The Microbe 3 (2024) 100062

Contents lists available at ScienceDirect

The Microbe

journal homepage: www.sciencedirect.com/journal/the-microbe

ELSEVIER

Check for

2-aryloxazolines inhibit Candida clinical isolates growth and | e
morphogenesis of Candida albicans and Candida tropicalis

Vinicius M. Barroso®, Joel S. Reis ", Hélio A. Stefani ¢, Kelly Ishida®"

2 Institute of Biomedical Sciences, University of Sao Paulo, Sao Paulo, Brazil
Y Institute of Chemistry, Fluminense Federal University, Niteroi, Brazil
€ School of Pharmaceutical Sciences, University of Sao Paulo, Sao Paulo, Brazil

ARTICLE INFO ABSTRACT

Keywords:
2-aryloxazolines
Candida albicans
Candida tropicalis
Morphogenesis
Virulence factors

New antifungal molecules are being researched addressing new targets and mechanisms of action. Therefore, the
present study aimed to evaluate the antifungal activity of 2-aryloxazoline derivatives (4i and 9i) on Candida
clinical isolates and on morphogenesis of competent-filament species. Both compounds inhibited Candida spp.
growth at concentrations <0.03-2 pg/mL, including less susceptible and resistant isolates to standard antifun-
gals. However, neither fungicidal effect of compounds nor synergistic/antagonistic interactions in combination
with antifungals were observed. On the other hand, C. albicans treated with 2-aryloxazoline exhibited some
ultrastructural changes such as the integrity loss of the plasma membrane and cell wall. In C. albicans, the
proteinase activity was reduced after treatment with high concentrations of 2-aryloxazoline, but this inhibition
was not observed in C. tropicalis. The compounds inhibited up to 50% of the total biomass of C. albicans and
C. tropicalis biofilms but did not inhibit the metabolic activity. Additionally, 2-aryloxazolines caused a dose-
dependent reduction in the pseudohyphae/hyphae formation of both Candida species (C. albicans and
C. tropicalis) in RPMI medium and other filament-inducing media. Notably, the compounds caused a total in-
hibition of pseudohyphae/hyphae formation in Spider broth, a partial inhibition in Lee medium, and no inhi-
bition in SM supplemented with N-acetylglucosamine. This effect on the yeast-hyphae transition was associated
with blockage of cAMP and MAPK pathways due to the gene downregulation of the transcription factors TECI,
EFG1, and CEK1 in 4i-treated C. albicans cells. In this regard, the adhesins (HWP1 and ALS3) and candidalysin
(ECE1) genes were also downregulated as a result of the interference of compounds on the filamentation
signaling pathways. Therefore, 2-aryloxazolines showed promising results inhibiting Candida growth and
morphogenesis; however, other approaches should be carried out to better elucidate other possible mechanisms
of action.

1. Introduction 2024). Mortality rates in patients with candidemia are high ranging

from 40% to greater than 70% depending on the severity of the patient,

Invasive fungal infections by Candida species emerged as one of the
main causes of infectious diseases in humans becoming a worldwide
health problem, affecting hospitalized patients who are debilitated or
immunocompromised (Bongomin et al., 2017; Lass-Florl et al., 2024).
Candida albicans is the main species associated to candidemia, but other
species have gained notoriety such as Candida tropicalis, Candida para-
psilosis, Candida glabrata (now named Nakaseomyces glabratus), Candida
krusei (now named Pichia kudriavzevii), and Candida auris (Ramos et al.,
2015; Sears and Schwartz, 2017; Bongomin et al., 2017; Lass-Florl et al.,

even with antifungal treatment (Rodriguez et al., 2017; Salci et al.,
2018; Yap et al., 2009; Lass-Florl et al., 2024). Recently, the World
Health Organization classified some species of Candida as critical and
high priority pathogens to guide research, development, and public
health action (World Health Organization WHO., 2022).

Polyenes, azoles and echinocandins are recommended antifungals in
the treatment of invasive candidiasis and candidemia (Pappas et al.,
2016). However, they have some limitations, as narrow spectrum of
action, high toxicity, drug-drug interactions, low chemical stability,
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poor water solubility, and reduced gastrointestinal absorption leading a
low oral bioavailability (Pappas et al., 2016). Moreover, there are
increasing and emerging isolates resistant to more than two antifungals
(Perlin et al., 2017) and the emergence of intrinsically resistant species
as C. auris (Arendrup and Patterson, 2017). Thus, the search for new
compounds is needed to solve the lack of options to current antifungals,
ideally molecules from a new chemical class and different mechanisms
of action.

Candida species are often found in oral cavity and gastrointestinal
tract as commensal, but they have developed specific strategies to infect
and invade the tissues of susceptible hosts (Naglik et al., 2003). Among
the virulence factors, adherence, biofilm formation, production of hy-
drolytic enzymes and toxins, and mechanisms of stress tolerance are the
most relevant, and the transition from yeast to hyphae/pseudohyphae is
associated to fungal pathogenesis of some species as C. albicans and
C. tropicalis. In this way, in addition to inhibiting the growth of Candida
species by novel compounds, e.g., fosmanogepix, ibrexafungerp, filas-
tatin, and others, they also inhibit the expression of virulence factors
including yeast-hyphae transition and infection using in vitro and in vivo
models (Kalimuthu et al., 2022; Murphy and Bicanic, 2021; Pierce et al.,
2015).

Our research group demonstrated in previous work that 2-aryloxazo-
line derivatives, mainly the compounds 4i and 9i, inhibited the growth
of ten Candida spp., including fluconazole-resistant isolates, and had low
cytotoxicity on HepG2 cells reflecting in high selectivity indexes
(Argomedo et al., 2020). In this regard, we investigated here the anti-
fungal action of 2-aryloxazolines against Candida spp. clinical isolates
and their effects on virulence factors, especially on the morphogenesis of
C. albicans and C. tropicalis.

2. Material and methods
2.1. Strains

Sixty-nine strains of Candida albicans and Candida non-albicans (10
standard strains and 61 clinical isolates previously described (Munoz
et al., 2017)) were included in this work: C. albicans (n=16),
C. parapsilosis (n=15), C. tropicalis (n=12), C. glabrata (n=13), C. krusei
(n=10), and C. guillermondii (n=3) (See Table S1). The strains are stored
in Brain Hearth Infusion broth (Becton, Dickinson and Company, USA)
and 20 % glycerol at —80 °C. Yeasts were recovered in Sabouraud
dextrose agar (SDA; Kasvi, Brazil), the pure culture was confirmed on
Chromagar Candida (Becton, Dickinson and Company, USA), and they
were subcultured on SDA at least twice at 35 °C for 24 h prior to assays.

2.2. Standard antifungal

Fluconazole (FLC), voriconazole (VRC), caspofungin (CAS), and
micafungin (MFG) were purchased from Sigma-Merck. The antifungals
were dissolved in dimethylsulfoxide (DMSO, Vetec) to obtain a stock
solution at least 100 x final concentration used in the assays and kept at
—20 °C.
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2.3. Synthesis of 2-aryloxazoline compounds

The synthesis of 2-aryloxazolines 4i and 9i (Fig. 1) was performed
from the reaction between L-threonine and derivatives of salicylic or
naphthoic acids, respectively, as previously published (Argomedo et al.,
2020).

2.4. Antifungal activity of 2-aryloxazolines on Candida spp. clinical
isolates

Candida spp. clinical isolates and standard strains (n=69) were used
to extend the in vitro inhibitory activity data of the 2-aryloxazoline de-
rivatives using the broth microdilution method (Clinical Laboratory
Standard Institute CLSIL, 2017). Briefly, 4i, 9i and antifungals (FLC,
VRC, CAS, and MFG) were serially diluted 1:2 in Roswell Park Memorial
Institute 1640 medium (Sigma-Aldrich, Massachusetts, USA) buffered
with 0.165 M 3-(N-morpholino) propanesulfonic acid (Sigma-Aldrich,
Massachusetts, USA) and pH 7.0 (or simply RPMI) in 96-well
flat-bottomed polystyrene plates. Yeast suspension was dispensed into
each well to obtain final concentrations of 0.5-2.5 x10% CFU/mL and
0.008-16 ug/mL of 4i, 9i or antifungals, except to FLC
(0.125-64 png/mL). Wells containing only medium and yeasts and only
medium were included as positive and negative fungal growth controls,
respectively. Candida parapsilosis ATCC 22019 was used as a quality
control strain of the assay.

The plates were incubated for 24 h at 35 °C to determine the mini-
mum inhibitory concentration (MIC) of 4i, 9i and antifungals, defined as
the lowest concentration that inhibits 50% of fungal growth by visual
inspection. The interpretation criteria, i.e., the breakpoint values for
FLC, VRC, CAS and MFG were based on CLSI document (Clinical Labo-
ratory Standard Institute CLSL, 2022). After that, MICsy and MICgq
values were determined, as possible, and they were defined as the
concentrations that inhibit 50% and 90% of all tested strains,
respectively.

After MIC readings, 10 pL-aliquot of all concentrations that inhibited
the fungal growth was cultured on drug-free SDA medium for 24 h at 35
°C to determine the minimum fungicidal concentration (MFC) defined as
the lowest concentration of the compounds and antifungals that kills >
99.9% of initial inoculum (Canton et al., 2003).

After susceptibility testing of compounds 4i and 9i against clinical
isolates, representative strains of Candida species that form true hyphae
C. albicans and C. tropicalis were selected for the next assays to evaluate
the antifungal combination and effects on budding, proteinase activity,
biofilm formation, cell ultrastructure, and yeast-hyphae transition. For
some experiments, only compound 4i was used due to the higher syn-
thesis yield, in addition to molecule 9i being a structural analogue of 4i
(Argomedo et al., 2020).

2.5. Combination of 2-aryloxazolines with standard antifungals
The combinations of 4i or 9i with standard antifungal (AMB, FLC or
MFG) diluted in RPMI were performed by the checkerboard method

(Mukherjee et al., 2005). After incubation for 24 h at 35 °C the fractional
inhibitory concentration index (FICi) was determined to evaluate the
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Fig. 1. Molecular structures of 2-aryloxazolines derivatives. (A) compound 4i benzyl (4S,5 S)-2-(4-chloro-2-hydroxyphenyl)-5-methyl-4,5-dihydrooxazole-4-
carboxylate. (B) compound 9i (4 R,5 S)-N-(benzo[d]thiazol-6-yl)-2-(4-chloro-1-hydroxynaphthalen-2-yl)-5-methyl-4,5-dihydrooxazole-4-carboxamide.
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interaction according to the following criteria: FICi <0.5, synergistic
action, FICi > 0.5 and < 4, indifferent, and FICi > 4, antagonistic action
(Muherjee et al., 2005).

2.6. Effect of 2-aryloxazolines on budding, proteinase activity and
biofilms of Candida spp.

Budding quantification: After broth microdilution assay, C. albicans
SC 5314 and C. tropicalis IAL-01 treated or not with compounds 4i and 9i
at MIC values were visualized in a light microscope for counting of
yeasts with and without budding using a Neubauer chamber (~150
cells) for budding percentage determination.

Proteinase assay: 4i and 9i were added to bovine serum albumin
(BSA) agar (2 g BSA fraction V, 6.7 g yeast nitrogen base w/o amino
acids, 1.45 g ammonium sulfate, 20 g glucose, 20 g agar, and 1000 mL
distilled water) to obtain the final concentrations of 2-64 pyg/mL to
assess the inhibitory activity on fungal proteinase activity. A volume of
10 pL of yeasts of C. albicans SC 5314 or C. tropicalis IAL-01 at 1 x10°
CFU/mL in PBS was aliquoted onto the surface of BSA agar, incubated at
35 °C for 72 h. The proteinase production was detected by the degra-
dation halo around the colony and the enzyme activity (Pz) was deter-
mined by the ratio between the diameter of the degradation zone around
the colony and the colony diameter (Mardegan et al., 2006).

Biofilm formation: An aliquot of 100 pL of C. albicans SC 5314 or
C. tropicalis IAL-01 at 1 x10° CFU/mL in RPMI was dispensed into the
wells of a 96-well flat-bottomed polystyrene plate and incubated at 35
°C for 1.5 h, under agitation (150 rpm). After the adhesion period, the
supernatant was discarded and 100 pL of different concentrations of
compounds 4i, 9i or FLC (16-128 g/mL) were diluted in RPMI and
dispensed into each well and the plate incubated for 24 h at 35 °C, under
agitation (150 rpm). After, the supernatant was discarded for evaluation
of metabolic activity of sessile cells by the 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino)carbonyl]-2 H-tetrazolium  hydroxide
(XTT) reduction assay (Sigma-Aldrich, Massachusetts, United States)
(Freitas et al., 2018). In addition, the total biomass of biofilm treated
with 4i was measured after incubation periods of 4, 8, 12 and 24 h using
violet crystal stain (Freitas et al., 2018).

2.7. Evaluation of morphogenesis of Candida albicans and Candida
tropicalis treated with 2-aryloxazoline derivatives

Yeats of C. albicans (SC 5314, ATCC 10231 and IAL-40 [FLC-resis-
tant]) and C. tropicalis (IAL-01 and IAL-04 [FLC-resistant]) were ob-
tained after culture on SDA at 30 °C for 24 h. Then, yeasts were treated
with concentrations of 0.125-16 ug/mL of 4i or 9i, for 24 h at 35 °C, in
different hyphae-inducing media to determine the MIC values (Clinical
Laboratory Standard Institute CLSI., 2017). The hyphae-inducing media
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were Spider broth (Efgl pathway), Lee medium (Cph2 and Tec1 path-
ways), and SM medium supplemented with N-acetyl-glucosamine
(SM-GlcNAc) (activates Ngtl signal) (Castilla et al., 1998; Sudbery,
2011; Vila et al., 2017) and the MIC data were compared with treatment
in RPMI (induces multiple pathways) (Romo et al., 2017).

After MIC determination, yeast, budding, pseudohyphae, and true
hyphae were observed in a light microscope for qualitative and semi-
quantitative analysis of these morphological structures. In addition,
images from light and fluorescence microscopy after labeling with Cal-
cofluor White M2R (1 mg/mL, Sigma-Aldrich, Massachusetts, USA)
were captured (EVOS FL, Thermo Fisher Scientific, Massachusetts, USA).

2.8. Effect of 2-aryloxazolines on the virulence genes expression of
Candida albicans

Virulence genes associated with the filamentous phase in C. albicans
SC5314 were chosen for analysis of their expression: SAP1, SAP6, ECEI1,
RIMS8, CEK1, RAS1, CPH1, CPH2, TEC1, NGT1, CYR1, ALS3, HWP1, and
EFG1 (Table 1). Beta actin (ACT1) was used as a reference gene in the
expression of the virulence genes. The forward and reverse primers were
designed in the Primer3plus software (https://www.bioinformatics.
nl/cgi-bin/primer3plus/primer3plus.cgi) using genome sequences
from C. albicans SC5314 strain available in the GenBank database
(https://www.ncbi.nlm.nih.gov), except for ALS3, HWPI1, and EFGI
which were obtained from previous works (Alonso et al., 2018; Alves
et al., 2014).

Yeasts at 1x10° CFU/mL untreated and treated with MIC of 4i in
RPMI medium for 24 h at 35 °C were analyzed for expression of viru-
lence genes. After incubation, the total RNA was extracted with the
RNeasy Plant Mini kit (Qiagen, Hilden, Germany), quantified using
Nanodrop (Thermo Fisher, Massachusetts, United States) and an ab-
sorption rate at 260/280 nm between 1.8 and 2 indicated an acceptable
RNA quality. Subsequently, cDNA was obtained using the MMLV Rnase
H minus first strand cDna synthesis kit (Nova biotechnology, Brazil) and
the qPCR reaction was performed using the SYBR Green QPCRMaster
Mix Low Rox kit (Nova biotechnology, Brazil). The validation of the
gene expression was performed with a relative standard curve in the
method comparative CT and calculate arithmetic formula 2"44CT.

2.9. Transmission electron microscopy

Yeast of C. albicans (SC5314) treated with MIC of 4i in RPMI medium
for 24 h at 35 °C were collected by centrifugation and washed three
times in PBS. After, cells were fixed for 2 h with 2.5 % glutaraldehyde in
0.1 M cacodylate buffer, pH 7.2, post-fixed in 1 % osmium tetroxide in
cacodylate buffer containing 1.25 % potassium ferrocyanide and 5 mM
CaCly for 2h at room temperature. The cells were dehydrated in

Table 1
Primers used for virulence factors expression of Candida albicans.
genes Sequence 5- 3
Forward Reverse
EFG1 ACGAGTAACAACTACCAT TATCTGCTCTTCTGACAA
ALS3 CTGGACCACCAGGAAACACT GGTGGAGCGGTGACAGTAGT
HWP1 TCTACTGCTCCAGCCACTGA CCAGCAGGAATTGTTTCCAT
SAP1 CTCGTCCTGGTCAATCAGCA GCACCACCAAAACCAACAGT
RAS1 TTGTTGGAGGTGGTGGTGTT TGGCCAGATATTCTTCTTGTCCA
CPH1 TGCCGCCAATTTCAGCAAAA ACAGCACCGGTATTTCTGCT
CPH2 ACAGGAAGTTTAAGCCACAATGAAG GTGGGAAGTCACCTTGTTTGTTTAT
TEC1 ATGCATCTCCCAGCCACAAA ACGTCATTGCCATTTTGCTGT
NGT1 CCGGCTCGTTGTTGTCATTC TGAACCAATGACTGCACCCA
CYRI1 CATGGTTGCCTTTCCTTCGC TCACATACAGGAGAGCCCCA
SAP6 TGGTGGTATTGACAAGGCCA AGGACACCAGCGTTGACATT
ECE1 ATTGTTGCTCGTGTTGCCAC CCAGGACGCCATCAAAAACG
RIMS8 AACCCGCAAGCAACCAAATC GTGGTGCTTGCTCTTCTTGC
CEK1 TACTACTTCTTCTTCCCCTCGTCAA TGGCTGAACAAACTATTCCATATGC

ACTI GTTTTGTTGACCGAAGCTCCAA

CGTGAGTAACACCATCACCAGA
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increasing ethanol concentrations, then placed into 100 % propylene
oxide and embedded in spur’s resin. Ultrathin sections were stained with
0.5 % uranyl acetate and 0.5 % lead citrate, and observed in a trans-
mission electron microscope (FEI, Japan).

2.10. Statistical analysis

The statistical analyses were performed by the GraphPad Prism v.8.0
(GraphPad Software Inc.) and a P-value less than 0.05 was considered
significant. MIC values were analyzed by linear regression test (Pearson
correlation) and student’s t test (paired t test). Differences in the
budding percentage, proteinase activity and biofilm total biomass of
untreated and treated Candida were analyzed by One way ANOVA
(Dunnett test).

3. Results
3.1. 2-aryloxazoline compounds inhibit Candida clinical isolates growth

Eleven isolates resistant to FLC [C. albicans (IAL-40 and IAL-42),
C. parapsilosis (IAL-15, IAL-17, and IAL-18), C. tropicalis (ATCC
200956, ATCC 28707, IAL-04, IAL-8, and IAL-10) and C. glabrata (IAL-
23)] in addition to FLC intrinsic resistance of C. krusei (n=10) were
observed in this work (Table S1) and in previous published work (Freitas
et al., 2018). All clinical isolates were susceptible to VRC and

Table 2

The Microbe 3 (2024) 100062

echinocandins CAS and MFG, except C. krusei IAL-30 classified as
resistant to MFG and 4 isolates had intermediary susceptibility to VRC
(C. albicans IAL-40 and IAL-56, C. tropicalis IAL-8 and C. parapsilosis
IAL-18) (Table 2 and S1).

The compounds 4i and 9i showed inhibitory effect on Candida spp.
growth at MICs ranging from 0.03 to 2 ug/mL and the MICsp and MICgg
values were lower than 0.5 pg/mL. It is important to highlight that both
compounds inhibited the fungal growth of isolates resistant or less
susceptible to standard antifungals (Tables S1 and S2). However, both
compounds had a fungistatic effect that MFC values were >16 pg/mL as
well as the standard antifungal FLC (Table 2 and S2).

A high positive correlation of MIC values of compounds 4i and 9i was
observed (r=0.89, p<0.0001) while no significant correlation was found
between 2-aryloxazolines with azoles (FLC or VRC) and echinocandins
(CAS or MFG). In addition, a significant lower MIC values was consid-
ered for 91 when compared with its structural analogue 4i (p<0.0001)
and no significant difference was observed between MIC values of 9i and
standard antifungals VRC, CAS, and MFG (p>0.05). Although 4i had
higher MIC values compared with VRC and echinocandins, its inhibitory
activity was better than FLC (Tables S1 and S2).

In addition, all combinations of compounds 4i or 9i with antifungals
(AMB, FLC, or MFG) were indifferent that FICi were >0.5 and <4
(Table S3).

Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) values of 2-aryloxazolines (4i and 9i) and standard antifungals against

Candida spp. strains.

Strains Concentrations (ug/mL)
MIC values 4i 9i VRC*P CAS MFG®

C. albicans MIC range 0.062-2 0.031-1 0.031-0.5 0.031-0.25 <0.008-1

(n=16) MIC average 0.4 0.24 0.1 0.085 <0.008

MICsg 0.25 0.125 0.031 0.031 <0.008
MICgg 0.5 0.5 0.25 0.25 <0.008
MFC range >16 >16 >16 0.06->16 0.008->4
MFC average >16 >16 >16 0.84 1.14

C. tropicalis (n=12) MIC range 0.062-0.5 0.031-0.25 0.031-0.5 0.031-0.062 <0.008
MIC average 0.21 0.11 0.1 0.047 <0.008
MIC 5o 0.25 0.125 0.031 0.031 <0.008
MIC oo 0.25 0.25 0.25 0.062 <0.008
MFC range >16 >16 >16 0.25-1 0.008->4
MFC average >16 >16 >16 0.46 0.17

C. parapsilosis (n=15) MIC range 0.062-0.5 0.031-0.25 0.031-0.25 0.062-1 0.25-2
MIC average 0.17 0.09 0.06 0.27 1.08
MIC 50 0.125 0.062 0.031 0.25 0.5
MIC o9 0.25 0.062 0.062 0.5 2
MEFC range >16 >16 1->16 1->16 2->4
MFC average >16 >16 3.6 3.11 2.16

C. glabrata® (n=13) MIC range 0.031-0.25 0.031-0.062 0.031-0.25 0.031-0.062 <0.008
MIC average 0.12 0.04 0.07 0.05 <0.008
MIC 59 0.125 0.031 0.062 0.031 <0.008
MIC o 0.25 0.062 0.125 0.062 <0.008
MFC range >16 >16 >16 0.5-4 0.008-2
MFC average >16 >16 >16 1.3 0.54

C. krusei® MIC range 0.062-0.125 0.031-0.062 0.031-0.5 0.031-0.125 <0.008-1

(n=10) MIC average 0.1 0.04 0.25 0.16 0.32

MIC 50 0.125 0.031 0.125 0.125 0.25
MIC g9 0.125 0.062 0.5 0.25 0.25
MFC range >16 >16 >16 1-2 0.125-2
MEC average >16 >16 >16 1.5 0.49

C. guillierm(mdii“1 MIC range 0.12-0.25 0.031-0.12 0.031-0.125 0.125-0.5 0.5-1

(n=3) MIC average 0.21 0.06 0.072 0.375 0.83
MEFC range >16 >16 >16 >16 >16
MEFC average >16 >16 >16 >16 >4

VRC, voriconazole; CAS, caspofingin; MFG, micafungin; MIC, the lowest concentration that inhibits 50% of fungal growth; MFC, the lowest concentration that reduces
~99.9% of fungal viability; MICso, concentration that inhibits 50% of the strains (n>10); MICgg, concentration that inhibits 90% of the strains (n>10).

“No breakpoint values to C. glabrata and C. guilliermondii.

bC. albicans (IAL-40 and IAL-56), C. tropicalis (IAL-8) and C. parapsilosis (IAL-18) were classified as Intermediary (I) to VRC.

€C. krusei IAL-30 was resistant to MFG.

dAlternative taxonomic names: Candida glabrata (Nakaseomyces glabrata), Candida guilliermondii (Meyerozyma guilliermondii) and Candida krusei (Pichia kudriavzerii).
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3.2. 2-aryloxazolines inhibit the proteinase activity and the total biomass
formation of Candida albicans and Candida tropicalis biofilms

The proteinase activity of C. albicans SC5314 was significantly
reduced after treatment with higher concentrations of 4i or 9i (32 and
64 ug/mL) when compared to the untreated cells, but no inhibitory ef-
fect was observed in C. tropicalis strain tested in this work (Table 3).

The 2-aryloxazolines 4i and 9i did not inhibit the metabolic activity
of sessile cells after treatment of C. albicans and C. tropicalis biofilms,
during their formation, for up to 24 h of incubation time, even at the
higher concentrations of compounds (128 pg/mL, data not shown).
However, when we observed the total biomass data at different incu-
bation periods, the compound 4i inhibited the total biomass during early
biofilm formation (Fig. 2). It was more prominent against C. albicans
where ~50% inhibition was observed, at 64-128 ug/mL for up to 12 h
of biofilm formation, while < 17% inhibition of total biomass was
observed after 24 h. In C. tropicalis biofilm, there was ~35-50% inhi-
bition of biofilm formation at concentrations of 32-128 ug/mL, in the
first 4 h; after 24 h the inhibition was only 10-25% (Fig. 2).

3.3. 2-aryloxazoline derivatives inhibit the morphogenesis of Candida
albicans and Candida tropicalis in different filament-inducing media

The fungal growth inhibitory effect was also associated with signif-
icant cell cycle arrest in budding yeast after treatment with 4i or 9i
(Table 4). In addition, we observed that both compounds in RPMI me-
dium were able to partially inhibit the filamentation in C. albicans and
completely in C. tropicalis (Figs. 3, 4A-B, and 5A-B) and the inhibition of
yeast-hyphae transition was considered concentration-dependent
(Table S4). Therefore, as the RPMI medium induces multiple pathways
for true hyphae formation, it was not possible to identify which specific
filament signaling pathway was affected by the compounds.

In this regard, 4i and 9i were tested against C. albicans and
C. tropicalis strains in other filament-inducing media as Spider broth,
Lee, and SM-GlcNAc to elucidate the signaling pathway affected by the
compounds. In these media, both compounds inhibited fungal growth
but had MIC values higher than those found in the RPMI medium due to
the nutrient rich composition (Table 5).

In addition, C. albicans and C. tropicalis cells treated with MIC values
in the filament-inducing media were observed in light and fluorescence
microscope. In the Lee medium (induces Cph2 and Tecl pathways), 2-
aryloxazolines partially inhibited the morphogenesis of C. albicans,
that is, there was still the presence of shorter and less branched hyphae
(Fig. 4C-D); while the compounds inhibited C. tropicalis filamentation
and induced an enlargement of yeast size after treatment (Fig. 5C-D).
Finally, it is possible to notice other two findings: i) there was no inhi-
bition of filamentation when yeasts were treated in SM-GlcNAc that
activates Ngtl signal (Figs. 4G-H and 5G-H) and ii) the yeast-hyphae
transition was totally inhibited when both species were treated in Spi-
der broth that induces Efgl pathway, highlighting for great alteration of

Table 3
Proteinase activity (Pz values) of Candida spp. treated with 4i and 9i.
Strains Untreated 16 pg/mL 32 pug/mL 64 pg/mL
C. albicans SC 4i 0.29 0.28 0.34 0.36
5314 +0.014 +0.007 +0.014* +0.007*
9i 0.29 0.35 0.35 0.37
+0.014 +0.007 +0.021* +0.007*
C. tropicalis IAL- 4i 0.22 0.21 0.20 0.22
01 +0.014 +0.007 +0.014 +0.014
9i 0.22 0.20 0.21+0.07 0.20
+0.014 +0.014 +0.014

Pz: ratio between the diameter of the degradation zone around the colony and
the diameter of the colony.

*p<0.05 when compared to untreated cells (One way ANOVA followed by
Dunnett’s test).
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yeast morphology of C. albicans such as reduction of cell size and in-
duction of multiple budding/aggregates (Figs. 4E-F and 5E-F).

3.4. 2-aryloxazolines reduce virulence genes expression in Candida
albicans

After treatment with 4i at inhibitory concentration, C. albicans cells
were analyzed for the expression of virulence genes that are expressed
during transition from yeast to hyphae/pseudohyphae, such as adhesins
(HWP1 and ALS3), aspartyl proteinases (SAP1 and SAP6), candidalysin
toxin (ECE1), transcriptional regulators for filament induction (CPH1,
TEC1 and EFG1), and proteins related to the signaling pathways (RIMS,
CEK1, RAS1, CPH2, NGT1, and CYR1).

Several genes were downregulated after yeast treatment with com-
pound 4i, but we highlighted the downregulation of adhesins (HWP1
and ALS3), candidalysin ECE1, MAP kinase CEK1 (1.5-fold change), and
transcription factors TEC1 (4-fold change) and EFG1 (1-fold change)
(Fig. 6). Tecl is associated to the induction of C. albicans filament by the
Chp2 and Efgl pathways (Subdery, 2011). Here, we observed down-
regulation of EFG1 when C. albicans was treated with compound in RPMI
medium (induces multiple pathways) that corroborated with the partial
inhibition of morphogenesis in Lee medium that induces Cph2 and Tecl
pathways and total inhibition in Spider broth that induces only Efgl
pathway. Therefore, our data suggest that inhibition of morphogenesis
in C. albicans by 2-aryloxazoline derivatives is associated mainly with
downregulation of Efgl and Cekl pathways.

3.5. 2-aryloxazolines induce ultrastructural alterations of Candida
albicans

The untreated cells had an electron-dense and homogeneous cyto-
plasm content, a preserved and compacted cell wall, and an intact
plasma membrane (Fig. 7A). However, 2-aryloxazoline 4i led to some
cellular effects on C. albicans treated with 4i such as the loss of structural
integrity of the plasma membrane, presence of electron-lucent vacuoles
and low electron-density of the cell wall (Fig. 7B-C).

4. Discussion

The compounds 4i and 9i inhibited the fungal growth of 69 clinical
and standard strains of Candida spp. confirming previously obtained
data of antifungal activity screening of 2-aryloxazoline derivatives
(Argomedo et al., 2020). Importantly, these compounds also inhibited
the strains resistant to standard antifungals in addition to no positive
correlation between MIC values suggesting low cross-resistance. In
addition to inhibiting Candida growth the compounds also impaired the
yeast-hyphae transition of competent-filament species C. albicans and
C. tropicalis hindering the biofilm formation and proteinase activity.

The morphogenesis of some Candida species, i.e., transition from
yeast to hyphae/pseudohyphae, is a multifactorial process influenced by
nutrient composition, temperature, oxygen tension, amount of CO», pH,
small molecules, and extracellular matrix (Sudbery, 2011; Vila et al.,
2017). C. albicans uses a complex cell morphology control circuit, that
the number of positive regulators of morphogenesis that allow fila-
mentation in response to signals greatly exceeds the number of negative
regulators that maintain the yeast growth form in the absence of in-
ducers (O'meara et al., 2015). The morphogenesis regulation is carried
out by signals and transduction factors, which can induce hypha for-
mation in several ways by the positive regulators (Efgl, Cphl, Cph2,
Tecl, Flo8, Czf1l, Rim101, and Ndt80) or inhibit by the negative regu-
lators (Tupl, Nrgl, Roxlp, and Rfgl) (Sudbery, 2011). During this
cellular event in C. albicans and C. tropicalis other genes are also down-
and upregulated reflecting not only on shape change but on metabolism,
expression of virulence factors and tolerance mechanisms (Lane et al.,
2001; Naglik et al., 2003; Schweizer et al., 2000, Sudbery, 2011,
Zuza-Alves et al., 2017; Santos and Ishida, 2023).
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Fig. 2. Measurement of total biomass during biofilm formation of Candida albicans SC5314 and Candida tropicalis IAL-01 at different incubation times of untreated
and treated with the 2-aryloxazoline 4i. (A) Total biomass of C. albicans biofilm and (B) total biomass of C. tropicalis biofilm after staining with crystal violet.
**#*p<0.0001 when compared to untreated biofilms (One way ANOVA followed by Dunnett’s test).

Table 4
Budding percentage of Candida spp. strains treated with MIC values of 2-arylox-
azoline derivatives 4i and 9i.

Strains Budding percentage (%)

Untreated 4i 9i
C. albicans SC5314 41.17+£2.22 68.30+£1.18* 61.68+3.91*
C. tropicalis IAL-01 13.01+1.26 22.81+0.007* 53.74+7.12*

" p<0.05 when compared with untreated yeasts (One way ANOVA followed by
Dunnett’s test).

The morphogenesis inhibition in C. albicans or C. tropicalis by 2-ary-
loxazolines was observed after microdilution assay using RPMI, Spider,
and Lee media. The yeast-hyphae transition was completely inhibited by
the compounds in Spider broth (actives only Efgl pathway) and partially

inhibited in Lee medium (induces Cph2 and Tecl pathways) and RPMI
medium (actives multiple pathways). Therefore, the results obtained of
filament-inducing media associated to expression data of the virulence
genes suggested that 2-aryloxazolines inhibit the morphogenesis by
hinder the cyclic AMP-dependent pathway (cAMP) that activates the
enhanced filamentous growth protein 1 (Efg1), a transcription factor key
in the hyphae development. This observation can be supported by
downregulation of EFG1 and TEC1 genes in the 4i-treated cells. The gene
expression of TECI is also regulated by CPH2 in addition to the EFG1
gene (Subdery, 2011). CPH2 gene had no change in its expression in
ratio to the untreated and treated cells, indicating that downregulated
TEC1 was not associated with Cph2 pathway corroborating with
morphology results obtained in the Lee medium.

Efgl can also be activated by different ways, e.g., cAMP (Cyr1-Rasl),
Rim101, and Ngtl, for induction of hyphae formation filament forma-
tion (Subdery, 2011). Here, we also observed a slight downregulation of

Fig. 3. Candida albicans SC5314 (A-B) and Candida tropicalis IAL-01 (C, D) visualized by light microscopy. (A, C) untreated cells. (B, D) 4i-treated cells. Similar results

were observed when cells were treated with 9i. Bars = 100 pm.
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Fig. 4. Fluorescence microscopy images of Candida albicans SC5314 untreated (left) and treated with 4i (right) in filament-inducer liquid media and stained with
calcofluor white. (A, B) RPMI, (C, D) Lee, (E, F), Spider, and (G, H) SM medium supplemented with N-acetylglucosamine. Similar results were observed when cells

were treated with 9i. Bars = 50 pm.

CYR1 and RIMS8 genes that are involved in the Efgl pathway. On the
other hand, no inhibition of the yeast-hyphae transition was observed in
the 4i-treated cells in SM-GIcNAc medium. This medium contains N-
acetylglucosamine as primary carbon source that is transported to
cytoplasm of C. albicans and C. tropicalis using the transmembrane
protein Ngtl (Alvarez & Konopka, 2007; Gilmore et al., 2013; Zhang

et al., 2020). Besides, our data of NGT1 gene expression did not show a
relevant change in cells treated with 4i suggesting that the compound
did not inhibit morphogenesis by this way.

The RPMI medium is a chemically defined medium and includes
multiple factors and components essential for hyphal induction
(O’meara et al., 2015; Sato, Hoshida, Akada, 2020). The treatment of
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Fig. 5. Fluorescence microscopy images of Candida tropicalis IAL-01 untreated (left) and treated with 4i (right) in filament-inducer liquid media and stained with
calcofluor white. (A, B) RPMI, (C, D) Lee, (E, F), Spider, and (G, H) SM medium supplemented with N-acetylglucosamine. Similar results were observed when cells

were treated with 9i. Bars = 50 pm.

C. albicans with compounds, at MIC values, in RPMI medium did not
suppress the total formation of hyphae, in which a population mixture of
yeast, pseudohyphae, and hyphae was observed. In fact, several complex
networks of the morphogenesis signaling pathways are being activated
beyond cAMP-dependent pathways, e.g., MAPK (mitogen-activated
protein kinase) pathways (Xie et al., 2016). Four MAPK pathways have

been identified in C. albicans: Hog pathway, the cell wall integrity Mkcl
pathway, and Cekl and Cek2 pathways. The MAPK pathways are
involved in the adaptation to both osmotic and oxidative stresses,
biogenesis and repair of the cell wall, hyphal development, biofilm
formation, and virulence (Csank et al., 1998; Enjalbert et al., 2005; Li
et al., 2015; Navarro-Garcia et al., 2015). In this work, we also observed
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Table 5

Inhibitory effect of compounds 4i and 9i on Candida albicans and Candida tro-
picalis in different hyphae-inducing media. The MIC data are expressed in pg/
mL.

Strains RPMI Spider Lee SM-GlcNAc
4i 9i 4i 9i 4 9 4i 9i
C. albicans 0.06 0.03 8 16 1 1 1 4
SC 5314
C. albicans 1AL-40 0.12 0.03 8 8 2 2 0.5 4
C. albicans ATCC 10231 0.06 0.03 8 4 2 2 2 2
C. tropicalis TAL-01 2 4 2 4 4 4 2 2
C. tropicalis IAL-04 0.25 0.25 16 16 2 2 0.03 0.5
1-
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Fig. 6. Quantification of virulence genes expression from Candida albicans
SC5314 cells treated with compound 4i, at inhibitory concentration, in relation
to untreated cells in RPMI medium for 24 h at 35 °C. Reverse transcription
quantitative PCR (RT-qPCR) was performed to quantify the expression levels of
genes during C. albicans filamentation. Data were normalized to the reference
gene beta-actin. The assay was performed in duplicate.

that CEK1 gene was downregulated in 4i-treated cells. The Cekl
(Candida ERK-like kinase) pathway is implicated in cell wall biogenesis,
hyphal development, biofilm formation, and virulence as previously
described (Csank et al., 1998; Enjalbert et al., 2005; Li et al., 2015;
Navarro-Garcia et al., 2005) corroborating with inhibition of fila-
mentation and biofilm formation as well as alterations in the fungal cell
wall ultrastructure after 4i-treatment. Then, the CEK1 gene expression
was 1.5-fold change lower suggesting that 2-aryloxazoline derivatives
also inhibit the morphogenesis by CEK1 downregulation.

Taken together, 2-aryloxazoline derivatives were able to inhibit
yeast-hyphae transition of C. albicans mainly by downregulation of Efgl
and Cekl pathways. In this way, consequently, other virulence genes
related with morphogenesis were also affected such as the adhesins
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(HWP1 and ALS3) and candidalysin toxin (ECEI) genes that their
expression were downregulated ~2-fold-change after 4i-treatment.

The Hyphal wall protein (Hwp1l) is a well-characterized C. albicans
cell wall surface protein, through different mechanisms, enable the
fungus to adhere tightly to host tissues, e.g., oral, gastrointestinal, and
vaginal mucosa, and therefore it is considered essential for Candida
spreading and invasiveness (Naglik et al., 2006; Nobile and Mitchell.,
2006; Maras et al., 2021). The agglutinin-like protein 3 (Als3) is a cell
surface adhesion protein expressed in hyphae that plays an important
role in the biofilm formation of C. albicans and tissue invasion and
dissemination (Liu et al., 2021). Both adhesins were downregulated in
the treatment with 2-aryloxazoline, suggesting that this compound
interfered with this mechanism of the virulence. In addition, the fungal
peptide toxin candidalysin is derived from a larger parental pre-
proprotein (Ecelp) encoded by ECE1 gene expressed during hyphal
growth (Richardson et al., 2018). Candidalysin has cytolytic and
immunostimulatory actions leading to tissue damage; it promotes the
influx of cytokines into the epithelium and represents a critical virulent
factor for mucosa and systemic infection of C. albicans (Naglik et al.,
2019; Macias-Paz et al., 2023).

5. Conclusion

The 2-aryloxazoline compounds inhibited the growth of Candida spp.
clinical strains, including isolates resistant and less susceptible to stan-
dard antifungals. Although the compounds did not inhibit the metabolic
activity of cells from biofilms, in formation, they reduced the total
biomass in the early stages of biofilm formation of C. albicans and
C. tropicalis. The inhibition of yeast-hyphae transition in C. albicans and
C. tropicalis using different filamentation-inducing media and the gene
expression results suggest that the compounds downregulated some
genes associated with the filamentation-inducing pathways cAMP and
MAPK. Future studies are needed to elucidate the other mechanisms of
action for antifungal activity showed by the 2-aryloxazoline compounds
on Candida species.
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