
wrapped vesicles (Ai et al. 2024).

Biofilm refers to a structured microbial community that 
emerges on abiotic or biological surfaces and is embedded 
within the extracellular matrix. It is an extracellular struc-
ture constituted by glycoproteins, carbohydrates, polysac-
charides (Prasad et al. 2019). The biofilm formed by C. 
auris not only relies on the accumulation of yeast but also 

Discussion

Human fungal infections are rapidly increasing, with 
eukaryotic pathogens currently affecting billions globally 
and causing more than 1.5 million deaths annually (Brown 
et al. 2012). Candida spp. are the most significant fungal 
pathogens responsible for invasive infections (Brown et al. 
2012). The CDC has identified Candida spp. as a serious 
threat to human health due to the significant rise in drug-
resistant infections, especially those caused by non-albicans 
Candida species (Chowdhary et al. 2023).

Candida auris is a fungal pathogen that resists many con-
ventional antifungal drugs, making it a significant threat to 
global human health. Since the first case was reported in 
Japan in 2009, C. auris infections have been documented 
in over 40 countries. The mortality rates for these infections 
range from 30% to 60% (Du et al. 2020). C. auris can cause 
outbreaks in healthcare facilities, particularly in nursing 
homes for the elderly, because it spreads efficiently through 
skin-to-skin contact (Ruiz-Gaitán et al. 2018; Chowdhary 
et al. 2023). C. auris is the first fungal pathogen known to 
exhibit significant and sometimes untreatable clinical drug 
resistance against all known antifungal classes, including 

Fig. 10 Baicalein (BE) regulated 
ribosome-related pathways. 
(A-F) RT-qPCR were used to 
detect expression of UTP21, 
NOG2, RCL1, IMP3, NOP1, 
RLP24 mRNA. All data are pre-
sented as mean ± SD: *P < 0.05, 
**P < 0.01, ***P < 0.001, 
****P < 0.0001 vs. Control group
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assay kit can detect alterations in MMP. In our research, 
we observed a significant decrease in the MMP of C. auris 
when exposed to BE (29.6 and 59.2µM), indicating sub-
stantial damage to the mitochondria and initiation of early 
apoptosis in the cells. FLZ also induces a certain level of 
disruption in the MMP, albeit not as pronounced as BE.

Apoptosis includes cellular shrinkage, pyknosis (chro-
matin condensation), karyorrhexis (nuclear fragmentation), 
and subsequent DNA fragmentation (Majtnerová et al. 
2018). Additionally, the DAPI staining solution effectively 
detects nuclear fragmentation, which was observed in our 
experiments. The results showed that with BE treatment 
at concentrations of 14.8, 29.6, and 59.2 μM, C. auris dis-
played noticeable nuclear contraction and fragmentation. 
In contrast, FLZ had minimal effect. DNA fragmentation 
occurs in the later stages of the apoptotic process (Majt-
nerová et al. 2018). The findings indicated that increasing 
concentrations of BE led to a greater production of DNA 
fragments in C. auris cells, while FLZ did not produce a 
similar effect.

Our transcriptome sequencing results indicate a signifi-
cant impact on the ribosome and its related pathways after 
the BE intervention in C. auris. Ribosomes are essential cel-
lular components composed of rRNA and ribosomal pro-
teins (Liu et al. 2024). Numerous studies have established a 
close association between the ribosome and cell apoptosis. 
One study highlighted the importance of ribosomal UUA 
stalling caused by DNA damage as a trigger for apoptosis 
(Boon et al. 2024). And another research reveals that ribo-
toxic stress response (RSR) signaling via ZAK, rather than 
DNA damage response (DDR) signaling, is accountable for 
early apoptosis and cell-cycle arrest in response to ultravi-
olet (Sinha et al. 2024). Furthermore, we have previously 
noted that MMP and ROS are crucial indicators of apopto-
sis. A study demonstrated that ribosomal impairments lead 
to increased levels of mitochondrial reactive oxygen spe-
cies (mROS), which activate cellular signaling pathways to 
manage ribosomal stress. Additionally, it was observed that 
reducing mROS levels or MMP exacerbated the growth of 
cells with defective ribosomes (Liu et al. 2024). Our study 
found that the differentially expressed genes were primarily 
enriched in ribosome biogenesis and ribosomes, as deter-
mined by KEGG functional annotation analysis. GO enrich-
ment analysis indicated that BE may induce apoptosis in C. 
auris by affecting various processes, including ribosomal 
RNA processing, ncRNA processing, rRNA metabolism 
and nucleolus (Shan et al. 2023). Therefore, we selected six 
genes (IMP3, NOP1, UTP21, NOG2, RLP24, RCL1) with 
the most significant differences for RT-qPCR analysis, based 
on the heat map of differentially expressed genes. These 
ribosomal genes are critical to various biological processes, 
as supported by previous studies (Tollervey et al. 1991; Lee 

consists of a certain amount of extracellular matrix (Larkin 
et al. 2017), and eventually forms a compact group struc-
ture, facilitating C. auris to survive for a prolonged period 
on the surface of the environment and evade the host. In 
SEM, both the control group and the groups treated with 
7.4 µM and 14.8 µM BE, as well as 209 μm FLZ, C. auris 
exhibited a distinct oval-shaped yeast morphology. How-
ever, exposure to BE at concentrations of 29.6 µM and 59.2 
µM led to notable changes in the topography of yeast cells, 
indicating that BE may trigger the apoptosis of C. auris.

PS is widely distributed in the medial part of eukaryotic 
cell membranes. PS evagination serves as an important 
characteristic of viable apoptosis, providing a crucial sig-
nal for apoptotic cells and phagocytes to identify and elimi-
nate (Leventis et al. 2010). Based on the flow cytometry 
data, it was observed that C. auris cells exposed to 29.6µM 
and 59.2µM BE exhibited a significant presence of apop-
totic cells (39.9% and 41.23% apoptotic), indicating that 
BE induced apoptosis in C. auris (Jia et al. 2019; Liu et al. 
2022). Similarly, FLZ could also trigger early apoptosis in 
C. auris, albeit with less efficacy compared to BE.

Metacaspases constitute a distinct category of enzymes 
capable of regulating various cellular processes, including 
programmed cell death (PCD), like caspases (Tsiatsiani et 
al. 2011). Our findings demonstrated an increase in fluores-
cence quantity with the rise in BE concentration, indicat-
ing heightened metacaspase activity in cells treated with BE 
(14.8, 29.6, and 59.2 µM), but not in FLZ-treated cells (Jia 
et al. 2019; Liu et al. 2022).

ROS are generated through the incomplete reduction of 
molecular oxygen, encompassing superoxide anion (O2-.), 
hydrogen peroxide (H2O2), hydroxyl radical (OH.), and sin-
glet oxygen (1O2). ROS have the potential to induce various 
forms of cellular damage, particularly lipid peroxidation 
and membrane injury (Baud et al. 1986; Suski et al. 2012; 
Prasad et al. 2018). The ROS Assay Kit and SOSG were 
employed to evaluate the levels of extracellular ROS and 
1O2, as documented in the literature. Research has demon-
strated that higher concentrations of BE increase the pro-
duction of ROS and 1O2 by C. auris, resulting in increased 
cellular damage. However, FLZ was not effective against 
C. auris.

Mitochondria are widely recognized as the primary 
source of ROS within the cell, contributing to various path-
ological conditions and aging. Prolonged elevation in ROS 
production rates leads to the accumulation of ROS-induced 
damage in DNA, proteins, and lipids, ultimately result-
ing in progressive cellular dysfunction (low mitochondrial 
membrane potential) and subsequent apoptosis, thereby 
increasing the overall likelihood of pathological condi-
tions in an organism (Jia et al. 2019; Liu et al. 2022). The 
JC-1 enhanced mitochondrial membrane potential (MMP) 
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et al., 1999; Billy et al. 2000; Saveanu et al. 2003; Honma et 
al. 2006; Zhang et al. 2014). RT-qPCR results indicated that 
all selected genes significantly decreased, aligning with the 
findings from our transcriptome sequencing study. There-
fore, we infer that BE may impact ribosomal function and 
related pathways to facilitate apoptosis in C. auris.

Conclusions

Collectively, this study explored the mechanisms by which 
baicalein (BE) acts against Candida auris. Our findings indi-
cate that BE may trigger apoptosis in C. auris by affecting 
ribosomal function and related pathways. This highlights 
the effectiveness of BE against this ‘super fungus’ and pro-
vides valuable insights for future prevention and treatment 
strategies aimed at C. auris.
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