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ARTICLE INFO ABSTRACT

Keywords: The incidence of intra-abdominal candidiasis (IAC), characterized by high morbidity and mortality, has become a
Vitamin Dy serious concern. The limitations of current antifungal drugs on the market underscores the importance of the
Candida intra-abdominal development of novel antifungal agents. In the present study, the antifungal activity of vitamin D3 (VD3) against
g?;iif:ls various Candida species was investigated. In vitro, the broth microdilution method and solid plate assay
Coenzyme confirmed that VD3 inhibited the growth of Candida spp. in a broad-spectrum, dose-dependent manner. VD3 also

had a significant antifungal effect on the initiation, development, and maturation phases of biofilm formation in
Candida albicans. The mechanism of VD3 action was explored by transcriptomics and reverse transcription
quantitative PCR (RT-qPCR) analysis, and showed that VD3 affects ribosome biogenesis, coenzyme metabolism,
and carbon metabolism. These results suggested that VD3 may have multitarget effects against C. albicans. In the
murine IAC model, VD3 reduced the fungal burden in the liver, kidneys, and small intestine. Further histo-
pathological analysis and quantification of plasma cytokine levels confirmed that VD3 treatment significantly
decreased the infiltration of inflammatory cells and the levels of plasma interferon (IFN)-y and tumor necrosis
factor (TNF)-a. Taken together, these findings suggest a new antifungal mechanism for VD3 and indicate that VD3
could be an effective therapeutic agent for use in IAC treatment.

1. Introduction

Candida albicans mainly colonizes the oral cavity (Jiang et al., 2020),
the upper respiratory tract (Pappas et al., 2009), the intestinal tract
(Kumamoto et al., 2020), and the vagina (Cauchie et al., 2017), and can
cause mucosal and invasive infection. Invasive, systemic Candida in-
fections are life-threatening for patients, especially immunosuppressed
patients. Treatment of invasive candidiasis is more difficult than
mucosal candidiasis, especially when Candida species have invaded the
brain and kidneys (Andes, 2019). In the past few years, an increasing
rate of invasive fungal infection has been a major reason for the low cure
rate in intensive-care units (ICUs) (Bassetti et al., 2017; Pappas et al.,
2018). The incidence of systemic candidiasis and intra-abdominal
candidiasis (IAC) among these invasive fungal infections in ICUs rank
first and second, respectively (Bassetti et al., 2015; Montravers et al.,
2015), with the mortality rate of invasive candidiasis in ICUs being 40 —
55% (Logan et al., 2020). Several factors (such as advanced medical
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technology, widespread use of antibiotics, long-term ICU stay, invasive
surgery, and the use of catheters) are linked to the emergence of invasive
candidiasis (Bassetti et al., 2017), while the ability of C. albicans to form
biofilms exacerbates the infection and complicates treatment (Nobile
and Johnson, 2015).

Nowadays, three available classes of agents (azoles, echinocandins,
and polyenes) are used to treat invasive candidiasis. However, the
emergence of drug-resistance C. albicans has become a major challenge
in clinical work (Lee et al., 2021; Zhang et al., 2021). Additionally, the
prevalence of other drug-resistant Candida species (such as C. glabrata
and C. auris) and the complexity of critical patients require more specific
therapy (Andes, 2019). Against this grim backdrop, the development of
novel antifungal agents has become an urgent requirement. Unfortu-
nately, the speed of the development and registration of effective new
antifungal drugs cannot meet the current demands (Thangamani et al.,
2017). Nonetheless, drug repositioning has become a feasible strategy to
accelerate the development of new drugs (Andreani et al., 2020; Avram
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et al., 2021). Here, we describe an alternative strategy by studying the
antifungal effects and mode of action of an existing drug on the market,
namely vitamin D3 (VD3).

VD3 is a pluripotent hormone, and its classical biological effect is to
treat vitamin D deficiency and rickets. It is produced in the skin after
being exposed to the sun or is obtained from food (Christakos et al.,
2019). In recent years, the extra-skeletal biological effects of VD3 have
attracted much attention, especially its roles in the antitumor (Carlberg
and Munoz, 2022; Christakos et al., 2016), immunity (Meza-Meza et al.,
2020; Mora et al., 2008), and anti-infection responses (Hu et al., 2019).
In this manuscript, we focus on the antifungal role of VDs. Previous
investigations found that infection by Aspergillus fumigatus enhances the
levels of antimicrobial peptides by increasing the concentration of active
vitamin D3 in 16HBE cells (Li et al., 2015). Moreover, a VD3-deficient
diet aggravated inflammation and caused changes in local immunity in
the A. fumigatus mouse model of chronic rhinosinusitis (Mulligan et al.,
2017), whereas daily vitamin D3 supplementation markedly reduced
IL-13 response and IgE levels as well as increasing the serum vitamin D3
level (Nguyen et al., 2015). In addition, VD3 reduced the levels of
pro-inflammatory cytokines (IFN-y, IL-6, IL-17, and TNF-a) and inhibi-
ted the Dectin-1, Toll-like receptor (TLR) 2, TLR 4, and mannose re-
ceptors during C. albicans infection (Khoo et al., 2011). Moreover, in
vitro, VD3 has a direct antifungal effect on C. albicans (Bouzid et al.,
2017). Despite all this information, the direct antifungal mechanism of
VD3 against C. albicans is still unclear; more importantly, the antifungal
effect of VD3 in treating IAC in vivo has not yet been explored.

In this study, we evaluated the antifungal activity of VD3 on various
Candida spp., namely C. albicans, C. glabrata, C. krusei, C. parapsilosis,
and C. tropicalis, and revealed that VD3 directly inhibits hyphal growth
and blocks biofilm formation. In addition, fungal hydrophobicity was
reduced after treatment with VD3. Furthermore, RNA sequencing (RNA-
Seq) and reverse transcription quantitative PCR (RT-qPCR) analysis
showed that VD3 impacted carbohydrate metabolism and ribosomal
biogenesis, and the anti-candidiasis activity of VD3 was demonstrated in
an JAC mouse model.

2. Materials and methods
2.1. Chemicals, fungal strains, and media

Four standard strains, namely C. albicans ATCC MYA-2876,
C. albicans ATCC 90028, C. parapsilosis ATCC 22019, and C. krusei
ATCC 6258, were purchased from the American Type Culture Collection
(ATCQ). In addition, five clinical strains, namely two C. parapsilosis
strains (Cpl and Cp2), two C. tropicalis strains (Ct2 and Ct3), and one
C. glabrata strain (Cgl), were used in this study. All test strains had
previously been identified by sequencing the internal transcribed spacer
of nuclear ribosomal DNA. Vitamin D3 (Macklin, Shanghai, China),
RPMI-1640 medium (Hyclone, Chengdu, China), 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)— 2 H-tetrazolium-5-carboxanilide (XTT) (Macklin,
Shanghai, China) and calcofluor white (Sigma, Shanghai, China) were
used in this study.

2.2. Antifungal susceptibility assay

To quantify any broad-spectrum antifungal activity, the broth
microdilution assay was carried out according to the document M27-A3
(Thangamani et al., 2017). Briefly, the VD3 was prepared in dimethyl
sulfoxide (DMSO) at a stock solution of 50 mg/mL and then diluted in
RPMI-1640 medium (containing 0.05% Tween 80) to 0.0, 0.1, 0.2, 0.6,
0.8, 1.0, 1.2, 1.4, and 1.6 mg/mL with 100 pL of the working solution
being pipetted into individual wells of a 96-wells plate. Each strain was
separately cultured in yeast extract peptone dextrose (YPD) medium at
37 °C with agitation (200 rpm) overnight. To each well, 100 pL of spore
suspension was added at a concentration within the range 0.5-2.5 x 10*
spore cells/mL. Then, the wells were incubated at 37 °C for 24 h. The
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minimum inhibitory concentration (MIC) values that suppressed fungal
growth by 90% were determined.

2.3. Time kill assay

In brief, the test strains at a concentration of 5 x 10° spore cells/mL
were treated with a dilution series of either VD3 or the anti-candidiasis
agent fluconazole in liquid YPD medium and incubated at 37 °C in a
shaking incubator at 200 rpm (Thangamani et al., 2017). Aliquots of the
spore suspensions were collected after incubation at 2, 4, 8, 12, or 24 h,
diluted in phosphate buffered saline (PBS) and then spread on to solid
YPD agar medium and incubated at 37 °C for 24 — 48 h to count fungal
colony forming units (CFU).

2.4. Hyphal growth analysis

The hyphal growth analysis was carried out as described previously
(Xu et al., 2019). In brief, all test strains were cultured in liquid
RPMI-1640 + 10% (v/v) fetal bovine serum (FBS) or on solid YPD +
10% (v/v) FBS agar plates. The fungal cells (106 cells/mL) were cultured
with 0.4 or 0.8 mg/mL of VD3 in RPMI-1640 + 10% (v/v) FBS medium
at 37 °C for 6 h. Hyphal morphology was observed under a light mi-
croscope. Meanwhile, the spore cells pre-cultured overnight (10°
cells/mL) were spotted onto YPD + 10% (v/v) FBS plates containing 0.4
or 0.8 mg/mL of VDs. After three days of incubation at 37 °C, the fungal
morphologies were recorded using a digital camera.

2.5. Biofilm formation test

To determine the effect of VD3 on the different developmental stages
of biofilm formation, the test strains were assessed using the Crystal
Violet (CV) biofilm biomass and XTT tetrazolium salt-based biofilm
metabolic activity assays as described previously (Rajendran et al.,
2015). Briefly, 200 pL spore suspension in RPMI-1640 liquid medium
was transferred to wells on 96-well plates and incubated at 37 °C for 90
min, 12 h, or 48 h, to generate the initial, developmental, and matura-
tion phases of biofilm formation, respectively. After the specific time
point, each well was washed twice with PBS, then treated with VD3 for 6
h. Subsequently, cells pre-cultured for 90 min or 12 h continued to be
cultured for a total of 48 h, and were then examined; cells pre-cultured
for 48 h were examined directly. The biofilm mass and metabolic ac-
tivity were confirmed by the CV and XTT assays, respectively.

Furthermore, the three-dimensional structure of the C. albicans ATCC
MYA-2876 biofilm was determined by confocal laser scanning micro-
scopy (Del Rio et al., 2019). Circular microscope cover glasses were
seeded into 6-well plates and 3 mL of fungal suspension (10° cells/mL)
with or without VD3 were incubated at 37 °C for 24 h without shaking.
Subsequently, plates were gently washed with PBS and the biofilm was
stained with 1 mL of calcofluor white (CFW) at room temperature for 3
min. Then, the biofilm was examined under a confocal laser scanning
microscope (TCS-SP8, Leica, Wetzlar, Germany).

2.6. Cell surface hydrophobicity (CSH) assay

The effect of VD3 on CSH was determined as described previously
(Liu et al., 2019). Briefly, fungal cells were cultured in the presence of
VD3 (0.4 or 0.8 mg/mL) at 37 °C for 12 h in a shaking incubator at 200
rpm. Then, the cells were harvested and resuspended in 2.45 mL of PBS.
The absorbance of a 200 pL aliquot of the suspension was measured as
ODgoo (Ag). Chloroform added to take total volume 3 mL, vortexed for 3
min, and allowed to stand for 30 min. Finally, 200 pL of the upper layer
was measured at ODgg (A1). Hydrophobicity index (%)= (1 —A; /Ag) X
100.
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Fig. 1. VD3 inhibits the growth of Candida. (a, b) The relative growth curve of Candida species after being treated with various concentrations of VD3. (c) Effect of
VD3 on growth of the test strains growth. After cultured overnight, strains were spotted onto YPD agar plates (containing 0.0, 0.1, 0.2, 0.3, or 0.4 mg/mL VD3) and
cultured at 37 °C for 2 d. (d) Time-kill curves of VD3. Three standard strains, including C. albicans ATCC MYA-2876, C. parapsilosis ATCC 22019 and C. krusei ATCC
6258, were treated with MIC of VD3 and fluconazole (FCZ). Each experiment was carried out with three biological replicates.

2.7. Transcriptomic and RT-qPCR analysis

To investigate the molecular mechanism of the antifungal action of
VD3, C. albicans ATCC MYA-2876 cells were inoculated into fresh YPD
liquid medium and incubated at 37 °C, shaking at 200 rpm. The cells
were treated with 0.0 or 0.4 mg/mL VD3 and were collected after 12 h
culture for total RNA extraction. RNA-samples and library construction
were performed according to the manufacturer’s protocols. RNA-Seq
was conducted by BioMarker (Beijing, Qingdao, China) using a Nova-
seq 6000 sequencing platform (Illumina). The detailed methods and
gene functional annotation are described in previous reports (Anders
and Huber, 2010; Kanehisa et al., 2008). Data were submitted to the
Beijing Institute of Genomics Genome Sequence Archive (No.
PRJCA007860).

To quantify the transcriptional activity of genes influenced by VD3
treatment, samples of C. albicans ATCC MYA-2876 strain inoculated into
the liquid medium at a concentration of 10° cells/mL without or with

0.4 mg/mL VD3 were cultured at 37 °C at 200 rpm and collected at 0, 6,
or 12 h for total RNA extraction using Yeast Processing Reagent (Takara,
Dalian, China). The RNA concentration was measured spectrophoto-
metrically (NanoDrop 2000 spectrophotometer, Thermo Fisher,
Shanghai, China). The regents for cDNA reverse transcription and RT-
qPCR were supplied by Takara. The transcript of f-actin (ACT1) gene
was used as an internal standard. Primers are shown in Table S1. The 2
AACT method was used to determine any relative change in genes
expression (Livak and Schmittgen, 2001).

2.8. In vivo antifungal studies

C57BL/6 J male mice (6- to 8 weeks old; Dossy, Chengdu, China)
were assigned to one of five groups. The IAC mouse model was induced
by intraperitoneal injection with 100 pL sterile saline containing 108
cells/mL of C. albicans in all group except for the control group (Lee
et al., 2020). The five groups were: (1) The Ca group was treated daily
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b Untreated DMSO
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C.albicans
ATCC MYA-2876

C.parapsilosis
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with 100 pL sterile saline containing 0.24% of DMSO after 1 h infection
with C. albicans cells; (2) the 60 pg/kg group was treated daily with 60
pg/kg of VD3 (diluted in sterile saline containing 0.24% of DMSO) after
1 h infection with C. albicans cells; (3) the 600 pg/kg group was treated
daily with 600 pg/kg of VD3 (diluted in sterile saline containing 0.24%
of DMSO) after 1 h infection with C. albicans cells; (4) the FCZ group was
treated with 10 mg/kg of fluconazole after 1 h infection with C. albicans
cells; and (5) the control group was injected with 100 pL sterile saline
and after 1 h later was treated with 100 pL sterile saline (containing
0.24% of DMSO). Treatments were continued for 14 days. Samples of
blood, liver, kidney and small intestine were collected on the 3rd and
14th day. Plasma was obtained by centrifugation of blood at 1500 g for
10 min and stored at — 80 °C. After that, chemokine levels were
measured by the Mouse Inflammation Kit (CBA; BD Biosciences, State of
New Jersey, USA) using flow cytometry (ACEA NovoCyte™ 2070 R,
Harbin, China). One-half of each sample of liver, kidneys and small in-
testines were removed for fungal burdens. And the other was processed
for Periodic Acid-Schiff staining or Hematoxylin-Eosin staining histo-
pathological examination (Chen et al., 2020b).

2.9. Statistical analyses

Each experiment was carried out with independent biological repli-
cates. Statistical analyses were conducted by one-way ANOVA or un-
paired t test using GraphPad Prism 9 (GraphPad Software Inc., La Jolla,
CA, USA). Statistical significance was defined as P < 0.05.
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Fig. 2. VD3 inhibits the hyphal growth of
C. albicans and C. parapsilosis. C. albicans and
C. parapsilosis were incubated in (a) 1640 RPMI
+ 10% (v/v) FBS liquid medium or on (b) YPD
+10% (v/v) FBS agar medium treated with
blank control (untreated), dimethyl sulfoxide
(DMSO, 0.8%), 1 xMIC or 2 xMIC of VD3. The
uniformly enlarged image is presented in the
black boxes on the left-hand panels in (a). The
hyphae are indicated by a red arrow on agar
medium in (b). Each experiment was carried
out with three biological replicates.

2=MIC

2xMIC

3. Results
3.1. Invitro antifungal activity of VD3 against fungal growth

The relative growth of the four standard strains (Fig. 1a) and the five
clinical isolates (Fig. 1b) following treatment with VD3 concentrations
ranging from 0.05 to 0.8 mg/mL showed that VD3 exhibited significant
anti-Candida activity, with 90% inhibition of the growth of fungal cells
(MIC) being achieved by 0.4 mg/mL VDs. In particular, the inhibition
rate on C. parapsilosis ATCC 22019 by 0.3 mg/mL VD3 was 85.57 +
11.18%. Furthermore, VD3 inhibited Candida growth in a dose-
dependent manner (Fig. la-c). The time-kill assay also showed that
VD3 inhibited the growth of three of the standard strains in the lag,
logarithmic and stationary phases (Fig. 1d).

To confirm the antifungal activity of VD3 on hyphal formation, hy-
phae induced on RPMI-1640 + 10% (v/v) FBS broth medium or YPD
+ 10% (v/v) FBS agar plates were used. In the broth medium, a large
number of hyphae were observed in the untreated and DMSO groups. On
the other hand, in the presence of 1 xMIC or 2 xMIC of VD3, hyphal
cells were not observed (Fig. 2a). On YPD + 10% (v/v) FBS agar, col-
onies in the untreated and DMSO groups were wrinkled (red arrow),
although, the wrinkled appearance of the colonies was attenuated by
treatment with 1 xMIC of VD3, with the colonies being completely
smooth in response to treatment with 2 xMIC of VD3 (Fig. 2b). This
indicated that VDj3 inhibits the development of hyphae in a dose-
dependent manner.

3.2. VD3 inhibits biofilm formation

As hyphae are necessary for biofilm formation, the effect of VD3 on
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the different phases of biofilm formation was investigated (Fig. 3). The
results of the CV (Fig. 3a) and XTT assays (Fig. 3b) showed that 1 xMIC
of VDs significantly inhibited biofilm formation by C. albicans and
C. parapsilosis during the initial, developmental, and maturation phases.
A similar trend was shown with the 2 xMIC of VD3 treatment (data not
shown). In addition, confocal laser scanning microscopy studies
confirmed that VDs significantly reduced the biofilm thickness and
density (Fig. 3c).

Strains with high cell surface hydrophobicity (CSH) exhibit strong
adhesive properties and produce more biofilm (Kumari et al., 2018;
Silva-Dias et al., 2015). As shown in Fig. 3d, the CSH of VD3-treated cells
was drastically reduced compared with that of the untreated cells
(exposed to DMSO without VD3). More specifically, compared with the

DMSO group (CSH = 73.01 + 0.038%), the CSH of C. albicans was
reduced to 14.53 + 0.084% and 9.85 £ 0.084% at 1 xMIC and 2 xMIC
VD3 (P < 0.001), respectively. Compared with the CSH of the DMSO
group (74.07 £ 0.057%), that of C. parapsilosis in the 1 xMIC (—1.5
+ 0.046%) and 2 xMIC VD3 groups (—4.67 + 0.064%) were signifi-
cantly lower (P < 0.001).

Furthermore, several genes were chosen to explore potential mech-
anisms of VD3 action toward biofilm formation. RT-qPCR analysis
revealed that the expression levels of hypha-specific genes (ALS3,
HWP1, and HGT2) and core biofilm regulator genes (BCRI and NDT80)
were significantly downregulated after treatment with VD3 at 1 xMIC
(Fig. 3e).
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3.3. The transcriptional response of genes VD3 involved in ribosome
biogenesis and central metabolism to VD3 treatment

To obtain further insights into the mechanism of VD3 action on
C. albicans, the transcriptome changes of C. albicans in response to VD3
treatment were analyzed by RNA-Seq. In total, 1116 genes were differ-
entially expressed in VDs-treated group (up- and down-regulated genes
are 573 and 543, respectively). To understand the functions of the
differentially expressed genes (DEGs). Clusters of Orthologous Groups
(COG) function classification was used. The up-regulated DEGs were
enriched with respect to translation and ribosomal structure and
biogenesis (Fig. 4a), whereas the down-regulated DEGs were enriched in
terms of carbohydrate transport and metabolism (Fig. 4b).

To further determine the effect of VD3 on C. albicans pathways, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis was used for the up-regulated and down-regulated of DEGs. As
shown in Fig. 4c, five pathways were enriched in genetic information
processing, and 81.51% of the DEGs were functionally annotated in the
ribosomal pathway. The down-regulated of DEGs were highly enriched
in the central metabolism pathways, including carbon metabolism and
glyoxylate and dicarboxylate metabolism, as well as RNA transport
(Fig. 4d). Both COG enrichment and KEGG enrichment analysis sug-
gested that DEGs of C. albicans treated with VD3 were enriched in
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Fig. 5. The expression of genes associated with
ribosomal biosynthesis and central metabolism.
The expression of genes associated with (a) ri-
bosomal biosynthesis, (b) coenzyme meta-
bolism, and (c) carbon metabolism was
evaluated by RT-qPCR. Error bars represent
standard error. Analysis was carried out by
analysis of variance (ANOVA) or unpaired t
test: *P < 0.05, **P <0.01, ***P <0.001,
*#k% P < 0.0001, compared with the treatment
of 0 h. Each experiment was carried out with
three biological replicates.
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multiple pathways. Furthermore, twenty-two genes were selected to test
the accuracy of transcriptomic data. These genes included those
involved in ribosome biogenesis (RPL3, RPL4B, RPL10, RPL13, RPL17B,
RPP1A, RPP2B, YST1, RPS3, RPS14, and RPS26A), as well as those
involved in coenzyme metabolism (THI4, THI13, FCY24 and RIB4) and
carbon metabolism (PGM2, TPI1, RHR2, PCK1, MLS1, FDHI1 and ADH2).
Expression of each of these genes was downregulated after being treated
with VD3 for 6 h or 12 h (Fig. 5). These results indicated that VD3 affects
ribosome biosynthesis and the central metabolism of C. albicans.

3.4. VD3 reduced fungal burden and inflammation in an IAC mouse
model

To assess the in vivo antifungal effect of VD3, a murine model of IAC
was used. As shown in Fig. 6a, the fungal burden of the liver and kidneys
was decreased after three days of daily intraperitoneal treatment with
high dose VD3 (600 pg/kg), although, there was no difference in the
fungal burden of the small intestines in mice with or without the VD3
treatment. After administering VD3 for 14 days, the high-dose (600 pg/
kg) VD3 treatment significantly decreased the fungal burden of the liver
and kidneys as well as the fungal burden in the small intestine, the latter
effect also occurring in response to low-VDs (60 pg/kg) treatment
(Fig. 6b). Histopathological analysis showed that, in the mice of the
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Fig. 6. Antifungal effect of VD3 in vivo. The fungal burden of liver, kidneys and small intestines on the (a) 3rd and (b) 14th day after initial VD3 administration was
determined. (c) Hematoxylin-Eosin (HE) staining of histopathological liver sections. (d) Small intestine histopathological analysis of Periodic Acid-Schiff (PAS)
staining. The fungal cells are shown by the red arrow. Lymphoid follicles are shown in the red box. (e) The concentrations of cytokines and chemokines in plasma.
Control group: mice injected with normal saline and daily treated with DMSO diluted in normal saline. Ca group: mice injected with C. albicans suspended in normal
saline and daily treated with DMSO diluted in normal saline. 600 pg/kg group: mice injected with C. albicans suspended in normal saline and daily treated with
600 pg/kg of VDs. Analysis was carried out by analysis of variance (ANOVA) or unpaired t test: Ns: P> 0.05, * P < 0.05, **P < 0.01, * ** P < 0.001,
wx%% P < 0.0001, compared with the Ca group. On the 3rd and 14th days, five and six mice, respectively, were sacrificed in each group for the experiments. FCZ:
administration of 12 mg/kg of fluconazole per day. CFU: colony forming units.
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infection (Ca) group, the liver cells were extensively swollen and the
volume was significantly increased, compared with the non-infected
control group. Central venous was congested and cytoplasm was loose
and light stained. On the other hand, after treatment of infected mice
with 600 pg/kg of VDs for 14 days, the liver injury was reduced (Fig. 6¢)
and the small intestine of VDgs-treated mice showed less damage to the
intestinal villi and less inflammatory cell infiltration, while the archi-
tecture of the small intestine was relatively intact (Fig. 6d).

Next, to test whether there is a change in inflammatory factor con-
centrations in challenged mice in the presence or absence of VD3, plasma
cytokine and chemokine levels were measured. By the 3rd day of
administration, VD3 treatment had significantly reduced the level of
proinflammatory IFN-y and TNF-a (Fig. 6e), although the decreases in
levels of other proinflammatory cytokines (IL-6, IL-12p70, and MCP-1)
and anti-inflammatory cytokines (IL-10) were not statistically signifi-
cant. By the 14th day of administration, VD3 treatment still did not
significantly affect the levels of cytokines (data not shown). These re-
sults indicated that VD3 controls IAC by reducing the levels of proin-
flammatory IFN-y and TNF-a during the early stage of administration.

4. Discussion

Repositioning of existing drugs can, to some extent, solve the current
problem of resistance to antifungal agents, as well as possibly provide a
design idea for the development of drugs with a novel mode of action
(Rajasekharan et al., 2019). In the current study, we demonstrated that
VD3 possessed a wide spectrum of activities against Candida species, as
well as inhibiting biofilm growth and formation in vitro. A previous
study had reported that the minimum fungistatic concentration of VD3
against C. albicans was 1.58 + 0.0764 pg/mL, and that the inhibition
zone of 100 mg/mL of VD3 was 12.5 mm (Bouzid et al., 2017). In the
present study, the mean MIC of VD3 against nine Candida species was
0.4 mg/mL. Moreover, our group determined that the values of MIC of
VD3 against A. fumigatus, A. flavus, and Cryptococcus neoformans were
also 0.4 mg/mL (unpublished data). The difference in VD3 source and
the methods used may contribute to different values of MIC. Further-
more, systematic RNA-Seq and RT-qPCR analysis verified that VD3 in-
fluences carbon metabolism, enzyme biosynthesis, and ribosome
biogenesis. The in vivo effects observed in the IAC mice model demon-
strated that VD3 had potent antifungal activity. Simlar to previous
investigation that the higher daily VD3 maintenance dose reduced the
fungal burden and the production of pro-inflammatory cytokines, as
well as achieved the alleviation of inflammatory damage (Mulligan
et al., 2017).

Hyphae are crucial for the virulence and invasion of host tissue by
Candida species (Chen et al., 2020a), and even for immunity evasion
(Bain et al., 2014). Fungal cells first colonize the host and form hyphae
by producing the extracellular matrix. After that, biofilms are formed.
Biofilms on implanted medical devices are an important cause of clinical
invasive infection (Nobile and Johnson, 2015). In addition, a biofilm is a
crucial virulence factor for the emergence of resistance to drugs. Thus,
biofilm inhibitors could become an effective strategy for addressing the
problem of drug resistance (Wu et al., 2017). Visually, VD3 inhibited
C. albicans and C. parapsilosis hyphal formation (Fig. 2), as well as
significantly inhibiting the development of biofilm and destroying the
mature biofilm (Fig. 3). Furthermore, the ability to achieve biofilm
formation is also affected by CSH (Silva-Dias et al., 2015), and the CSH
index in C. albicans and C. paraplisosis decreased after being treated with
VD3 (Fig. 3). We showed that the antifungal and antibiofilm action of
VD3 was associated with transcriptional control of gene expression, with
VD3 treatment downregulating the expression of hypha-related genes
(ALS3, HWP1, and HGT2) and biofilm regulators (BCR1 and NDT80).

The cell membrane has been speculated to be a potential target for
the antifungal effect of VD3 (Bouzid et al., 2017). Similarly, calcitriol,
the active form of vitamin D, targets the oxidosqualene cyclase of the
cell membrane pathway against C. albicans and C. tropicalis (Rabelo
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et al., 2019). However, our unpublished data showed that VD3 did not
alter the cell membrane permeability or ergosterol content of C. albicans.
Transcriptomic profiling revealed that ribosomal biosynthesis and cen-
tral metabolism may be the potential targets of the anti-Candida activity
of VD3 (Figs. 4 and 5). Importantly, 119 of the 164 up-regulated genes in
the VDs-treated fungi are enriched with respect to ribosomal biosyn-
thesis. However, how VDj3 affects the expression of ribosomal
biosynthesis-related genes need to be confirmed.

This current study confirms that, broadly speaking, high concentra-
tions of VD3 are beneficial to recovery from IAC infection. The inhibitory
effect of VD3 towards C. albicans in the liver and kidney tissues lasts from
the 3rd day to the 14th day (Fig. 6a). The reason for this may be that VD3
is firstly absorbed by the liver and kidneys, and metabolized to its active
form (Christakos et al., 2016) in vivo, and then, the active form, calcitriol
(1,25 dihydroxycholecalciferol), induces the immune response against
fungal infection (Khoo et al., 2011). However, the fungal burden in the
small intestine significantly decreased only on the 14th day (Fig. 6b),
indicating that the effect of high dose VD3 on small intestines was in-
direct. VD3 achieves anti-inflammatory responses by downregulating
the pro-inflammatory cytokines (IFN-y, IL-6, IL-17, and TNF-a) and
upregulating the anti-inflammatory cytokines (Khoo et al., 2011).
Similarly, VD3 reduced the concentrations of TNF-a and IFN-y (Fig. 6d)
in the current study. High-dose VDg is detrimental to systemic Candida
infection (Lim et al., 2015), so we speculate that high-dose VD3 may play
a pleiotropic role in IAC infection. Interestingly. vitamin D supplemen-
tation can regulate homeostasis of the gut microbiota (Bashir et al.,
2016; Kanhere et al., 2018), which might explain the positive influence
of VD3 on C. albicans infection in the small intestine. However, more in
vivo studies need to be conducted to test this hypothesis.

In summary, we evaluated the antifungal activity of VD3 against
Candida species in vitro and in vivo. Our study demonstrated that VD3
exhibited an inhibitory effect on hyphal growth and biofilm formation in
vitro and decreased fungal burden in vivo in an IAC mouse model. Further
investigations into the mode of action confirmed that VD3 had multi-
target effects against C. albicans. Although further experiments are
needed to confirm the mechanism underlying these effects, the
comprehensive assays carried out in this study revealed that VD3 has a
promising practical value for the treatment of infections caused by
C. albicans.
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