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Abstract

Candida albicans, the most common opportunistic pathogenic fungus, is also the main pathogenic organism for oral can-
didiasis. This condition is particularly prevalent among the elderly, children, and individuals undergoing radiotherapy or
suffering from HIV. The lack of new antifungal drugs, and drug resistance coupled with the side effects of current antifungal
agents have increased the challenges of clinical antifungal therapies. Polyenes, including amphotericin B and nystatin, are
clinical fungicidal drugs, however, their side effects and low solubility have limited their clinical applications. Here, we
identified that moxidectin, a novel approved antiparasitic agent, could synergize with both amphotericin B and nystatin to
inhibit the growth and biofilm formation of Candida albicans including 60 clinical isolates. The transcriptome and RT-PCR
analysis indicated that moxidectin activated the biosynthesis pathway of ergosterol, the direct target of polyenes, further
being verified by the loss of the synergistic activities with polyenes against ergosterol pathway mutants, including A/Aerg3,
A/Aergll and A/Aerg3 A/Aergl 1. Moxidectin was then confirmed to elevate the ergosterol biosynthesis levels of C. albicans
and enhance the binding between cells and polyenes. In a mouse oral candidiasis model, moxidectin combined with low
dosages of polyenes to significantly reduce the infection area, colonization of C. albicans and the inflammatory degree of
tongue mucosa. Our study originally demonstrated that moxidectin could activate the ergosterol biosynthesis then elevate
the ergosterol contents to enhance the antifungal effects of polyenes against C. albicans and its infections. Moxidectin can
serve as the candidate potentiator of polyenes for further clinical practice.

Key points

e Moxidectin synergized with polyenes against Candida albicans.

e Moxidectin activated the ergosterol biosynthesis of Candida albicans.

e Moxidectin combined with polyenes to effectively combat oral candidiasis in mice.
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Introduction

P4 Jing Zou

zoujing@scu.edu.cn Candida albicans, a prevalent opportunistic fungal patho-

gen, has been classified as the critical group among the first
fungal priority listed by World Health Organization. (Kat-
sipoulaki et al. 2024). C. albicans could lead to superficial
infections and potentially fatal systemic infections among
low-immunity populations (Calderone et al. 2009). The
mortality rate of C. albicans associated candidiasis may
over 30% in ICU patients (Hellstein and Marek 2019). C.
albicans can be detected in 30-60% of healthy individuals
oral cavity (Vila et al. 2020) and is also the main patho-
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genic organism of oral candidiasis (Jham et al. 2007). Due
to the extensive application of drugs including antibiotics,
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glucocorticoids, and immunosuppressants, as well as an
increase in the number of diabetic patients, AIDS patients,
and radiotherapy patients, oral candidiasis is increasing fast
and threaten patients’ health and quality of life(de Vascon-
cellos Ferreira et al. 2023; Soysa et al. 2006).

Polyenes are common fungicidal clinical antifungal
drugs, mainly including amphotericin B (AmB) and nys-
tatin (Nys), due to their actions on fungal cell membrane
(Kristanc et al. 2019). Polyenes can bind to ergosterol, an
essential part of the fungal cell membrane, to destroy the cell
membrane and lead to the leakage of important substances
in the cell or impair the normal metabolism of the cell
(Hamill 2013; Sousa et al. 2023). Recently, AmB was also
proved to kill fungi by producing extra membranous spongy
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Fig.1 Moxidectin synergized with amphotericin B and nystatin
against the growth of C. albicans. C. albicans SC5314 were treated
with amphotericin B (AmB), nystatin (Nys) and their combinations
with moxidectin (MXD) at different concentrations. (A, B) MIC tur-
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aggregates to take out ergosterol from the lipid bilayer (Maji
et al. 2023; Anderson et al. 2014). AmB is thought to be the
“gold standard” in antifungal therapy, with a strong antifun-
gal effect and a broad antifungal spectrum (Lu et al. 2019),
and has been used in clinical practice for more than 40 years.
Oral amphotericin B has been used as early as 1990 for the
prevention of deep-seated fungal infections in patients with
hematologic neoplasms and oropharyngeal candidiasis, the
most common opportunistic infection in patients with HIV
(Kimura et al. 1990; Hood et al. 1998). Amphotericin B sus-
pension also remains a useful therapy in topical therapies in
azole-resistant oropharyngeal candidiasis(Grim et al. 2002).
In addition to oropharyngeal candidiasis, amphotericin B is
often administrated in the treatment of patients with deep
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bidimetric thermogram of AmB and Nys in combination with MXD;
(C, D) combinational MIC curve of AmB and Nys in combination
with MXD; (E, F) MFC plots of AmB and Nys in combination with
MXD
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Table 1 Combinational effects
between moxidectin (MXD),
amphotericin B (AmB) and
nystatin (Nys) against clinical
isolates Candida albicans 1150-
1209

Isolates MICs(pg/ml) FICI
AmB Nys MXD AmB +MXD Nys + MXD
1150 1 4 > 100 0.25+25 0.5+25 <0.5
1151 1 2 > 100 0.25+25 0.5+25 <0.5
1152 1 4 > 100 0.25+25 1425 <0.5
1153 1 2 > 100 0.25+25 0.5+25 <0.5
1154 1 2 > 100 0.25+25 0.54+25 <0.5
1155 1 2 > 100 0.25+25 0.5+25 <0.5
1156 1 2 > 100 0.25+25 0.5+25 <0.5
1157 1 2 > 100 0.25+25 0.54+25 <0.5
1158 1 2 > 100 0.25+25 0.54+25 <0.5
1159 1 2 > 100 0.25425 0.54+25 <0.5
1160 2 4 > 100 0.25425 0.54+25 <0.5
1161 1 2 >100 0.25425 0.54+25 <0.5
1162 1 2 >100 0.25425 0.54+25 <0.5
1163 1 4 > 100 0.25+25 1425 <0.5
1164 1 2 > 100 025425 0.54+25 <0.5
1165 1 2 > 100 0.254+25 05425 <0.5
1166 1 2 > 100 0.254+25 0.54+25 <0.5
1167 2 2 > 100 0.25+25 0.5+25 <0.5
1168 1 2 > 100 0.254+25 0.5+25 <0.5
1169 2 2 > 100 0.54+25 0.54+25 <0.5
1170 2 2 > 100 0.54+25 0.54+25 <0.5
1171 2 2 > 100 0.25+425 0.54+25 <0.5
1172 1 2 > 100 0.25+425 0.54+25 <0.5
1173 1 4 > 100 0.25+25 1425 <0.5
1174 1 2 > 100 0.25+25 0.54+25 <0.5
1175 1 2 > 100 0.25+25 0.54+25 <0.5
1176 1 2 > 100 0.25+25 0.54+25 <0.5
1177 1 2 > 100 0.25+25 0.54+25 <0.5
1178 1 2 > 100 0.25+25 0.54+25 <0.5
1179 2 2 > 100 0.25+25 0.54+25 <0.5
1180 2 2 > 100 0.25+25 05425 <0.5
1181 1 2 > 100 0.25+25 0.5+25 <0.5
1182 1 2 > 100 0.25+25 0.5+25 <0.5
1183 1 2 > 100 0.25+25 0.54+25 <0.5
1184 1 2 > 100 0.25+25 0.5+25 <0.5
1185 1 2 > 100 0.25+25 0.5+25 <0.5
1186 1 2 > 100 0.25+25 0.5+25 <0.5
1187 1 2 > 100 0.25+25 0.5+25 <0.5
1188 1 2 > 100 0.25+25 0.5+25 <0.5
1189 2 4 >100 0.25+25 0.5+25 <0.5
1190 1 2 >100 0.25+25 0.5+25 <0.5
1191 1 2 >100 0.25+25 0.5+25 <0.5
1192 2 2 > 100 0.25+25 0.5+25 <0.5
1193 1 2 > 100 0.25+25 0.5+25 <0.5
1194 1 2 > 100 0.25+25 0.5+25 <0.5
1195 1 2 > 100 0.25+25 0.54+25 <0.5
1196 2 2 > 100 0.25+25 0.54+25 <0.5
1197 1 2 > 100 0.25+25 0.5+25 <0.5
1198 1 2 > 100 0.25+25 0.5+25 <0.5
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Table 1 (continued)

Isolates MICs(pg/ml) FICI
AmB Nys MXD AmB +MXD Nys + MXD
1199 1 2 > 100 0.254+25 0.54+25 <0.5
1200 1 2 > 100 0.254+25 0.5+4+25 <0.5
1201 2 4 > 100 0.5+25 1425 <0.5
1202 2 2 > 100 0.25425 0.5425 <0.5
1203 2 4 > 100 0.25425 0.5+25 <0.5
1204 1 2 > 100 0.25+25 0.54+25 <0.5
1205 2 2 > 100 0.5+25 0.54+25 <0.5
1206 1 2 > 100 0.25+25 0.54+25 <0.5
1207 2 2 > 100 0.5+25 0.54+25 <0.5
1208 1 2 > 100 0.25+25 0.54+25 <0.5
1209 1 2 > 100 0.25425 0.5+25 <0.5

fungal infections(Wei et al. 2003), especially in immuno-
compromised patients(Cai et al. 2023; Lee et al. 2024). And
Nystatin, a topical and oral antifungal agent with fungicidal
activity against various yeasts and Candida albicans, is
widely used to treat cutaneous and oropharyngeal candidi-
asis. It is available in various forms, such as oral suspen-
sions, topical creams, and oral lozenges(Lyu et al. 2016).
Nystatin cannot be absorbed from the gastrointestinal tract
when taken orally. Therefore, topical use of nystatin is con-
sidered to be the most common route of administration in
dentistry because of minimal systemic exposure(Rai et al.
2022). In addition, Nystatin plays an important role in the
prophylaxis of oral and systemic candidiasis in infants and
immunocompromised patients (e.g., people suffering from
AIDS, cancer and organ transplant recipients) (Lyu et al.
2016). However, both AmB and Nys have shown their side
effects during their clinical applications, such as AmB has
serious liver and kidney toxicity (Karimzadeh et al. 2013),
and Nys can lead to nausea, vomiting, gastrointestinal dis-
tress and other symptoms (Semis et al. 2013).

The synergistic combination of different drugs has been
demonstrated to be a practical strategy to expedite drug
development (Zhu et al. 2021), as the synergistic drug com-
binations can improve drug efficacy, reduce the development
of drug resistance, application of drug dosages and drug
toxicity and side effects (Nivoix et al. 2006). The synergistic
potentiators have shown potent activities to enhance the effi-
cacy of polyenes and reduce their application dosages
against C. albicans infections(Zhu et al. 2021).

Moxidectin (MXD), a broad-spectrum anthelmintic, is
widely used in a variety of animals to prevent and control gas-
trointestinal nematodes and body parasites, with high efficiency,
long-lasting effect, and safety properties (Ménez et al. 2012). It
was approved by FDA in 2018 to treat human onchocerciasis,
commonly referred to “river blindness”, caused by Onchocerca
volvulus (de Moraes and Geary 2020). The antiparasitic mecha-
nism of MXD is to bind to the glutamate-gated chloride ion
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channel, increasing the inward flow of chloride ions, and in
turn induce the hyperpolarization of neuronal resting potential
to cause the paralysis and death of parasite (Turner et al. 2015).
In mammals, gamma-aminobutyric acid (GABA) is served as
the primary neurotransmitter in the central nervous system (Xu
et al. 2004). The existence of the blood-brain barrier brings dif-
ficulty for MXD to enter the central nervous system, therefore
MXD is proved to be with high degree of safety (Turner et al.
2015; Hiirlimann et al. 2023).

To identify candidate molecules to potentiate antifungal
polyenes and reduce their toxicities, we found that MXD
could synergized with both AmB and Nys to increase their
antifungal efficacy at low dosages. Therefore, in this study, the
synergistic effects and mechanisms between MXD and poly-
enes against C. albicans and its infection were investigated.

Materials and methods
Chemicals

Amphotericin B (CAS 1397-89-3, Purity 98.00%), Nysta-
tin (CAS 1400-61-9, Purity 97.57%) and Moxidectin (CAS
113507-06-5, Purity 99.49%) were purchased from ApexBio,
Anmerica. Filipin complex (CAS 11078-21-0, Purity 98.00%)
was purchased from Shanghai Yuanye Bio-Technology,
China. All the chemicals were solubilized in dimethyl sulfox-
ide (DMSO) (Merck, China) and stored at -20 °C before use.

Strains and culture conditions

Details of strains used in this study were listed in Table S1.
Candida albicans SC5314 (ATCC MYA-2876). Clinical
isolates of C. albicans and gene knockout strains wide type
strain (CAF2-1, WT), A/Aerg3, A/Aergll and A/Aerg3 A/
Aergl1 were obtained from the State Key Laboratory of Oral
Diseases, West China Hospital of Stomatology (Wang et al.
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2024; Zhou et al. 2018). All strains were preserved in liquid
nitrogen and cultivated on YPD solid medium (2% peptone,
1% yeast extract, 2% glucose and 2% agar) at 35 °C overnight.

Antifungal susceptibility testing
The antifungal activities of AmB, Nys and MXD against

C. albicans SC5314, clinical strains and WT, A/Aerg3, A/
Aergll and A/Aerg3 A/Aergll were tested in 96-well plates
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Fig.2 MXD synergized with polyenes to inhibit the biofilm and fila-
mentous formation of C. albicans. The biofilm and filamentous for-
mation of C. albicans SC5314 were measured after the treatments
with MXD, AmB, Nys and their combinations. (A) Crystalline violet
turbidimetric thermograms of different concentrations of AmB, MXD
and their combinations on C. albicans biofilm formation; (B) crystal-

Nys=1 pg/ml |
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(Nest, Wuxi, China) as previously mentioned (Zhu et al.
2021). The concentrations of AmB were ranged from 2 to
0.0313 pg/ml, Nys were 4 to 0.0625 pg/ml, MXD were 100
to 0.0975 pg/ml, by a two-fold dilution, respectively. The
96-well plates were incubated at 35 °C for 24 h. SpectraMax
iD5 reader (Molecular Devices, LLC., San Jose, America)
was employed to detect the 600 nm for optical density (OD)
and the minimum inhibitory concentration (MIC) was the
lowest concentration at which there was no fungal growth.
The tests were performed with three replicates.

Nys=0.5 pg/ml & i

line violet turbidimetric thermograms of different concentrations of
Nys, MXD and their combinations on C. albicans biofilm formation;
(C) scanning electron microscopy images of different concentrations
of polyenes, MXD and their combinations on C. albicans filamentous
formation
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«Fig. 3 MXD activated the ergosterol biosynthesis pathway of C. albi-
cans to synergize with polyenes. (A) KEGG enrichment of the up-
regulation pathways of C. albicans SC5314 after 100 pg/ml MXD
treatment and the red arrow indicated the “Steroid biosynthesis”
pathway; (B) heatmap of the expressions of the genes related to the
ergosterol biosynthesis in C. albicans SC5314 after 100 pg/ml MXD
treatment; (C) RT-qPCR validation of the relative expressions of
ergosterol biosynthesis related genes in C. albicans SC5314 treated
by 25 and 100 pg/ml MXD; (D, E) Checkboard antifungal effects of
MXD combined with AmB and Nys against A/Aerg3, A/Aergll and
A/Aerg3 A/Aergll, left: recovery plates; right: OD600 heatmap of the
fungal cell growth overnight

Checkerboard and recovery plate assays

C. albicans SC5314 and WT, A/Aerg3, A/Aergll and A/
Aerg3 A/Aergll were cultured as previously described. Sam-
ples were spiked in 96-well plates as previously described
(Zhu et al. 2021). The fractional inhibitory concentration
index (FICI) was used to calculate the drug interactions
between polyenes with MXD (Odds 2003). The recovery
plate method was employed to furtherly analyze the minimal
fungicidal concentration (MFC) of drugs. 1.5 pL of cultures
from each well of the 96-well plate were mixed and spotted
on YPD solid medium and incubated at 35 °C for 24 h. The
tests were performed with three replicates.

Crystalline violet experiment

C. albicans SC5314 was cultured and samples were spiked
in 24-well plates as previously described (Liu et al. 2022).
The concentrations of AmB were varied from 2 to 0.2 pg/
ml, and Nys were 4 to 0.5 pg/ml, MXD were 100, 25, 0 pg/
ml, by a two-fold dilution, respectively. After the incubation
for 24 h at 35 °C, the supernatant was discarded, then the
biofilms were soaked for 3 times in double distilled water.
Then the biofilms were dried and fixed for 15 min by adding
1 ml of methanol and soaked once again in distilled water.
After drying, each well was stained with 1 ml 0.01% crystal
violet for 15 min, dipped and washed again for 3 times, dried
and decolorized by adding 1 ml 33% acetic acid to each well.
A new plate was taken and 100 pL was aspirated from each
well to detect the OD595 value.

Scanning electron microscope assay

The morphology changes of C. albicans SC5314 affected
by different compounds and combinations were analyzed
by scanning electron microscope as previously mentioned
(Liu et al. 2022). In brief, C. albicans treated with or without
compounds were cultured in RPMI1640 for 24 h. The super-
natant was discarded, 5% glutaraldehyde was fixed at 4C
overnight. The fungal cells were rinsed by PBS for 3 times
and then subjected to concentration gradient dehydration

using different ethanol concentrations ranging from 50 to
100% each for 15 min. Then, the cells were dried, coated
with a conductive gold layer and observed by scanning elec-
tron microscope (FEI Hillsboro OR, USA).

RNA sequencing and analysis

C. albicans SC5314 was adjusted to 5x 10® CFU/ml and
treated with 100 pg/ml MXD in RPMI 1640 medium for 4 h.
Then, collect the fungal cells and preserve them in liquid nitro-
gen. The subsequent RNA extraction, sequencing and analysis
were submitted to Shanghai OE Biotech Co., Ltd (Shanghai,
China). The sequencing data were accessible in SRA database
(https://www.ncbi.nlm.nih.gov/sra/PRINA1159473).

RT-PCR assay

Relative quantification of differentially expressed genes were
analyzed by RT-PCR as previously mentioned (Zhu et al. 2021).
2% 10° CFU/mL C. albicans SC5314 cells treated with 25,
100 pg/ml of MXD or DMSO for 4 h were collected. Then the
extraction and reverse transcription of RNA followed the instruc-
tions of Nucleic Acid Extraction Kit (CWBIO Biotechnology
Co., Ltd., China) and PrimeScript™ RT reagent Kit (Takara
Bio, China). The primers were listed in Table S2. RT-PCR was
performed following the instructions of the TB Green® Premix
Ex Taq™ II kit (Takara Bio, China) on a QuantStudio™ 6 Flex
(Thermo Fisher, USA). The expression levels of genes relative
to calibrators were calculated as 2=44€T,

Ergosterol content measurement

The ergosterol content of C. albicans SC5314 were meas-
ured as mentioned previously (Zhu et al. 2021). Briefly, C.
albicans was treated with 25, 100 pg/ml of MXD and DMSO
as negative control for 4 h. Then the cells were centrifuged
at 12 000 rpm 4 °C for 2 min. The weights of the cell pel-
lets were determined after lyophilization. The contents of
ergosterol were detected according to the instructions of the
micro total cholesterol (TC) content assay kit (Solarbio Life
Sciences) and all the experiments were repeated three times.

Filipin binding assay

The fungal cells were cultured and filipin binding assay was
performed as previously mentioned (Zhu et al. 2021; Ren
et al. 2014). Briefly, 2 X 10° CFU/mL C. albicans SC5314
and WT, A/Aerg3, A/Aergll and A/Aerg3 A/Aergll cells
were treated with 25, 100 pg/ml of MXD and DMSO for
4 h, then collect C. albicans cells and rinse by PBS. After
that, treat C. albicans cells with 20 pg/ml filipin at 37 °C,
200 rpm for 1 h and collect C. albicans cells at different time
points, then rinse with PBS. The fluorescence was measured
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«Fig.4 MXD raised the ergosterol contents to enhance the binding
between C. albicans cells and polyenes. (A) Ergosterol contents of C.
albicans SC5314 treated by 25 and 100 pg/ml MXD; (B) fluorescence
intensity of filipin binding to C. albicans SC5314 cells after the treatment
with 25 and 100 pg/ml MXD at different time points; (C) the bright and
fluorescent images of C. albicans WT, A/Aerg3, A/Aergl] and A/Aerg3
A/Aergl] strains treated by 25 and 100 pg/ml MXD combined with fil-
ipin at 1 h; (D) heatmap of fluorescence intensities of C. albicans WT, A/
Aerg3, A/Aergl ] and A/Aerg3 A/Aergl ] strains treated by 25 and 100 pg/
ml MXD combined with filipin at different time points

by SpectraMax iD5 reader with excitation at 340 nm and
emission at 480 nm. After 1 h, the C. albicans cells were
also collected for fluorescence microscopy observation.

The efficacy of MXD combined with polyenes
against oral candidiasis in mice

The mouse oral candidiasis model was established using
C.albicans SC5314 as described previously (Zhou et al. 2018;
Moyes et al. 2016; Elahi et al. 2000). In brief, sixty-three
4-week-old female BALB/c mice (Chengdu Dossy Experi-
mental Animal Co,.Ltd., China) were divided into 9 groups
(n="7 per group): (1) blank control group; (2) 1 pg/ml AmB
group; (3) 2 pg/ml Nys group; (4) 100 pg/ml MXD group; (5)
25 pg/ml MXD group; (6) 1 pg/ml AmB + 100 pg/ml MXD
group; (7) 1 pg/ml AmB +25 pg/ml MXD group; (8) 2 pg/
ml Nys+ 100 pg/ml MXD group; (9) 2 pg/ml Nys+25 pg/
ml MXD group. After euthanasia of the mice, mouse tongues
were cut in half longitudinally for quantifying the Candida
counts on CHROMagarTM Candida agar (CHROMagar,
Paris, France) and the subsequent HE and PAS staining (per-
formed by Chengdu Aochuang Biological Company).

Statistical analysis

All statistical analyses were performed using Graphpad
prism (version 9.5.0). The infected area of the mouse tongue
was analyzed using Image J. Ergosterol content determina-
tion, mouse mucosal infection area, and mouse tongue CFU
counts were analyzed for differences between their groups
using one-way ANOVA. RT-PCR were analyzed with two
way ANOVA and Dunnett’s multiple comparison test.

Results

Moxidectin synergized with polyenes against C.
albicans

Amphotericin B (AmB) and nystatin (Nys) showed strong
inhibitory activities on the growth of standard C. albicans
strain SC5314 with MICs at 1 and 2 pg/ml, respectively

(Fig. 1A, B), while moxidectin (MXD) had no growth
inhibitory capabilities even at 100 pg/ml (Fig. 1A, B), indi-
cating that MXD had no antifungal ability against C. albi-
cans. However, MXD significantly sensitized C. albicans to
AmB and Nys as the MICs could be reduced to 0.0625 pg/
ml, respectively, when combined with MXD (Fig. 1A, B,
C, D). Meanwhile, the minimal fungicidal concentrations
(MFCs) of AmB and Nys were also significantly reduced
to 0.125 and 0.0625 pg/ml, respectively (Fig. 1E, F), indi-
cating the strong synergistic antifungal activities between
MXD and polyenes. Then 60 clinical isolates of C. albi-
cans were employed. The MICs of AmB and Nys against
clinical strains were 1-2 pg/ml and 2—4 pg/ml, respectively
(Table 1). MXD also did not show inhibitory abilities even at
100 pg/ml, however, it could still synergize with both AmB
and Nys to inhibit the growth of all 60 clinical isolates with
FICI<0.5 (Table 1).

The hyphal and biofilm formation were then measured
by crystal violet staining and scanning electron microscopy.
MXD combined with AmB or Nys significantly inhibited
C. albicans biofilm formation (Fig. 2A, B) and the hyphal
development (Fig. 2C), suggesting the decrease of the C.
albicans virulence by the combinations between MXD and
polyenes.

Moxidectin activated the ergosterol biosynthesis
pathway of C. albicans

In order to investigate how MXD synergized with pol-
yenes, the transcriptome of C. albicans treated with
100 pg/ml MXD was sequenced and analyzed. An
alteration in the expression of a multitude of genes was
observed.(Fig. S1). The KEGG enrichment analysis of
the differentially expressed genes showed that the MXD
treatment notably impacted the metabolism pathways,
particularly the ergosterol related steroid biosynthe-
sis (Fig. 3A). Since the target of polyenes were ergos-
terol, the genes associated with ergosterol biosynthesis
were analyzed and MXD markedly increased most of
the expressions of the essential genes from this pathway
(Fig. 3B). Then RT-PCR was performed to ensure the
effects of MXD on ergosterol biosynthesis. Both 25 and
100 pg/ml of MXD could upregulated the genes expres-
sions from the ergosterol biosynthesis pathway (Fig. 3C),
indicated that MXD could activate the ergosterol biosyn-
thesis to synergize with polyenes, including AmB and
Nys. Then ERG3, ERG11, two key genes from ergosterol
biosynthesis pathway, and their double null mutants were
involved to furtherly validate that MXD activated ergos-
terol biosynthesis to synergize with polyene. MXD lost
the synergistic activities with both AmB and Nys against
C. albicans A/Aerg3, A/Aergll and A/Aerg3 A/Aergll
mutants (Fig. 3D, E).

@ Springer



509 Page 10 of 13

Applied Microbiology and Biotechnology ~ (2024) 108:509

Nys(-)
AmB(-)

AmB=0.5 pg/ml

Nys=1 pg/ml

MXD(png/ml)

P

s

<

£

=

g

k-

g

|
D,
AN gy

Tnfection area(%)

Lg(CFU/mg)

Lg(CFU/mg)
@
o
.

»
o

2.0
MXD, e - 5 10 - EE 1)
NYE s - B - - - +

AmB (45 gy - + - -
NYS (1 piomt)

MXD - - - 23

Fig.5 MXD synergized with polyenes to treat mice oral candidiasis.
The mouse oral candidiasis model was established using C. albi-
cans SC5314. (A) The tongues of mice infected by C. albicans from
the blank control group, AmB alone group, Nys alone group, MXD
alone group, AmB +MXD group, and Nys+MXD group; (B, C) the
infected area percentages of the tongue mucosa from the mice treated
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by different drugs and drug combinations; (D, E) CFU counts indi-
cated the colonization of C. albicans of the tongue mucosa from the
mice treated by different drugs and drug combinations; (F) HE stain-
ing and PAS staining of the tongue mucosa from the mice treated by
different drugs and drug combinations
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MXD raised the ergosterol contents to enhance
the binding between C. albicans cells and polyenes

To furtherly confirmed whether the activation of ergosterol
biosynthesis by MXD could impact the contents of ergosterol
of C. albicans, the ergosterol levels were firstly detected. Both
25 and 100 pg/ml of MXD increased the ergosterol levels of
C. albicans at a dose-dependent manner (Fig. 4A). To validate
the increase of ergosterol contents could enhance the binding
between polyenes and fungal cell, the fluorescent polyene filipin
was employed. Both 25 and 100 pg/ml of MXD could enhance
the affinity between C. albicans cells and filipin (Fig. 4B, C) in
WT, but showed no significant effects on A/Aerg3, A/Aergl ] and
A/Aerg3 A/Aergl ] mutants (Fig. 4C, D), indicated that MXD
upregulated the ergosterol biosynthesis of C. albicans to elevate
the ergosterol levels and enhance the binding between fungal
cells and polyenes, and in turn to synergize with polyenes.

MXD synergized with polyenes against oral
candidiasis in mice

A murine oral candidiasis was then applied to test the syner-
gistic activities between MXD and AmB or Nys against oral
candidiasis in vivo. The mice from the blank group and single
drug treatment groups, including 0.5 pg/ml AmB, 1 pg/ml
Nys, 25 and 100 pg/ml MXD groups, showed the typical C.
albicans infected white patchy on the tongues (Fig. 5SA). How-
ever, the combinations between MXD and AmB or Nys sig-
nificantly reduced the syndromes and infection areas (Fig. 5A,
B and C). Then the fungal burden was measured. Both 25 and
100 pg/ml MXD synergized with AmB and Nys to reduce
the colonization of C. albicans (Fig. 5D, E), in line with the
inhibitory activities of MXD and AmB or Nys on the growth
and biofilm formation of C. albicans in vitro. According to
the histological analysis, the tongue mucosa of the mice in the
blank control group and single drug treatment groups showed
more inflammation, immune cell aggregates, and the surface
of the tongue tissue was discontinuity (Fig. SF), however, the
combination groups reduced the inflammation and the epithe-
lia was more integrate and normal (Fig. 5F), indicating that
MXD could synergize with polyenes to treat the oral candidi-
asis. The PAS staining indicated the colonization and invasion
of C. albicans on the tongue from the blank control group and
single drug treatment groups, but in the combination group,
no obvious colonization of C. albicans was observed (Fig. 5F).

Discussion

In this study, the synergistic antifungal effects against C.
albicans and oral candidiasis between MXD and polyenes
were verified both in vitro and in vivo for the first time.
MXD could up-regulate the expressions of genes associated

with ergosterol synthesis in C. albicans to activate the ergos-
terol biosynthesis, thereby raising the ergosterol levels of C.
albicans to elevate the binding between polyenes and cells.

Combination of drugs has gradually become a new pop-
ular treatment for various diseases, including antifungal
infections, due to the combinational effects in reduction of
application dosages, side toxicities of drugs, developments
of drug resistance, etc. (Zhu et al. 2023). AmB is a strong
fungicidal clinical antifungal agent against various fungal
pathogens, however, the side effects and low solubility
have challenged its clinical use (Hamill 2013). Therefore,
combinations with AmB have been continuously studied in
recent years (Zhu et al. 2023). AmB was reported to syn-
ergize with azoles, caspofungin, echinocandins and some
natural compounds, such as allicin, artemisinin and so
on (Larsen et al. 2004; Sugar and Liu 1998; Nivoix et al.
2006; Hossain et al. 2003; Fu et al. 2011; An et al. 2009),
while in this study, we found that MXD could also syner-
gistically inhibit C. albicans and its infection with poly-
ene drugs by elevating the binding between polyenes and
fungal cells through the increase of ergosterol contents,
indicating that activation the biosynthesis of ergosterol
biosynthesis of fungal cells is a practical target to identify
the potentiators for polyene antifungal drugs.

MXD is a macrolide that has been used in animals to fight
parasitic infections and it has also been approved to treat
onchocerciasis caused by Onchocercid volvulus in humans
(de Moraes and Geary 2020). There were no reports on the
use of MXD in the therapy of antifungal infections and we
identified its new mechanisms against C. albicans by activat-
ing the ergosterol biosynthesis in fungal cells to potentiate
the antifungal effects of polyenes. Its synergistic antifungal
activities with polyenes on C. albicans, including 60 clini-
cal isolates, and oral candidiasis in mice, combined with its
clinical safety in humans highly indicate its potential clinical
applications in antifungal therapeutics, and more extensive
and in-depth clinical studies are needed to continue to vali-
date the activities of their combinations.
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