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Otilonium Bromide Exhibits Potent Antifungal Effects by
Blocking Ergosterol Plasma Membrane Localization and
Triggering Cytotoxic Autophagy in Candida Albicans

Cheng Zhen, Li Wang, Yanru Feng, Malcolm Whiteway, Sijin Hang, Jinhua Yu, Hui Lu,*
and Yuanying Jiang*

Candidiasis, which presents a substantial risk to human well-being, is
frequently treated with azoles. However, drug-drug interactions caused by
azoles inhibiting the human CYP3A4 enzyme, together with increasing
resistance of Candida species to azoles, represent serious issues with this
class of drug, making it imperative to develop innovative antifungal drugs to
tackle this growing clinical challenge. A drug repurposing approach is used to
examine a library of Food and Drug Administration (FDA)-approved drugs,
ultimately identifying otilonium bromide (OTB) as an exceptionally
encouraging antifungal agent. Mechanistically, OTB impairs vesicle-mediated
trafficking by targeting Sec31, thereby impeding the plasma membrane (PM)
localization of the ergosterol transporters, such as Sip3. Consequently, OTB
obstructs the movement of ergosterol across membranes and triggers
cytotoxic autophagy. It is noteworthy that C. albicans encounters challenges in
developing resistance to OTB because it is not a substrate for drug
transporters. This study opens a new door for antifungal therapy, wherein
OTB disrupts ergosterol subcellular distribution and induces cytotoxic
autophagy. Additionally, it circumvents the hepatotoxicity associated with
azole-mediated liver enzyme inhibition and avoids export-mediated drug
resistance in C. albicans.
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1. Introduction

Candida albicans can cause a range of dis-
eases, from superficial mucosal and dermal
infections to life-threatening disseminated
bloodstream infections, particularly in im-
munocompromised individuals, and thus
pose a serious threat to human health.[1]

Azoles, widely used for treating candidia-
sis due to their broad antifungal spectrum,
low toxicity, affordability, and versatile ad-
ministration, target 14-𝛼-sterol demethy-
lase to inhibit ergosterol biosynthesis.[2]

However, a notable obstacle encountered
by these drugs, commonly referred to as
their “Achilles heel,” is the interaction with
the hepatic cytochrome P450 enzyme sys-
tem. Azoles are metabolized by this system,
leading to potential fluctuations in azole
levels when interacting with other drugs
metabolized by these enzymes. Addition-
ally, azoles can inhibit cytochrome P450
enzymes, which may result in increased
plasma concentrations of other drugs me-
tabolized by these enzymes.[3] This concern

is particularly alarming as many patients with fungal infections
also contend with complex medical conditions such as acquired
immune deficiency syndrome (AIDS), cancer, and compromised
immune function, necessitating multiple drug combinations.
Given that the transport and integration of ergosterol into the
plasma membrane (PM) are crucial processes for its optimal
function,[4] impeding its proper distribution may mimic the in-
hibition of ergosterol synthesis, potentially circumventing the
drug-drug interactions caused by azoles inhibiting the CYP3A4
enzyme. However, there is currently a dearth of compounds that
interfere with ergosterol transportation to the PM while demon-
strating antifungal properties.

A further important challenge for azoles lies in the capability
of drug efflux pumps to expel these compounds from C. albicans
cells, allowing routes to the development of azole resistance.[5]

This situation occurs because, on the one hand, azoles induce the
expressions of the efflux pumps, such as Cdr1, Cdr2, and Mdr1,[6]

while on the other hand, azoles themselves are substrates of the
efflux pumps.[7] Consequently, the over-expressed efflux pumps
induce the efflux of azoles, rendering C. albicans tolerant to these
compounds and potentially fostering azole resistance.[8] Recently,
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the compound iKIX1 has been found to disrupt the interaction
between the mediator complex and Pdr1, a transcriptional reg-
ulator responsible for the expression of the efflux pump Pdr5.
This disruption effectively inhibits the expression of the pump
and enhances the efficacy of FLC against FLC-resistant Candida
glabrata.[9] Currently, the major mechanisms of azole resistance
in pathogenic fungi are ineffective inhibition of the target of
azoles and increased efflux. Therefore, a promising and effective
antifungal approach involves identifying an antifungal agent that
disrupts ergosterol function without being a substrate for drug
pumps.

Autophagy, a key physiological mechanism, plays a crucial role
in maintaining cellular homeostasis by facilitating the degrada-
tion of damaged cytoplasm, proteins, and organelles through
transport to lysosomes or vacuoles.[10] Various stressful condi-
tions, including nutritional deprivation, metabolic damage, ox-
idative stress, pathogens, DNA damage, and proteotoxic cues,
have been found to upregulate autophagy.[10] Autophagy is intri-
cately linked to cellular protection and cell death, with numer-
ous studies demonstrating its dual functions in eukaryotic cells:
autophagy activation can either promote cell survival (protective
autophagy) or contribute to cell death (cytotoxic autophagy).[11]

Research has consistently highlighted the key role of autophagy
in influencing the growth, development, and virulence factor
formation of fungal cells, thus closely correlating with fungal
pathogenicity.[12] Notably, azoles have been observed to induce
endoplasmic reticulum (ER) stress, triggering ER phagy-like au-
tophagy in C. albicans and enhancing autophagic flux.[13] Addi-
tionally, rapamycin, a well-known autophagy inducer, demon-
strates clear antifungal activity.[14] These findings suggest that
activating autophagy could represent a promising avenue for an-
tifungal therapy, underscoring the need for the development of
novel and more potent autophagy inducers for the effective treat-
ment of candidiasis.

This study employed a drug repositioning strategy to conduct
a high-throughput library screen of compounds approved by the
Food and Drug Administration (FDA). Through this screening
process, otilonium bromide (OTB) was identified as a highly ef-
fective antifungal agent, displaying a low minimum inhibitory
concentration (MIC) value, a broad spectrum of antifungal ac-
tivity, and negligible cytotoxicity. In addition, OTB exhibited
fungistatic properties while inhibiting filamentation and biofilm
formation in C. albicans. Our findings indicate that OTB im-
paired vesicle-mediated trafficking by targeting Sec31, thereby
impeding the PM localization of ergosterol transporters such as
Sip3. As a result, OTB disrupted the transport of ergosterol across
membranes and induced cytotoxic autophagy. Notably, OTB was
not transported by drug pumps, thus bypassing a typical mecha-
nism of C. albicans resistance. This research identified a novel an-
tifungal strategy wherein OTB effectively impedes the transfer of
ergosterol between membranes and triggers cytotoxic autophagy.

2. Results

2.1. Identification of OTB Acting as an Antifungal Agent In Vitro
and In Vivo

A high-throughput screen of an FDA-approved drug library of
2372 drugs was conducted to identify new antifungal agents. The

antifungal activity of each of the 2372 drugs at a concentration
of 10 μM was tested on C. albicans SC5314. Forty-nine drugs
were identified as having clear antifungal activity, as they could
inhibit C. albicans growth by more than 90% compared to the
control group without drugs (Figure 1a,b). Subsequently, a to-
tal of 39 of the 49 drugs were excluded from further investiga-
tion due to their known antifungal activity, including azoles (n
= 24), statins (n = 3), the target of rapamycin inhibitors (n =
3), echinocandins (n = 2), amphotericin B (AmB), amorolfine,
broxyquinoline, chlorquinadol, octenidine, tavaborole, and zinc
pyrithione (Figure 1a).[15] The remaining 10 drugs were sub-
jected to evaluation of their antifungal activity by measuring
their MIC values against C. albicans. Among these drugs, au-
ranofin, triclosan, chloroxine, fingolimod, and fingolimod hy-
drochloride exhibited antifungal activity against C. albicans only
at high concentrations, with MIC values of 12.5 μM, 12.5 μM,
6.25 μM, 6.25 μM, and 6.25 μM, respectively (Figure 1c). Dioscin
showed antifungal activity with a MIC value of 3.125 μM, but
it can cause apoptosis and necrosis in liver cells at concen-
trations as low as 0.5 μM.[16] Cetylpyridinium chloride mono-
hydrate and cetylpyridinium chloride are currently limited to
roles as antibacterial mouthwashes because they have shown
toxicity in mice, rats, and rabbits and can cause severe eye
irritation.[17] Clioquinol has been withdrawn from the market
due to reports of neurotoxicity in Japanese patients.[18] OTB
(Figure 1d), however, is commonly administered orally to treat
patients with irritable bowel syndrome.[19] It exhibited the lowest
MIC value (1.56 μM, ≈0.88 μg mL−1) against C. albicans, indi-
cating its greater antifungal activity compared to the other inves-
tigated drugs (Figure 1c). OTB also demonstrated minimal cy-
totoxicity against human intestinal epithelial Caco-2 cells with
a half-maximal inhibitory concentration (IC50) value of 22.54 ±
1.78 μg mL−1 (Figure 1e). This IC50 value surpasses the MIC
value of OTB against C. albicans, suggesting that OTB held
promise in terms of safety for the therapeutic management of
candidiasis.

Our spot assay results indicate that OTB exhibited potent an-
tifungal activity against various other fungal species, including
non-albicans Candida species (Candida auris, Candida parapsilo-
sis, and Candida tropicalis), the yeast Saccharomyces cerevisiae,
and the basidiomycete Cryptococcus neoformans (Figure 1f). Fur-
thermore, the strong antifungal efficacy of OTB was consistently
observed across different clinical isolates, such as C. albicans
(n = 17) with MIC values ranging from 0.5 to 2 μg mL−1, C.
auris (n = 4) with MIC values ranging from 8 to 16 μg mL−1, C.
glabrata (n = 11) with MIC values ranging from 8 to 16 μg mL−1,
C. guilliermondii (n = 10) with MIC values ranging from 8
to 16 μg mL−1, C. krusei (n = 11) with MIC values ranging
from 4 to 16 μg mL−1, C. parapsilosis (n = 12) with MIC values
ranging from 4 to16 μg mL−1, and C. tropicalis (n = 11) with
MIC values ranging from 0.5 to 1 μg mL−1 (Figure 1g). These
findings demonstrate that OTB exhibited broad-spectrum
antifungal properties against clinical isolates of Candida
species.

Subsequently, the efficacy of OTB in the treatment of invasive
candidiasis was evaluated using a mouse model of the disease,
where C. albicans is administered via the intestines. Compared
to the control group, OTB (50 mg kg−1) significantly increased
the median survival time from 5 days to 30 days and improved the
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survival rate from 0% to 62.5% (p = 0.0075, log-rank) (Figure 1h).
Overall, OTB demonstrated potent antifungal activity with a low
MIC, a wide range of antifungal efficacy, and minimal cytotoxic
effects against Caco-2 cells.

2.2. OTB Acted as a Fungistatic Agent and Inhibited
Filamentation and Biofilm Formation of C. Albicans

The growth inhibition assays demonstrated that OTB (1 μg mL−1)
caused a potent inhibitory effect on C. albicans (Figure 2a). How-
ever, when C. albicans cells were exposed to OTB at a concentra-
tion of 8 μg mL−1 for more than 48 h, no fungicidal effect was
observed in the time-kill curve assays (Figure 2b). Furthermore,
the minimum fungicidal concentration (MFC) was not detected
even at a concentration of 32 μg mL−1. Consequently, the MFC to
MIC ratio of OTB exceeded 32 (Figure 2c), indicating fungistatic
behavior (MFC: MIC > 4).[20]

Filamentation helps C. albicans penetrate the host tissues, with
subsequent invasive growth leading to systemic infection.[21] The
yeast-to-hyphae transition is also critical for biofilm biogene-
sis, strengthening and supporting the development of heteroge-
neous biofilm structures.[22] In the present study, we observed
that treatment of C. albicans with low concentration (1 μg mL−1)
OTB effectively inhibited the morphological transition from yeast
to hyphae, and at 2 μg mL−1, OTB completely blocked this tran-
sition (Figure 2d). Due to the inhibitory effect of OTB on hy-
phal growth, we tested its inhibitory impact on the formation of
biofilms and its effect on mature biofilms using the XTT (sodium
3′-[1-(phenylamino-carbonyl)−3,4-tetrazolium]-bis [4-methoxy-6-
nitro] benzene sulfonic acid hydrate) reduction assay. During the
early phase (immediately after adhesion), biofilm formation in
the 2 μg mL−1 OTB group was less than 90% compared with
the control group (p = 0.000013) (Figure 2e). Treatment with
4 μg mL−1 of OTB at the biofilm maturation stage decreased
biofilm formation by more than 80% (p = 0.000033), which rep-
resented an efficacy greater than that of FLC (Figure 2f).

2.3. The Antifungal Activity of OTB Depended on Ergosterol

OTB has been found to bind to L-type voltage-gated calcium chan-
nels in the smooth muscle cells of the gut, resulting in the in-
hibition of calcium ion (Ca2+) influx into the cells and a subse-
quent reduction in acetylcholine release from nerve terminals.[19]

Thus, we speculated that OTB might act as an antifungal agent by

disrupting Ca2+ homeostasis in C. albicans. However, we found
that the addition of Ca2+ or the depletion of Ca2+ using the Ca2+

chelator ethylene glycol tetraacetic acid (EGTA) did not affect the
antifungal activity of OTB (Figure S1a, Supporting Information).
Similarly, the loss of a catalytic subunit of calcineurin (encoded by
the CMP1gene) and its downstream transcriptional factor Crz1
(encoded by the CRZ1 gene), both important for maintaining C.
albicans Ca2+ homeostasis, did not affect the antifungal activity
of OTB against C. albicans (Figure S1b, Supporting Information).
These results suggest that the mechanism by which OTB acts as
an antifungal agent does not involve disrupting Ca2+ homeosta-
sis.

In general, the positively charged head group in quaternary
amine compounds can be attracted by the negative charge on
the microorganism’s surface to form an electrostatic bond, which
increases the pressure on the cell wall and promotes the pene-
tration of long-chain alkyl moieties into the cell membrane and
eventually leads to the leakage of intracellular contents and cell
death.[23] Cell leakage can be assessed by measuring intracellu-
lar components released to the medium to evaluate cell perme-
ability. Light absorption at 260 nm indicates nucleotides, while
the absorption at 280 nm indicates protein release.[24] The ad-
dition of AmB at a concentration of 0.125 μg mL−1 significantly
increased the absorption values at 260 nm and 280 nm in the cul-
ture supernatant of C. albicans, suggesting that AmB disrupted
the integrity of the PM. In contrast, a high concentration of OTB
(4 μg mL−1, four times the MIC value of OTB) did not influ-
ence the absorption values at 260 nm and 280 nm in the culture
supernatant, indicating that OTB did not alter the permeability
of the PM in C. albicans (Figure S1c, Supporting Information).
Our findings indicate that, contrary to the positive control group
treated with AmB, OTB treatment did not elicit any discernible
effect on membrane potential (Figure S1d, Supporting Informa-
tion). Additionally, it was observed that the presence of the repre-
sentative functional membrane lipid components phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE) did not hinder
the antifungal activity of OTB. However, a notable decrease in the
antifungal efficacy of octenidine, an antiseptic agent and cationic
surfactant known to interact with bacterial cell membranes,[25]

was observed (Figure S1e, Supporting Information). Moreover,
the interaction between OTB and the membrane disruptor AmB
exhibited indifference, as evidenced by the fractional inhibitory
concentration index (FICI) of these two drugs, which is 2 (Figure
S1f, Supporting Information). These findings suggest that the an-
tifungal efficacy of OTB does not rely on direct cell membrane
destruction.

Figure 1. Identification of OTB acting as an antifungal agent in vitro and in vivo. a) Schematic representation of the screening process. b) Screening
data are reported as the percent of growth inhibition (%) in the presence of FDA-approved drugs (10 μM). Compounds are color-coded based on their
significance in inhibiting fungal growth (red, ≥ 90% growth inhibition) or show no significance (blue, < 10% growth inhibition). c) Broth microdilution
assays of the top 10 compounds identified in the primary screen. Technical duplicates were averaged, and measurements were normalized to no-drug
controls. Color quantitatively represents relative growth (see scale bar at bottom). MIC values of the compounds were determined as the minimum
compound concentration with an inhibition rate exceeding 50%. d) Structure of OTB. e) Cytotoxicity of OTB assessed by CCK-8 tests on human intestinal
epithelial cells (Caco-2). Bars represent the mean ± SD of three biological replicates. f) Spot assays of OTB against C. albicans (SC5314), C. auris (FY279),
C. parapsilosis (#12 108), C. tropicalis (#12 584), S. cerevisiae (S288C, BY4741), and C. neoformans (H99). g) Broth microdilution assays with OTB against
various Candida species (n = 17 for C. albicans, n = 4 for C. auris, n = 11 for C. glabrata, n = 10 for C. guilliermondii, n = 11 for C. krusei, n = 12 for C.
parapsilosis, and n = 11 for C. tropicalis. MIC values were determined as described in (c). h) Antifungal activity of OTB against C. albicans (SN152) in vivo.
Survival curves depict the outcomes of C57BL/6 mice infected with SN152 in a model of C. albicans infection in the gastrointestinal tract, treated with
OTB at a dose of 50 mg kg−1. Survival was plotted as a Kaplan–Meier survival curve. Significance was determined by the Log-rank test. p-value: **<0.01.
p-value, compared to untreated: 0.0078.
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Figure 2. OTB acts as a fungistatic agent and inhibits filamentation and biofilm formation of C. albicans. a) For growth inhibition curve assays, C. albicans
(SN152) cells were treated with OTB (0.5, 1, or 2 μg mL−1) or DMSO (control) in a fresh YPD medium. Optical density was measured every 15 min for 48
h. b) For time-kill curve assays, C. albicans (SN152) cells were treated with OTB (4 or 8 μg mL−1), FLC (6 μg mL−1), AmB (1 μg mL−1), or DMSO (control).
Triplicate-sample aliquots were plated at every time point. c) For the MFC assay, C. albicans (SN152) cells were treated with OTB (1-32 μg mL−1). After
treatment, triplicate-sample aliquots were plated on drug-free SDA plates. d) Cultures were grown under filament-inducing conditions with the indicated
compound treatment. Scale bar, 20 μm. Images are representative of three independent biological replicates. e) The preventive effect of OTB against
biofilm formation. Data are presented as mean ± SD of technical triplicates, Significance was determined by one-way ANOVA with Bonferroni’s multiple
comparisons test; p-value: ****<0.0001. f) The eradicating effect of OTB against mature biofilm. Data are presented as mean± SD of technical triplicates.
Significance was determined by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value: ****<0.0001.
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Figure 3. The antifungal activity of OTB is contingent upon the dysfunction of ergosterol. a) RNA-Seq analysis of cells treated with OTB. KEGG analysis
revealed that OTB primarily impacts biological processes related to the ribosome, amino acid biosynthesis, and steroid biosynthesis, based on RNA-seq
analysis of C. albicans (SC5314) cells treated with OTB (1 μg mL−1). b) Analysis of the transcriptional expression of genes contributing to ergosterol
biosynthesis in the RNA-seq results. Significance was determined by one-way ANOVA with Bonferroni’s multiple comparisons test. p-value: **<0.01,
***<0.001, ****<0.0001. c) Dose-matrix titration assays with ergosterol in combination with OTB. Color quantitatively represents relative growth (see
bar for scale at bottom). d) Spot assays of OTB against C. albicans (SN152) in the absence and presence of 100 μM ergosterol.

To investigate the mechanism by which OTB acts against
fungi, we carried out an RNA-seq assay. The RNA-seq anal-
ysis revealed that the genes exhibiting altered expression lev-
els in response to OTB were predominantly associated with
steroid biosynthesis (Figure 3a). Subsequent analysis demon-
strated that OTB can induce the expression of genes involved
in ergosterol biosynthesis, including the ERG1, ERG2, ERG4,
ERG5, ERG6, ERG7, ERG9, ERG10, ERG11, ERG12, ERG13,
ERG24, ERG25, ERG26, and ERG27 genes (Figure 3b). When
C. albicans is in a state of ergosterol deficiency, the ergos-
terol synthesis pathway will be activated to cope with this
situation.[26] Therefore, we speculated that OTB disrupts in-
tracellular ergosterol in C. albicans. This speculation is sup-
ported by the observation that the antifungal activity of OTB
was neutralized when exogenous ergosterol was introduced,
as demonstrated by dose-matrix titration and spot assays
(Figure 3c,d).

2.4. OTB Blocked the PM Localization of Ergosterol

Because the antifungal effect of OTB depends on ergosterol,
we postulated that OTB could function as an antifungal agent
by inhibiting ergosterol biosynthesis. This would predict that
OTB would augment the antifungal efficacy of known ergos-
terol inhibitors. However, the addition of OTB did not have any
impact on the antifungal activity of such ergosterol inhibitors,
such as fluvastatin (targeting Hmg1, FICI = 3, indifferent),
terbinafine (targeting Erg1, FICI = 3, indifferent), and FLC (tar-
geting Erg11, FICI = 3, indifferent) (Figure S2a, Supporting In-
formation). Furthermore, deleting the transcriptional regulator
Upc2, which plays a crucial role in the response to ergosterol
depletion stress,[27] greatly increased the susceptibility of C. al-
bicans to ergosterol inhibitors, such as FLC.[28] However, OTB
exhibited similar antifungal activity against both the upc2Δ/Δ
null mutant and the wild-type strain (Figure S2b,c, Supporting
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Information). This suggests that OTB did not have a significant
impact on reducing the intracellular ergosterol content. Further-
more, we examined the effects of ergosterol biosynthesis-related
genes on the antifungal activity of OTB. Our findings indicate
that, compared to the wild-type strain, except for a minor en-
hancement in the susceptibility of the erg4Δ/Δ null mutant to
OTB, there were no alterations in the susceptibility of the other
null mutants (erg1Δ/Δ, erg2Δ/Δ, erg3Δ/Δ, erg5Δ/Δ, erg6Δ/Δ,
erg24Δ/Δ, erg25Δ/Δ, and erg251Δ/Δ) to OTB (Figure S2d, Sup-
porting Information). Moreover, in contrast to FLC, which gener-
ated significant inhibition of ergosterol synthesis, OTB demon-
strated minimal inhibitory effects on ergosterol biosynthesis
(Figure S2e, Supporting Information). These findings collectively
indicate that OTB did not function as an inhibitor of ergosterol
synthesis.

Given that OTB functioned as an antifungal agent depending
on ergosterol, but it was not an ergosterol synthesis inhibitor, we
speculated that OTB may block membrane transport of ergos-
terol. If so, the amount of ergosterol localized to the PM would
decrease, thereby increasing the resistance of C. albicans to AmB
because AmB exerts its antifungal activity by directly binding to
ergosterol in the PM.[29] To investigate this inference, we pre-
treated C. albicans cells without or with OTB, followed by testing
the antifungal activity of AmB. The results show that OTB coun-
teracted the fungicidal effect of AmB (Figure 4a), suggesting that
OTB reduced the amount of ergosterol in the PM.

We further probed the effect of OTB on the distribution of er-
gosterol in C. albicans cells by staining ergosterol with filipin.[30]

Compared to the control, the cells treated with 1 μg mL−1 OTB
showed weaker filipin fluorescence at the PM, while intracellu-
lar fluorescence increased, suggesting a decrease in ergosterol
at the PM after the OTB treatment of cells (Figure 4b,c). Sip3 is
an ergosterol transfer protein that has a role in the transport of
ergosterol from the ER to the PM.[31] By performing filipin stain-
ing on the sip3Δ/Δ null mutant, we found that the sip3Δ/Δ null
mutant showed discontinuous fluorescence at the PM, suggest-
ing that the sip3Δ/Δ null mutant had abnormal ergosterol distri-
bution (Figure 4b,c). The fluorescence at the PM in the sip3Δ/Δ
null mutant is increasingly diffused into the cytoplasm after the
treatment of 1 μg mL−1 OTB (Figure 4b,c). Furthermore, we ex-
tracted the PM from C. albicans and quantified the impact of
OTB on ergosterol levels in the PM. Our results indicate that
OTB successfully decreases the ergosterol content in the PM
(Figure 4d).

Since ergosterol is crucial for maintaining the integrity and
fluidity of the membrane, we performed transmission electron
microscopy of C. albicans treated with different concentrations
of OTB, AmB, or FLC. When C. albicans cells were exposed
to 4 μg mL−1 FLC, the PM of C. albicans cells exhibited exten-
sive irregularities and formed membrane vesicles in the prox-
imity of the PM (Figure 4e). AmB (4 μg mL−1) disrupted the
integrity of the PM of C. albicans cells (white arrows), result-
ing in the formation of a large vacuole in the center of the cell
and the cytosolic content being largely released due to osmotic
instability (Figure 4e). In contrast, C. albicans treated with OTB
(0.25 μg mL−1 and 1 μg mL−1) had a relatively normal cell struc-
ture and cytoplasmic homeostasis, but there was shrinkage of the
PM (red arrows), and we observed many small vacuoles located
inside the cell and close to the cell wall (boxes) (Figure 4e). In

summary, OTB appeared to block the PM localization of ergos-
terol in C. albicans.

2.5. OTB Hindered Sip3-Mediated PM Localization of Ergosterol

After being synthesized in the ER, ergosterol is primarily trans-
ported to different cellular membranes, particularly the PM.[32]

The movement of sterols between the ER and the PM predom-
inantly occurs through non-vesicular mechanisms facilitated by
LTPs anchored at membrane contact sites (Lam) and oxysterol-
binding homology (Osh) proteins.[4c] The Osh proteins, found
in the cytosol, have been demonstrated to bind and transport di-
verse lipid species, such as sterols, anionic phospholipids, and
phosphoinositides.[33] Osh3, Osh4, and Osh5 have been identi-
fied as mediators of sterol transport from the PM to the ER.[4c] In
contrast to the Osh proteins, which are distributed throughout
the cytoplasm, Lam lipid transfer proteins are anchored specifi-
cally at membrane contacts. In S. cerevisiae, there are three pairs
of paralogous Lam proteins: Lam1 (Ysp1)/Lam3 (Sip3), Lam2
(Ysp2)/Lam4, and Lam5/Lam6.[34] The paralogs Lam1/Lam3 and
Lam2/Lam4 are found in the contact sites between the ER and the
PM, whereas the localization of Lam5/Lam6 is not near the PM
(Figure 5a).[29]

To detect the mechanism of the inhibitory effect of OTB on
the PM localization of ergosterol, we tested the susceptibility of
S. cerevisiae null mutants, including osh2Δ, osh3Δ, osh6Δ, lam1Δ,
ysp2Δ, sip3Δ, lam4Δ, lam5Δ, and lam6Δ, to OTB. Loss of the
OSH2, OSH3, OSH6, YSP2, LAM4, LAM5, and LAM6 genes
increased the susceptibility of S. cerevisiae to OTB. By contrast,
deleting the LAM1 and SIP3 genes reduced the susceptibility
of S. cerevisiae to OTB (Figure 5b). To further verify the sterol
transport mechanism in fungal pathogens, we constructed sterol
transporter gene-deleted strains (OSH2, OSH3, OSH4, OSH7,
YSP2, SIP3) in C. albicans SN152. Compared to the wild-type
strain, the sip3Δ/Δ null mutants exhibited resistance to OTB de-
termined by spot assay (Figure 5c). Taken together, these findings
suggest that the inhibitory effect of OTB on the PM localization
of ergosterol depends on Sip3.

2.6. OTB Targeted Sec31 and Disrupted the Function of Sip3

The present study suggests that OTB may selectively target er-
gosterol transporters, such as Sip3, or proteins involved in the
regulation of these transporters, leading to the disruption of er-
gosterol localization in the PM. A drug affinity responsive target
stability (DARTS) analysis, which is widely used for identifying
and investigating interactions between proteins and ligands, is
based on the fact that the binding of a small molecule to a protein
can induce structural stabilization, thereby conferring on the tar-
get protein resistance to proteases.[35] In this study, we employed
DARTS analysis to investigate the specific proteins interacting
with OTB. DARTS analysis revealed distinct protected bands at
≈130 kDa and 60 kDa in the proteolyzed extracts of OTB-treated
cells (red rectangle indicated bands in lane 4 in Figure 6a). Given
the potential for proteins in the lower molecular weight range to
result from the degradation of proteins in the higher molecular
weight range, our initial approach used liquid chromatography-
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Figure 4. OTB induces a reduction in ergosterol on the C. albicans membrane, leading to intracellular membrane invagination. a) For Time-kill curve
assays, C. albicans (SN152) cells were treated with OTB (0.5 or 1 μg mL−1) before treating with AmB (1 μg mL−1) or DMSO (control). Triplicate-sample
aliquots were plated at every time point. b) Ergosterol was visualized by confocal microscopy of cells stained with filipin after treatment with OTB. Assays
were performed in biological triplicate. Scale bar, 10 μm. c) The fluorescence intensity distribution curves of the representative single cells in (c). d) The
content of plasma membrane ergosterol (μg g−1 dry mass of isolated lipids, means ± SD, n = 3) of C. albicans (SN152) after OTB (0.5 or 1 μg mL−1) or
FLC (4 μg mL−1) treatment relative to internal cholesterol standard. Data are presented as mean ± SD of triplicate runs. Significance was determined
by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value: *<0.05, **<0.01, ***<0.001. e) Transmission electron micrographs of cells
treated with OTB (0.25 or 1 μg mL−1), AmB (4 μg mL−1), and FLC (4 μg mL−1). Red arrows indicate cell membrane shrinkage. White arrows indicate
cell membrane rupture. Boxes indicate the demonstration of disorganization of the cytoplasm and the generation of many small vesicles. N, nucleus; V,
vacuole; The experiment was repeated in three biologically independent replicates with similar results.
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Figure 5. OTB blocks the membrane-to-membrane transport of ergosterol. a) The ergosterol transport process within C. albicans. b) Spot assays of OTB
were performed against wild-type BY4741 and null mutant strains of OSH2, OSH3, OSH6, LAM1, YSP2, SIP3, LAM4, LAM5, and LAM6. c) Spot assays
of OTB were performed against wild-type SN152 and null mutant strains of OSH2, OSH3, OSH4, OSH7, YSP2, and SIP3.

mass spectrometry (LC-MS) for the analysis of the higher molec-
ular weight band. A comprehensive analysis revealed the pres-
ence of 59 proteins falling within the designated size range (120-
140 kDa) in the higher molecular weight band (Table S1). Among
this set of proteins, we identified Sec31 as a prime candidate tar-
get for OTB, given its close association with the PM localization
of ergosterol. Sec31, a constituent of the coat protein complex
II(COPII), plays a crucial role in the formation of a protective
coat on the surface of vesicles emerging from the ER. This coat
serves to facilitate the efficient packaging and sorting of proteins
and lipids into vesicles, thereby enabling their transport.[36]

To further verify the binding of OTB to Sec31, we generated a
mutant in which the N-terminal of Sec31 was tagged with a green
fluorescence protein (GFP). The results obtained from DARTS
assays unequivocally demonstrated that OTB effectively shielded
Sec31 from degradation induced by thermolysin (Figure 6b,c).
Furthermore, a Ptet-off-SEC31/sec31Δ mutant was generated, al-
lowing suppression of the SEC31 gene in the presence of doxy-
cycline (DOX). An additive relationship between OTB and DOX
was observed when tested against the Ptet-off-SEC31/sec31Δ mu-
tant (FICI = 0.625), providing additional evidence that Sec31
serves as the target protein of OTB (Figure 6d).

To provide additional clarification on the interaction between
OTB and Sec31, we employed virtual docking and molecular dy-
namics simulations. The outcome of the virtual docking analysis
revealed the direct formation of multiple sets of interacting forces
between Sec31 and OTB. The calculated binding energy of the

Sec31-OTB complex was −8.0 kcal mol−1, indicating a highly fa-
vorable interaction (Figure S3a, Supporting Information). In the
analysis of molecular dynamics simulations, we observed that
the initial conformations of the protein and small molecule ex-
hibited a high level of stability (Figure S3b-d, Supporting Infor-
mation). Following the dynamic simulations, a more stable bind-
ing conformation was formed based on the existing framework
(Figure S3b-d, Supporting Information). Among the various sets
of interacting forces established between the protein and small
molecule, the frequency of hydrogen bond formation involving
LEU69 reached a remarkable 95% (Figure 6e; Figure S3e,f, Sup-
porting Information).

To further investigate whether OTB impairs vesicle-mediated
trafficking, we tested the susceptibility to OTB of S. cere-
visiae gene deletion mutants, including sbh2Δ, sec22Δ, sec28Δ,
sec66Δ, sfh5Δ, ssh1Δ, and sec72Δ, that are known to be in-
volved in vesicle-mediated trafficking. We found that the dele-
tion of these genes led to an increased susceptibility of S.
cerevisiae to OTB (Figure 6f). We further generated heterozy-
gous deleted mutants for a variety of vesicle-mediated traffick-
ing genes in C. albicans, including SEC14/sec14Δ, DOP1/dop1Δ,
BET5/bet5Δ, SUN13/sun13Δ, and SEC31/sec31Δ, all of which ex-
hibited heightened sensitivity compared to the wild-type C. albi-
cans (Figure 6g). These findings support the model that OTB had
the capacity to hinder vesicle-mediated trafficking.

Given that Sip3 is a membrane protein, OTB may hinder
vesicle-mediated trafficking by inhibiting Sec31. We propose that
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Figure 6. OTB disrupts the normal localization of the Sip3 protein by binding to the Sec31 protein. a) Schematic overview of DARTS and DARTS results
from C. albicans protein extracts treated with OTB. C. albicans (SC5314) lysates were incubated with indicated drugs, subjected to thermolysin digestion,
and Coomassie (SimplyBlue)-staining. Red boxes indicate OTB-protected proteins from thermolysin proteolysis. b) Western blot results using anti-
GFP and anti-𝛽-tubulin antibodies. The DARTS assay shows that OTB protects Sec31, but not 𝛽-tubulin, from degradation. c) Quantification of the
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OTB may inhibit the localization of Sip3 on the ER membrane,
leading to the loss of ergosterol transport function and subse-
quent accumulation of ergosterol within C. albicans cells rather
than at the PM. To test this idea, we generated a mutant strain
wherein the N-terminus of Sip3 was fused with a GFP tag. The
ER was marked using ER-tracker red as an ER probe. We used
laser confocal analysis and found that OTB inhibited the local-
ization of Sip3 to the ER membrane. Instead, OTB caused the
diffusion of Sip3 into the ER cavity, consequently leading to the
impairment of its ergosterol transport function (Figure 6h,i).

2.7. OTB Triggered Autophagy in C. Albicans

Because vesicle-mediated trafficking appears impaired by OTB,
and the endosomal sorting complex required for transport (ES-
CRT) complex plays an essential role within the endosomal sys-
tem, we tested the effects of deletions of ESCRT-related genes
on the susceptibility of S. cerevisiae to OTB. The absence of the
VPS23 and VPS28 genes, constituents of ESCRT complex I, the
VPS25 and VPS36 genes, constituents of ESCRT complex II, and
the VPS20, SFN7, and VPS60 genes, constituents of ESCRT com-
plex III, all heightened the susceptibility of S. cerevisiae to OTB
(Figure 7a,b). These results suggest a potential association be-
tween the antifungal mechanism of OTB and the vesicular trans-
port process mediated by the ESCRT complex.

The ESCRT complex participates in the sorting and transport
of proteins into vesicles that form multivesicular bodies (MVBs)
and trigger autophagy. Therefore, we speculated that OTB may
trigger autophagy in C. albicans. In support of this hypothesis,
OTB enhances the antifungal efficacy of rapamycin, an estab-
lished autophagy inducer, while counteracting the antifungal ef-
fects of wortmannin, a known autophagy inhibitor (Figure 7c).
Over 20 of these autophagy-related (ATG) proteins are indispens-
able for autophagosome formation and are categorized into sev-
eral functional groups: the Atg1 kinase complex, the transmem-
brane protein Atg9, an autophagy-specific phosphatidylinositol
3-kinase (PI3K) complex, the Atg2-Atg18 complex, and the Atg8
and Atg12 conjugation systems.[37] The Atg1 kinase complex, po-
sitioned as the most upstream component, serves as a key initia-
tor of autophagy. In response to starvation, Atg1 is recruited to
phagophore assembly site (PAS) sites, triggering autophagy.[37b]

This complex comprises 6 proteins in S. cerevisiae: Atg1, Atg11,
Atg13, Atg17, Atg29, and Atg31. The assembly of the Atg1 com-
plex enhances the kinase activity of Atg1, which is crucial for
the regulation of autophagy (Figure 7d).[38] Loss of four (Atg11,
Atg13, Atg17, and Atg 31) out of these six proteins increased the
susceptibility of S. cerevisiae to OTB (Figure 7e).

To further establish that OTB triggers autophagy in C. albi-
cans, we generated a mutant where the N-terminal of Atg8 was

tagged with GFP. Atg8 is crucial for the autophagic machinery,
playing a key role in inducing autophagy and forming PAS au-
tophagosomes. Upon autophagy activation, GFP-Atg8 translo-
cates along autophagosomes and is released into vacuoles. GFP
exhibits strong resistance to vacuolar hydrolases, which leads
to Atg8 degradation and GFP retention, providing the conver-
sion of GFP-Atg8 to GFP as a measure of autophagic activity
(Figure 7d).[37] The wild-type strain displayed a ubiquitous dis-
tribution of GFP-Atg8 throughout the cells, with nearly 100%
of cells accumulating this fusion protein. In contrast, follow-
ing OTB treatment or transfer to nitrogen-starvation conditions,
GFP-Atg8 translocated into vacuoles (Figure 7f,g). Immunoblot-
ting of GFP-Atg8 and GFP was also conducted to confirm these
results. Consistent with the GFP fluorescence observations, im-
munoblotting reveals that OTB increased the levels of GFP frag-
ments (Figure 7h).

The induction of autophagy has been found to result in the
removal of mitochondria and the impairment of mitochondrial
functions in various organisms.[39] Since OTB has been shown
to induce autophagy in C. albicans, it was hypothesized that OTB
would also negatively affect mitochondrial function in this or-
ganism. One characteristic of mitochondrial dysfunction in C.
albicans is the increased production of reactive oxygen species
(ROS), which was indeed observed upon OTB treatment (Figure
S4a, Supporting Information). Furthermore, the detrimental im-
pact of OTB on mitochondrial function in C. albicans is evident
in its enhanced antifungal activity in the non-fermentative car-
bon source (glycerol) medium compared to the fermentative car-
bon source (glucose) medium (Figure S4b,c, Supporting Infor-
mation).

Given that Sec31 is the target protein of OTB, a lower con-
centration of OTB (1 μg mL−1) elicited the degradation of GFP-
Atg8 in the SEC31/sec31∆ mutant strains (Figure 7i). Similarly,
the inhibition of Sec31 expression should result in a phenotype
like that observed in C. albicans treated with OTB, inducing au-
tophagy. Indeed, the degradation of GFP-Atg8 is induced by DOX
through the inhibition of SEC31 gene expression in the Ptet-off-
SEC31/sec31Δ mutant (Figure 7j).

2.8. C. Albicans Exhibited a Low Propensity for Developing
Resistance to OTB

Azoles exert their inhibitory effect on ergosterol synthesis, reduc-
ing intracellular ergosterol levels. This reduction in intracellular
ergosterol content has been observed to trigger the activation of
Upc2, subsequently activating the transcription regulatory factor
Tac1 and its associated efflux pump proteins.[40] Because OTB
hinders the membrane localization of ergosterol and induces a
state of relative ergosterol deficiency, we propose that OTB may

signal intensity ratio between different concentrations of OTB using antibodies against GFP and 𝛽-tubulin. Error bars represent the standard errors
of three independent experiments. Significance determined by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value: **<0.01. p-value,
compared to untreated: 0.0018. d) Dose-matrix titration assays with doxycycline in combination with OTB in PADH1-SEC31::SEC31/sec31∆ mutant strains
were performed as previously described. e) Schematic detailing ligand atom interactions with protein residues. f) Spot assays of OTB were performed
against wild-type BY4741 and null mutant strains of SBH2, SEC22, SEC28, SEC66, SFH5, SSH1, and SEC72. g) Spot assays of OTB were performed
against wild-type SN152 and mutant strains of BET5/bet5, DOP1/dop1, SEC14/sec14, SEC31/sec31, and SNU13/snu13. h) Fluorescence localization of
the Sip3 protein at the ER, with corresponding bright field images, ER tracker staining images, and merged images. Assays were performed in biological
triplicate. Scale bar, 10 μm. i) The intensity distribution curves of GFP green fluorescence and ER tracker red fluorescence of the representation of single
cells.
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Figure 7. OTB triggers autophagy in S. cerevisiae and C. albicans. a) Schematic representation of the ESCRT complex composition. b) Spot assays of
OTB were performed against wild-type BY4741 and null mutant strains of VPS27, HSE1, VPS23, VPS28, VPS37, MVB12, SNF8, VPS25, VPS36, VPS2,
VPS20, VPS24, SNF7, VPS60, DID2, VPS4, and BRO1. c) Dose-matrix titration assays with wortmannin and rapamycin in combination with OTB sep-
arately. d) Schematic overview illustrating Atg8 degradation, a marker of autophagy, and its detection through immunoblot analysis. e) Spot assays of
OTB were performed against wild-type BY4741 and null mutant strains of ATG1, ATG11, ATG13, ATG17, ATG29, ATG31, ATG8, ATG9, and ATG18. f)
Confocal micrographs of vacuole staining (FM4-64) and localization of Atg8 proteins in the GFP-Atg8 mutant cells following the indicated treatment.
DIC is Differential Interference Contrast; FM4-64 was visualized as red fluorescent; Atg 8 proteins were visualized as green fluorescent. Assays were
performed in biological triplicate. Scale bar, 10 μm. g) Quantification of GFP intensity within the vacuole is shown in (f). Data are expressed as mean
± SD for biological triplicates. Significance determined by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value: **<0.01, ***<0.001,
****<0.0001. h) Immunoblot analysis of GFP-Atg8 proteolysis in GFP-Atg8 cells following the indicated treatment. Degradation rates were calculated
using the formula: GFP:𝛽-tubulin. i) Immunoblot analysis of GFP-Atg8 proteolysis in GFP-Atg8 wild type and GFP-ATG8:: SEC31/sec31∆ cells following
the indicated treatment. Degradation rates were calculated using the formula: GFP:𝛽-tubulin. j) Immunoblot analysis of GFP-Atg8 proteolysis in GFP-
Atg8 wild type and GFP-ATG8:: SEC31/sec31∆:: PADH1-SEC31 cells treated with doxycycline or without as indicated. Degradation rates were calculated
using the formula: GFP:𝛽-tubulin.

Adv. Sci. 2024, 11, 2406473 2406473 (12 of 19) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

also activate the efflux proteins of C. albicans. The RNA-seq re-
sults obtained in this study demonstrate that OTB induced a sig-
nificant upregulation in the expression levels of the CDR1 and
CDR2 genes, as well as the TAC1 gene, which encodes the trans-
lation regulator Tac1 responsible for regulating the expression
of the CDR1 and CDR2 genes (Figure 8a). To further investigate
the impact of OTB on Cdr1, we employed a GFP tag to label the
C-termini of Cdr1 and utilized laser confocal microscopy to ob-
serve changes in Cdr1 abundance.[41] Our findings reveal that, in
the presence of OTB (1 μg mL−1), the amount of Cdr1 notably in-
creased, particularly at the PM, when compared to the control
condition with FLC (1 μg mL−1) (Figure 8b,c). Furthermore, a
rhodamine 6G efflux assay was employed to assess the impact
of OTB on the efflux activity of Cdr1. Notably, the content of rho-
damine 6G in extracellular was significantly increased (indicat-
ing enhanced efflux) when treated with varying concentrations
of OTB compared to the untreated control group (Figure 8d). In
the dose-matrix titration assays conducted on OTB and azoles, in-
cluding FLC, miconazole, itraconazole, and voriconazole, it was
observed that the activation of OTB on the function of Cdr1 ef-
flux protein resulted in an antagonistic effect on the antifungal
activity of azoles at a sub-inhibitory concentration of 0.5 μg mL−1

(Figure 8e). However, OTB and FLC showed synergistic anti-
fungal activity against the cdr1Δ/Δ null mutant (FICI = 0.375)
(Figure 8f). These findings provide evidence that OTB effectively
activated the efflux function of Cdr1.

Our findings demonstrate that deleting the TAC1 and CDR1
genes effectively impedes the promotion of R6G efflux by OTB.
However, the absence of the UPC2 gene did not have the same
inhibitory effect (Figure 8g). This outcome suggests that OTB did
not activate Upc2 by reducing cellular ergosterol levels and acti-
vating Cdr1 as azoles do. Conversely, OTB hindered the trans-
portation of ergosterol to the PM, increasing intracellular ergos-
terol concentration. The subsequent activation of Cdr1, induced
by the excessive accumulation of ergosterol, serves to mitigate
the deleterious consequences resulting from elevated ergosterol
levels.[42]

Although azoles can inhibit the synthesis of ergosterol, azoles
can be transported by Cdr1 outside the cell, allowing C. albi-
cans to tolerate azoles and ultimately develop resistance. Indeed,
loss of the CDR1 gene increased the susceptibility of C. albicans
to FLC, and ectopic over-expression of the CDR1, CDR2, and
MDR1 genes decreased the susceptibility of C. albicans to FLC
(Figure 8h). Interestingly, the cdr1Δ/Δ null mutant decreased the
susceptibility to OTB (MIC values increased from 1 to 4 μg mL−1),
while the PADH1-CDR1, PADH1-CDR2, and PADH1-MDR1 ectopic
over-expressed mutants caused increased susceptibility (MIC val-
ues decreased from 1 to 0.25 μg mL−1 for CDR1 and CDR2 gene,
and from 1 to 0.5 μg mL−1 for MDR1 gene) (Figure 8i). These
findings indicate that OTB did not serve as a substrate for the
efflux pump Cdr1, which suggests that OTB can be employed to
combat C. albicans isolates that are resistant to azole drugs.

Given that Cdr1 does not recognize OTB as a substrate, we
wondered if C. albicans may have difficulty acquiring resistance to
OTB. To investigate this, C. albicans cells were subjected to OTB
or FLC at concentrations twice their MIC values. The MIC value
of FLC against C. albicans increased from 1 to 2 μg mL−1 after
six passages, corresponding to six days of FLC exposure. Subse-
quently, the highest MIC value of FLC against C. albicans reached

16 μg mL−1 after 16 days of FLC exposure and remained consis-
tent from day 16 to day 30. In contrast, the MIC value of OTB
against C. albicans exhibited an increase from 1 to 2 μg mL−1 after
11 days of OTB exposure. Furthermore, the MIC values of OTB
reached 4 μg mL−1; this required 18 days of uninterrupted OTB
exposure and reverted to 2 μg mL−1 on the 19th day of exposure
(Figure 8j).

3. Discussion and Conclusion

In this study, we find that OTB has broad-spectrum and potent
antifungal activity and can inhibit hyphal and biofilm formation
while demonstrating minimal toxicity, and thus appeared as a
promising candidate for antifungal therapy. Further investiga-
tion revealed that OTB hindered vesicle-mediated trafficking by
targeting Sec31, leading to the inhibition of the PM localization
of the ergosterol transporter Sip3. As a consequence, OTB dis-
rupted the PM localization of ergosterol and induced cytotoxic
autophagy. Because OTB did not appear to be exported by Cdr1,
a classic pathway for drug resistance in C. albicans is not avail-
able for OTB (Figure 9). We found that disrupting the distri-
bution of ergosterol to the PM is a useful antifungal strategy.
Azoles effectively combat candidiasis by targeting lanosterol 14-
𝛼-demethylase to inhibit ergosterol synthesis.[2] However, lanos-
terol 14-𝛼-demethylase belongs to the cytochrome P450 fam-
ily and resembles hepatic drug-metabolizing enzymes found in
the human liver.[43] Hepatotoxicity is a known adverse effect of
azoles, rendering them poorly tolerated by numerous patients,
particularly those with compromised liver function.[44] Hinder-
ing the localization and integration of ergosterol into the PM,
without inhibiting the enzymes associated with ergosterol syn-
thesis, may effectively impede the growth and proliferation of
pathogenic fungi while avoiding hepatotoxicity. A recent study
has provided evidence that the absence of Ysp2, a retrograde er-
gosterol transporter, disrupts the distribution of ergosterol and
reduces the virulence of C. neoformans.[4a] The present study
demonstrated the inhibitory impact of OTB on the appropriate
PM localization of ergosterol, leading to the potent antifungal
activity of OTB. We further found that OTB hindered the PM
localization of ergosterol by deactivating the functionality of er-
gosterol transporters, such as Sip3. OTB dysfunctions ergosterol
by hindering its localization on the PM, thereby evading the ad-
verse consequences associated with direct inhibition of enzymes
implicated in ergosterol synthesis as azoles do.

Inducing cytotoxic autophagy in fungal cells is a novel and
practical antifungal strategy. Autophagosomes, originating from
sites associated with the ER, play a vital role in the cellular re-
cycling process. Due to the scarcity of transmembrane proteins
on the autophagosome membrane, it is believed that lipid trans-
fer, lipid modifications, and membrane-associated proteins pri-
marily regulate the formation of autophagosomes.[45] In mam-
malian cells, the initiation of autophagy and the enhancement of
autophagy flux during periods of starvation are facilitated by the
reduction of cholesterol levels and the cholesterol transport pro-
tein GRAMD1C.[45–46] Our findings indicate that OTB targeted
Sec31 and disrupted vesicle-mediated trafficking. Consequently,
the impairment of vesicle-mediated trafficking leads to complica-
tions in the membrane localization of membrane proteins, espe-
cially the ergosterol transporter Sip3, ultimately resulting in their
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Figure 8. OTB activates Cdr1 but is less likely to induce resistance in C. albicans. a) Analysis of the expression of TAC1, CDR1, CDR2, UPC2, NDT80,
EFG1, MRR1, and MDR1 in the RNA-seq results. Significance was determined by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value:
****<0.0001. b) Confocal micrographs of membrane localization of Cdr1-GFP in the Cdr1-GFP mutant following the indicated treatment. Assays were
performed in biological triplicate. Scale bar, 10 μm. c) Quantification of GFP intensity is shown in (b). Data are expressed as mean ± SD for biological
triplicates. Significance determined by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value: ****<0.0001. d) Extracellular rhodamine
6G (R6G) concentrations in the presence of OTB (0.5 or 1 μg mL−1) against C. albicans (SN152). Values are the mean± standard deviation (indicated
by error bars) from three independent experiments. Significance determined by one-way ANOVA with Bonferroni’s multiple comparisons test; p-value:
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**<0.01, ***<0.001, ****<0.0001. e) Dose-matrix titration assays with fluconazole, voriconazole, itraconazole, and miconazole in combination with
OTB. f) Dose-matrix titration assays with fluconazole in combination with OTB against the null mutant strain of CDR1. g) Extracellular rhodamine 6G
(R6G) concentrations in the presence of OTB (0.5 or 1 μg mL−1) against the null mutant strain of UPC2, TAC1, and CDR1 separately. Values are the
mean± standard deviation (indicated by error bars) from three independent experiments. Significance determined by one-way ANOVA with Bonferroni’s
multiple comparisons test; p-value: **<0.01, ****<0.0001. h) Dose-matrix titration assays with OTB and fluconazole separately against (1) wild-type
SN152; (2) the null mutant strains of CDR1; (3) the overexpression strains of CDR1, CDR2, and MDR1. i) Schematic overview of the in vitro experimental
evolution assay. j) Variations in OTB and FLC MICs for C. albicans (SN152) grown in YPD medium containing different concentrations of drugs. Values
are the mean± standard deviation (indicated by error bars) from three independent experiments.

accumulation within the ER. Sip3 dysfunction resulted in the in-
tracellular buildup of ergosterol metabolic intermediates, thereby
inducing cytotoxic autophagy. In the present study, we developed
a novel antifungal concept whereby the depletion of ergosterol in
the PM induces cytotoxic autophagy.

C. albicans face difficulties in developing resistance to OTB.
The primary mechanism employed by C. albicans to acquire azole
resistance involves the activation of efflux pump proteins, no-
tably Cdr1, which facilitates the export of drugs from the cell,
thereby reducing intracellular drug levels.[5] Fortunately, it has
been determined that OTB did not serve as a substrate for Cdr1,
thereby preventing the activation of Cdr1 from reducing the an-
tifungal efficacy of OTB. Our investigation has revealed that the
overexpression of Cdr1 can actually augment the potency of OTB
against C. albicans, as it led to further depletion of ergosterol and
its intermediates.[42] The results of this study indicated that the
utilization of efflux pump proteins by C. albicans as a defense
mechanism against the antifungal properties of drugs was inef-
fective when confronted with OTB. The characteristics of OTB
provided valuable information regarding the desirable attributes
of potential antifungal medications, including a reduced affinity
for Cdr1 and a failure to be removed from the cell by Cdr1, thus
hindering the development of antifungal drug resistance in C.
albicans.

We identified Sec31 as the target protein for OTB in the present
study. OTB is classified as a quaternary ammonium salt com-
pound based on its structural composition. Numerous studies
have provided evidence that the positively charged head group
in quaternary amine compounds can undergo electrostatic at-

traction with the negatively charged surface of microorganisms.
This interaction forms an electrostatic bond, augmenting the
pressure exerted on the cell wall. Consequently, the penetration
of long-chain alkyl into the PM is facilitated, ultimately lead-
ing to the leakage of intracellular contents and subsequent cell
death.[23a,47] However, this study has determined that OTB did
not cause direct harm to the cell membrane, distinguishing it
from other quaternary ammonium salt compounds that exert an-
timicrobial effects through PM damage. Additionally, investigat-
ing compounds containing quaternary ammonium salt groups
revealed that only OTB exhibited noteworthy antifungal activity
(Figure S5, Supporting Information). The antifungal activity of
OTB analogs lacking quaternary ammonium salt groups was sub-
jected to further investigation. We found that none of these com-
pounds exhibited antifungal activity and had MIC values exceed-
ing 64 μg mL−1 (Figure S6, Supporting Information). Based on
DARTS and chemogenomic analysis, it appears that Sec31 serves
as the primary target of OTB. Furthermore, molecular dynamic
simulation experiments provided insights into the importance of
carbonyl and quaternary ammonium salt groups in facilitating
the interaction between OTB and Sec31.

In conclusion, this study presents a novel antifungal strategy
through the elucidation of the antifungal mechanism of OTB.
This mechanism involves impeding the transportation of ergos-
terol to the PM and inducing cytotoxic autophagy. The utiliza-
tion of OTB as a representative of this new strategy offers the ad-
vantage of circumventing hepatic toxicity associated with azole-
induced liver enzyme inhibition while also preventing the emer-
gence of drug resistance in C. albicans by excluding drug pumps.

Figure 9. Schematic overview of the mechanism illustrating the antifungal activity of OTB.
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These novel findings pave the way for further advancements in
the field of antifungal therapy.

4. Experimental Section
Strains, Primers, Agents, and Culture Conditions: All strains, primers,

and compounds used in this study are listed in Tables S2, S3, and S4, re-
spectively. All strains were cultured in YPD (1% [W/V] yeast extract [Oxoid
Ltd, LP0021B], 2% [W/V] peptone [Oxoid Ltd, LP0137], and 2% [W/V] glu-
cose [Sangon Biotech, A6120219]) for liquid culture growth or YPD with
2% (W/V) agar for solid medium growth at 30 °C unless otherwise spec-
ified. To construct mutant strains, we used a synthetic complete dropout
medium (0.67% [W/V) yeast nitrogen base [Sangon Biotech, A610507]
without amino acids, 2% [W/V] glucose, 2% [W/V] agar [Sangon Biotech,
A505255], and appropriate amino acid mix) to screen positive colonies.
SDA (1% [W/V] peptone and 4% [W/V] glucose) medium supplemented
with 2% (W/V) agar was used as culture media for all plate counting as-
says. In the hyphae growth assay and XTT reduction assay, RPMI 1640
medium (buffered to a pH of 7.0 with 0.165 M MOPS; Sigma-Aldrich,
R4130) was used as culture media. A yeast deletion library encompassed
4848 single knockouts of non-essential genes replaced with the KanMX
cassette (Open Biosystems, YSC1053). Mutants from the yeast deletion
library were routinely grown on the YPD medium with 200 μg mL−1 of
G418 sulfate (Agri-Bio System, 3000) for deletant strains, supplemented
with 2% (W/V) agar when solid media were required for plating.

High-Throughput Chemical Screen: A collection of 2372 compounds
from the FDA-approved drugs library (Med Chem Express, HY-L022) was
used to identify compounds that exhibit inhibition of fungal growth and
may possess novel mechanisms of action. These compounds were stored
as 10 mM stocks in DMSO (Sangon Biotech, A503039) and subjected to
screening at a final concentration of 10 μM. In each well of a 96-well plate, a
200 μL suspension of C. albicans cells (1×103 cells mL−1) and a compound
at a concentration of 10 μM were added. Subsequently, the plates were in-
cubated at 30 °C for 24 h. The growth of C. albicans was then assessed by
measuring the absorbance at 600 nm using a spectrophotometer (Thermo
Fisher Scientific, Multiskan SkyHigh, USA). A compound is deemed a po-
tential candidate for further investigation if the optical density (OD) value
of the well containing the compound is less than 10% of the OD value of
the well without a drug.

Dose-Matrix Titration Assays: Dose-matrix titration assays were used to
evaluate drug synergies as described previously.[48] Briefly, 50 μL of four-
fold the final drug concentration of drug A was dispensed in two-fold serial
dilution steps across plate columns. Then, 50 μL of fourfold the final drug
concentration of drug B was dispensed in two-fold serial dilution steps
across rows of the plate. 100 μL of overnight C. albicans cultures adjusted
to 1×103 cells mL−1 was dispensed in all drug-containing wells plus one
control well containing no drugs. Subsequently, these plates were incu-
bated at 30 °C, and growth was measured by absorbance at 600 nm after
24 h. All assays were performed and repeated three times.

Spotting Assay: The spotting assay was conducted using the method
previously described.[28] In summary, mid-log-phase cultures of fungal
strains relevant to the experimental conditions were grown overnight and
subsequently adjusted to a concentration of 1× 107 cells mL−1 using a
hemacytometer. These cultures were then serially diluted 1:10 in sterile
PBS and spotted onto designated plates containing specified concentra-
tions of compounds. Following a 48-hour incubation period at 30 °C, pho-
tographs were taken capturing the cellular growth.

Growth Inhibition Curve Assays: The growth rate was determined using
the methods previously described.[49] In brief, C. albicans cells were cul-
tured in a YPD medium until reaching the exponential growth phase. The
C. albicans cell suspension was then diluted to an OD600 of 0.1 in 150 μL
of YPD medium, either with or without various concentrations of OTB, in
96-well plates. The plates were incubated at 30 °C with continuous shak-
ing using a TECAN plate reader (TECAN, Infinite F200 PRO, Switzerland).
The OD600 was measured every 15 min for 48 h using TECAN i-control soft-

ware. Growth curves were generated for three biological replicates. Data
are plotted in Prism v9.3.0 (GraphPad).

Time-Kill Curve Assay: The C. albicans cells were cultured in a YPD
medium until they reached the exponential growth phase. C. albicans sus-
pension was diluted with a YPD medium to an OD600 of 0.2 in 10 mL, with
or without varying concentrations of OTB. For the time-kill curve assay
of AmB (Shanghai Aladdin Biochemical Technology, A657418) following
OTB treatment, the tubes with OTB were incubated at 30 °C in a shaker at
200 rpm for 4 h. Subsequently, the fungal concentration in all groups was
adjusted to an OD600 of 0.2, and 1 μg mL−1 Am B was added. The tube
was then incubated at 30 °C in a shaker set at 200 rpm. At 0, 2, 4, 8, 12, 24,
and 48 h of incubation, a sample of the mixture was taken and diluted with
sterile PBS. The diluted sample was then plated on an SDA solid medium
to determine CFUs. Each sample group was replicated three times.

Hypha Growth Assay: C. albicans cells were cultured in a YPD medium
until they reached the exponential growth phase. Subsequently, they were
collected, washed three times with PBS, and then diluted with RPMI 1640
medium to 1× 106 cells mL−1. A volume of 100 μL of this suspension was
added to each well of a 96-well plate. Different concentrations of OTB were
added to the wells, with FLC (Shanghai Aladdin Biochemical Technology,
E129360) serving as a control. The plates were then incubated at 37 °C
for 4 h. Morphological differences between the groups treated with drugs
and those without drug treatment were observed and recorded using an
inverted microscope (Motic, AE2000, China).[49]

XTT Reduction Assays: A semiquantitative measure of biofilm for-
mation was calculated by using an XTT ((sodium 3′-[1-(phenylamino-
carbonyl)−3,4-tetrazolium]-bis [4-methoxy-6-nitro] benzene sulfonic acid
hydrate); Macklin reagent, X820547}-reduction assay, adapted from pre-
vious reports.[49] The assay is based on the cleavage of the yellow tetra-
zolium salt XTT to form an orange formazan dye by metabolically ac-
tive cells. C. albicans cultures were resuspended in RPMI 1640 medium
buffered with MOPS (Sangon biotech, A100670) to a final concentration
of 106 cells mL−1. An aliquot of 100 μ L was added to each well of a 96-
well plate and incubated at 37 °C. After 90 min, wells were gently washed
twice with 1× PBS to remove non-adherent cells. The fresh RPMI 1640
medium was added with or without OTB or FLC. The RPMI 1640 medium
was added to adhered cells without any drug for mature biofilm eradi-
cation assays and incubated for 24 h to establish mature biofilms. After
the treatment of OTB or FLC for 24 h, non-adherent cells were washed
away with PBS, and biofilm cell metabolic activity was measured using the
XTT reduction assay. Immediately before each assay, a phenazine metho-
sulfate solution was prepared at a final concentration of 320 μg mL−1

and filter-sterilized. Briefly, 90 μ L of XTT at 0.5 mg mL−1, and 10 μL
of phenazine methosulfate (Shanghai Aladdin Biochemical Technology,
P105579) at 320 μg mL−1 were added to each well, followed by incubation
at 37 °C for 2 h in the dark. The absorbance of the supernatant was mea-
sured using a microplate reader (Thermo Fisher, Multiskan SkyHigh) at
450 nm. Experiments were conducted in at least three technical replicates
for each strain/condition. Data are plotted in Prism v9.3.0 (GraphPad),
showing the mean relative quantity ±SD.

Confocal Laser Scanning Microscopy: To detect the upregulation of Cdr1
expression by OTB, overnight C. albicans Cdr1-GFP cultures were diluted to
an OD600 of 0.2 and grown in the presence of the respective compounds
(or DMSO equivalent) for 4 h at 30 °C. Cells were then pelleted by cen-
trifugation at 2500 g for 3 min and washed three times in PBS. GFP was
visualized using confocal laser scanning microscopy (Leica Stellarissted,
Germany) using a GFP Em535/Ex488 filter set and a YFP Em561/Ex532
filter set.[41b]

For filipin staining experiments, overnight C. albicans cultures were di-
luted to an OD600 of 0.2 and grown in the presence of respective com-
pounds (or DMSO equivalent) for 4 h at 30 °C. Cells were then pelleted by
centrifugation at 2500 g for 3 min and washed three times in PBS. All cells
were covered with 15 μM filipin complex solution (Med Chem Express, HY-
N6716) and incubated at room temperature for 15 min. Before imaging,
the cells were washed three times with PBS and then viewed under a UV
filter set (Leica 63 × oil). The image was analyzed using Image J software.

To examine the localization of GFP-Atg8, overnight GFP-tagged cell cul-
tures were diluted to an OD600 of 0.2 and grown in the presence of the
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respective compounds (or DMSO equivalent) for 4 h at 30 °C. Cells were
then pelleted by centrifugation at 2500 g for 3 min and washed three times
in PBS.1 mL of the suspension was mixed with 2 μL FM4-64 (500 μg mL−1,
prepared in DMSO; Med Chem Express, HY-103466) and incubated at
room temperature with gentle shaking for 30 min. The cells were then cen-
trifuged, re-suspended in 500 μL YPD, and incubated at 30 °C for a further
30 min. GFP was visualized using confocal laser scanning microscopy (Le-
ica Stellarissted, Germany) using a GFP Em535/Ex488 filter set. All assays
were done in biological triplicates shown in the figure, and the AOD of the
fluorescence in the photo was analyzed using Image J.

RNA Extractions and RNA Seq Analysis: C. albicans overnight cultures
were diluted to an OD600 of 0.1 in 100 mL of fresh YPD medium and treated
with 1 μg mL−1 of OTB or an equal volume of DMSO for 4 h. The Yeast RNA
Extraction Kit (Zymo Research, R1002) was utilized to extract total RNA.
The quality and integrity of the RNA were assessed using an Agilent 2100
bioanalyzer. Poly(a)-containing mRNA was isolated from the total RNA
with poly(T) oligonucleotide-attached magnetic beads. The RNA obtained
was fragmented and subjected to reverse transcription using random N6
primers. Subsequently, a bridge primer was employed to cyclize the single-
stranded DNA, yielding a library of single-stranded circular DNA. Follow-
ing the sequencing process, the raw data underwent quality trimming us-
ing SOAPnuke software (BGI Genomics, China). This involved removing
reads with low quality (defined as a base with a mass value below 15 consti-
tuting more than 20% of the total bases in the read), joint contamination,
and a high content of N (greater than 5%), which represents an unknown
base. The resulting reads were considered clean. The differential expres-
sion of genes was assessed using HISAT2 software (v2.0.4) to compare
the OTB treatment group with the control76. DEGs were identified based
on the criteria of log2 fold change > 1 and p-value < 0.05.

Rhodamine 6G Efflux: Efflux of rhodamine 6G was determined using
a previously described protocol.[50] C. albicans cultures were diluted to
an OD600 of 0.2 and grown in the presence of respective compounds (or
DMSO equivalent) for 4 h at 30 °C. Pelleted cells were washed twice with
PBS, and a 2% cell suspension corresponding to 1 × 108 cells mL−1 was
re-suspended in PBS without glucose. Cells were then de-energized for 1 h
in PBS (without glucose). De-energized cells were pelleted, washed, and
re-suspended in PBS without glucose, to which rhodamine 6G (Shanghai
Aladdin Biochemical Technology, R105624) was added at a final concen-
tration of 10 μM and further incubated for 30 min at 30 °C. Equilibrated
cells with rhodamine 6G were washed and re-suspended in PBS, which
contained no glucose. Samples with a volume of 1 mL were withdrawn at
specified times and were centrifuged at 9000 g for 1 min. At the indicated
time intervals, energy-dependent efflux was measured following the addi-
tion of 2% glucose to the cells re-suspended in glucose-free PBS. Glucose-
free negative controls were included in all experiments.

Transmission Electron Microscopy Analysis: An electron microscopy fixa-
tion solution (2.5% glutaraldehyde; Sangon biotech, A600875) was added
to C. albicans cells, which were then subjected to fixation in the dark at
room temperature for 30 min. The samples were subsequently transferred
to 4 °C and left overnight for further fixation. The sample was then fixed at
room temperature for 2 h using a 1% osmic acid solution (Ted Pella Inc,
18 456) prepared in 0.1 M PBS (pH 7.4), followed by dehydration through
an acetone (Sinopharm chemical reagent, 10 000 418) gradient ranging
from 25% to 100%. The study employed a protracted infiltration proce-
dure involving multiple applications of Durcupan ACM epoxy resin (SPI,
90529-77-4), followed by embedding and resin hardening at a tempera-
ture of 60 °C for 48 h. Subsequently, ultra-thin sections measuring 80 nm
were treated with a 2% uranyl acetate and 2.6% lead citrate solution for
contrast enhancement and examined using a transmission electron mi-
croscope (HT7800, HITACHI, Japan).

DARTS: DARTS experiment was conducted using a previously de-
scribed protocol.[51] For the DARTS experiment using yeast cell lysates
incubated in vitro with OTB, C. albicans SC5314 cells were suspended in
yeast lysis buffer (PBS [pH 7.2 to 7.6]) containing 1.0% protease inhibitor
cocktail. Cell pellets were broken with glass beads for 30 s, 4 times at 4
°C in the Bead Ruptor12 system (OMNI International, USA). All steps
were performed on ice or at 4 °C to help prevent premature protein degra-
dation. Lysates were incubated with OTB from 100 to 1000 μg mL−1 or

H2O control for 1 h at room temperature. Samples were then divided into
two aliquots that underwent proteolysis with 10 μg of thermolysin (Sigma-
Aldrich, P1512) or PBS control for 15 min at room temperature. To stop
the proteolysis, the reaction tubes were shifted to 4 °C, and EDTA (pH
8.0, 50 mM final concentration) and SDS/PAGE loading buffer were added
to each sample. Aliquots of each sample were subjected to electrophore-
sis on 4 to 20% SDS/PAGE, and Coomassie staining was used to identify
bands that specifically bind to OTB. Bands from SDS/PAGE gels were cut
out and prepared for mass spectrometry analysis with trypsin digestion.
LC-MS analyzed peptides on a Thermo LTQ-Orbitrap mass spectrometer
with an Eksigent LC pump. For quantitative comparison of protein and
peptide abundances, MS spectra were analyzed by using the differential
workflow of Rosetta Elucidator (Rosetta Inpharmatics). Annotation was
performed using PeptideTeller and ProteinTeller.

For the affinity experiments of OTB and Sec31, total proteins of GFP-
Sec31 were extracted using the method above. The cell lysates were in-
cubated at room temperature with OTB or H2O in concentrations rang-
ing from 3.125 to 12.5 μg mL−1 for 1 hour. Subsequently, 0.5 μg ther-
molysin was added per 45 μL of lysate protein and allowed to dissolve for
15 min. Proteins were separated by 4 to 20% SDS-PAGE and transferred
to a polyvinylidene difluoride (PVDF) membrane. After blocking, an anti-
GFP antibody or anti-tubulin antibody was used for probing GFP-tagged
proteins or tubulin, which were then detected using the secondary anti-
body goat anti-mouse IgG conjugated with horseradish peroxidase (HRP)
and the Pierce ECL system (Thermo Fisher Scientific, USA).

Western Blot Analysis: Total proteins of C. albicans cells treated with dif-
ferent conditions were extracted using the Bead Ruptor12 system in a lysis
buffer consisting of PBS (pH 7.2 to 7.6) containing 5 mM EDTA (pH 8.0;
Sangon biotech, B540625), 1 mM phenylmethylsulfonyl fluoride (PMSF,
Sangon biotech, A610425), and 1.0% protease inhibitor cocktail (Target-
Mol, USA). The proteins were then separated using 4 to 20% SDS-PAGE
(Beyotime biotechnology, D0185S) and transferred onto a PVDF mem-
brane (Beyotime biotechnology, FFP28). Following blocking, GFP-tagged
proteins or tubulin were probed using an anti-GFP antibody (Santa Cruz
Biotechnology, sc-9996) or an anti-tubulin antibody (Abbkine Scientific,
ABL1030), respectively. Detection was achieved by employing a goat anti-
mouse IgG secondary antibody conjugated with HRP (Santa Cruz Biotech-
nology, sc-516102) in conjunction with the Pierce ECL system (Thermo
Fisher Scientific, USA).

In Vitro Experimental Evolution Assay: The in vitro experimental evo-
lution assay was conducted as previously described.[52] In brief, C. albi-
cans overnight cultures were resuspended in 5 mL YPD medium with com-
pounds at a concentration of 2×MIC or DMSO equivalent, resulting in a
final concentration of 1×106 cells mL−1. Each condition was replicated in
triplicate, resulting in three evolving populations per condition. Following
a 24-hour incubation period at 30 °C in a shaking incubator, the growth of
individual populations was assessed in relation to the average growth of
three control groups (DMSO groups) through spectrophotometric quan-
tification using an OD 600 measurement. Subsequently, aliquots contain-
ing 1×106 cells were transferred into fresh YPD medium with a drug con-
centration equivalent to that of the previous culture when the OD600 of the
evolving population was less than half of the OD600 of the average control
or doubled the previous culture’s drug concentration when the OD600 of
the evolving population exceeded half of the OD600 of the average con-
trol. At each interval, a 0.5 mL portion of the suspension was combined
with 0.5 mL of 80% glycerol (Sangon biotech, A501745), and the result-
ing mixture was subjected to freezing at −80 °C for conducting antifungal
susceptibility testing.

Evaluating the Antifungal Activity of OTB in a Mouse Infection Model:
A standard protocol with a few modifications was used to establish a
model of C. albicans infection in the gastrointestinal tract. For animal in-
fections, 7- to 8-week-old female C57BL/6J mice (SLAC ANIMAL, China)
were housed together with free access to food (standard rodent chow,
autoclaved; LabDiet, 5010) and water. After 7 days of acclimation in the
animal facility, all mice were given an intraperitoneal injection of cy-
clophosphamide (Shanghai Aladdin Biochemical Technology, C126044)
100 mg kg−1 for two consecutive days to keep the mice in an immunosup-
pressive state to create a fungal infection model. At the same time, the
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drinking water of the mice was replaced with a sufficient amount of an-
tibacterial drinking water (levofloxacin sodium chloride injection diluted
with triple sterile water, with a concentration of 0.4 g L−1) and changed
daily throughout the entire experimental process. On the third day of im-
munosuppression, mice were orally gavaged with 4× 108 cells (0.2 mL vol-
ume). Two hours after administration of C. albicans cells, the mice in each
group were intraperitoneally injected with cyclophosphamide again and
given 50 mg kg−1 OTB or 1% DMSO by intragastric administration. After-
ward, cyclophosphamide was administered on the third and sixth days of
the observation period for supplementary immunosuppression, and com-
pounds were given by intragastric administration every day until the end of
the observation period. Mice showing extreme lethargy were considered
moribund and were euthanized. Tongji University Animal Care Commit-
tee approved all experimental procedures involving animals. Kaplan-Meier
analyses were used to indicate the survival probabilities, and log-rank test-
ing was used to evaluate the significance of survival curves.

PM Isolation and Sterol Analysis: A standard protocol with a few
modifications was used to isolate PMs from suspensions of C. albicans
treated with different compounds.[53] Briefly, C. albicans overnight cul-
tures were resuspended in lysis medium (1.2 M sorbitol, 0.1 M EDTA,
1% 𝛽-Mercaptoethanol, 5 mg mL−1 zymolase) and incubated at 37 °C for
1 h. Protoplasts were then washed with 1.2 M sorbitol, lysed with ice-cold
ddH2O shock, and disrupted by sonication (5 s cycles for 2 min at 4 °C)
using an ultrasonic processor (Scientz, China). Cell lysate was centrifuged
at 1000 g at 4 °C for 10 min to remove unbroken material, and the su-
pernatant was ultracentrifuged at 10 000 g at 4 °C for 60 min. The sterol
analysis was performed by gas chromatography-mass spectrometry (GC-
MS) with cholesterol as an internal standard, as previously described.

Statistical Analysis: All experiments were repeated at least three times.
Data represent biological replicates and meet the assumptions of the sta-
tistical tests described for each Figure. Results are expressed as the mean
± SD. Differences between experimental groups were assessed for signifi-
cance using a two-tailed unpaired Student’s *t*-test with GraphPad Prism
5 software.

For Studies with Animals: Tongji University Animal Care Committee
approved all experimental procedures involving animals. All experiments
conformed with the Helsinki Declaration of 1975, as revised in 2008 (5)
concerning Human and Animal Rights, and followed out policy concern-
ing Informed Consent as shown on Springer.com. All institutional and na-
tional guidelines for the care and use of laboratory animals were followed.
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crobiol. Biotechnol. 2019, 103, 625; b) L. Zhou, P. She, F. Tan, S. Li, X.
Zeng, L. Chen, Z. Luo, Y. Wu, Front Microbiol 2020, 11, 1720.

[24] M. S. Khan, I. Ahmad, S. S. Cameotra, AMB Express 2013, 3, 54.
[25] N. Malanovic, A. On, G. Pabst, A. Zellner, K. Lohner, Int. J. Antimicrob.

Agents 2020, 56, 106146.
[26] H. Yang, J. Tong, C. W. Lee, S. Ha, S. H. Eom, Y. J. Im, Nat. Commun.

2015, 6, 6129.
[27] T. Jordá, M. Barba-Aliaga, N. Rozès, P. Alepuz, M. T. Martínez-Pastor,

S. Puig, Environ. Microbiol. 2022, 24, 5248.
[28] H. Lu, W. Li, M. Whiteway, H. Wang, S. Zhu, Z. Ji, Y. Feng, L. Yan, T.

Fang, L. Li, T. Ni, X. Zhang, Q. Lv, Z. Ding, L. Qiu, D. Zhang, Y. Jiang,
mBio 2023, 14, e0263922.

[29] T. M. Anderson, M. C. Clay, A. G. Cioffi, K. A. Diaz, G. S. Hisao, M. D.
Tuttle, A. J. Nieuwkoop, G. Comellas, N. Maryum, S. Wang, B. E. Uno,
E. L. Wildeman, T. Gonen, C. M. Rienstra, M. D. Burke, Nat. Chem.
Biol. 2014, 10, 400.

[30] M. R. Van Leeuwen, W. Smant, W. de Boer, J. Dijksterhuis, J Microbiol
Methods 2008, 74, 64.

[31] A. T. Gatta, L. H. Wong, Y. Y. Sere, D. M. Calderón-Noreña, S.
Cockcroft, A. K. Menon, T. P. Levine, Elife 2015, 4, 7253.

[32] T. Jorda, S. Puig, Genes (Basel) 2020, 11, 795.

[33] V. Delfosse, W. Bourguet, G. Drin, Contact 2020.
[34] L. H. Wong, T. P. Levine, Biochem. Soc. Trans. 2016, 44, 517.
[35] B. Lomenick, G. Jung, J. A. Wohlschlegel, J. Huang, Curr Protoc Chem

Biol 2011, 3, 163.
[36] N. Gomez-Navarro, E. Miller, J. Cell Biol. 2016, 215, 769.
[37] a) J. Sawa-Makarska, V. Baumann, N. Coudevylle, S. von Bülow,

V. Nogellova, C. Abert, M. Schuschnig, M. Graef, G. Hummer,
S. Martens, Science 2020, 369, 7714; b) N. Mizushima, T.
Yoshimori, Y. Ohsumi, Annu. Rev. Cell Dev. Biol. 2011, 27,
107.

[38] Y. Y. Cai, L. Li, X. M. Zhu, J. P. Lu, X. H. Liu, F. C. Lin, Front Microbiol
2022, 13, 1019543.

[39] K. Wang, D. J. Klionsky, Autophagy 2011, 7, 297.
[40] B. G. Vu, G. H. Thomas, W. S. Moye-Rowley, mBio 2019, 10.
[41] a) P. Chang, W. Wang, Y. Igarashi, F. Luo, J. Chen, J Microbiol Methods

2018, 149, 14; b) H. Wang, Z. Ji, Y. Feng, T. Yan, Y. Cao, H. Lu, Y. Jiang,
Front Pharmacol 2022, 13, 1101553.

[42] S. Krishnamurthy, V. Gupta, P. Snehlata, R. Prasad, FEMS Microbiol.
Lett. 1998, 158, 69.

[43] P. Marichal, L. Koymans, S. Willemsens, D. Bellens, P. Verhasselt,
W. Luyten, M. Borgers, F. C. S. Ramaekers, F. C. Odds, H. Vanden
Bossche, Microbiol. (Reading) 1999, 145 (Pt 10), 2701.

[44] L. L. Benitez, P. L. Carver, Drugs 2019, 79, 833.
[45] C. Charsou, M. Y. W. Ng, A. Simonsen, Autophagy 2023, 19, 2159.
[46] M. Y. W. Ng, C. Charsou, A. Lapao, S. Singh, L. Trachsel-Moncho, S.

W. Schultz, S. Nakken, M. J. Munson, A. Simonsen, Nat. Commun.
2022, 13, 6283.

[47] A. Shirai, T. Sumitomo, M. Yoshida, T. Kaimura, H. Nagamune, T.
Maeda, H. Kourai, Chem Pharm Bull (Tokyo) 2006, 54, 639.

[48] J. Wu, D. Wu, Y. Zhao, Y. Si, L. Mei, J. Shao, T. Wang, G. Yan, C. Wang,
Front Microbiol 2020, 11, 2075.

[49] T. Fang, J. Xiong, L. Wang, Z. Feng, S. Hang, J. Yu, W. Li, Y. Feng, H.
Lu, Y. Jiang, Antibiotics (Basel) 2023, 12, 1675.

[50] S. Singh, Z. Fatima, S. Hameed, J Glob Antimicrob Resist 2020, 22,
497.

[51] C. Rodriguez-Furlan, C. Zhang, N. Raikhel, G. R. Hicks, Curr Protoc
Plant Biol 2017, 2, 370.

[52] H. Carolus, S. Pierson, J. F. Muñoz, A. Subotíc, R. B. Cruz, C. A.
Cuomo, P. Van Dijck, mBio 2021, 12.

[53] J. Suchodolski, J. Muraszko, P. Bernat, A. Krasowska, Int. J. Mol. Sci.
2021, 22, 5219.

Adv. Sci. 2024, 11, 2406473 2406473 (19 of 19) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Otilonium Bromide Exhibits Potent Antifungal Effects by Blocking Ergosterol Plasma Membrane Localization and Triggering Cytotoxic Autophagy in Candida Albicans
	1. Introduction
	2. Results
	2.1. Identification of OTB Acting as an Antifungal Agent In Vitro and In Vivo
	2.2. OTB Acted as a Fungistatic Agent and Inhibited Filamentation and Biofilm Formation of C. Albicans
	2.3. The Antifungal Activity of OTB Depended on Ergosterol
	2.4. OTB Blocked the PM Localization of Ergosterol
	2.5. OTB Hindered Sip3-Mediated PM Localization of Ergosterol
	2.6. OTB Targeted Sec31 and Disrupted the Function of Sip3
	2.7. OTB Triggered Autophagy in C. Albicans
	2.8. C. Albicans Exhibited a Low Propensity for Developing Resistance to OTB

	3. Discussion and Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


