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ABSTRACT

Oral candidiasis is one of the most common types of fungal infection caused by Candida albicans
(C. albicans). The present study aims to investigate the antifungal effects of phloretin (a dihydrochal-
cone flavonoid) against the C. albicans pathogenicity. In this work, we treated C. albicans SC5314 with
37.28, 74.55, or 149.10 pg/mL (equivalent to 0.5%, 1x or 2x MIC) phloretin in vitro. Besides, we
established a mice model of oral candidiasis by a sublingual infection of C. albicans suspension
(1 x 107 colony-forming unit/mL), and mice were treated with phloretin (3.73 or 7.46 mg/mL, which
were equivalent to 50x or 100x MIC) twice a day starting on day one post-infection. The results
showed that the MIC of phloretin against C. albicans was 74.55 pg/mL. Phloretin exerted antifungal
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activity by inhibiting the biofilm formation and suppressing the yeast-to-hyphae transition upon the
downregulation of hypha-associated genes including enhanced adherence to polystyrene 1, the
extent of cell elongation gene 1, hyphal wall protein 1 gene, and agglutinin-like sequence gene 3.
Next, phloretin repressed the secretion of proteases and phospholipases via reducing the expression
of protease-encoding genes secreted aspartyl proteases (SAP)1 and SAP2, as well as phospholipase
B1. Subsequently, the in vivo antifungal activity of phloretin was testified by the reverse of the
enhanced lesion severity, inflammatory infiltration, and the increased colony-forming unit counts
caused by C. albicans of tongue tissues in oral candidiasis mice. In conclusion, phloretin suppressed
the pathogenicity and virulence factors against C. albicans both in vivo and in vitro.
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Introduction

The incidence of fungal infection has increased con-
tinuously owing to the widespread use of hormones,
immunosuppressants, and broad-spectrum antibio-
tics [1]. Oral candidiasis is one of the most common
types of oral mucosal infection caused by the yeast-
like fungus Candida [2]. Infants and the elderly with
poor immunity are susceptible to Candida infection
[2]. Oral candidiasis may develop into severe stoma-
titis and even cause life-threatening bloodstream
infection, as well as tissue infection [3]. At present,
azoles, polyenes, and echinocandins are known as
the commonly used drugs for the treatment of oral
candidiasis [4]. The widespread use of these drugs
may lead to the aggravation of multidrug resistance
and markedly reduce the drug efficacy with severe
side effects as wells as high cost [5,6]. Thus, there is
an urgent need to explore new antifungal agents for
the treatment of oral infections caused by Candida.

Candida albicans (C. albicans) is considered an
opportunistic pathogen of oral candidiasis and is
a polymorphic fungus that can grow as oval budding
yeasts, as true hyphae, or as elongated ellipsoid cells
with pseudohyphae [7]. All the three forms of
C. albicans could be observed in infected tissues
[7]. The infecting ability of C. albicans is supported
by wide range of virulence factors such as, the
expression of adhesins and invasions on the cell
surface, the secretion of hydrolytic enzymes (pro-
teases, phospholipases, and lipases), biofilm forma-
tion, and the transition from yeast to hyphae form
(more invasive form) [8]. Accordingly, the inhibition
of these virulence traits is considered an effective
policy of oral candidiasis therapy.

Due to the advantages of wide sources, cost effec-
tiveness and lesser toxicity, natural compounds show
broad application prospects in antifungal therapy [9].
Phloretin is a dihydrochalcone flavonoid extracted
from apples and strawberries and is known for its
potent  antioxidant, anticancer, and anti-
inflammatory characteristics [10-12]. Accumulating
evidence has reported that phloretin suppresses the
growth, virulence, and the biofilm formation of gram-
negative bacteria (Acinetobacter baumannii and
Escherichia coli) as well as gram-positive bacteria
(Streptococcus pyogenes and Staphylococcus aureus)
[13-16]. These studies indicate the excellent antibac-
terial activity of phloretin. Moreover, Shim et al [17].
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have found that phloretin shows in vitro antifungal
activity against some plant pathogenic fungi including
Phytophthora  capsici, Alternaria  panax, and
Sclerotinia sclerotiorum. Based on the antimicrobial
function of phloretin, we speculate that it may play
a role in the pathogenic process of C. albicans.
However, its specific action on the virulence traits of
C. albicans has not been reported.

The present study aimed to investigate the anti-
fungal effects of phloretin against the C. albicans
pathogenicity. We considered whether phloretin
could abrogate virulence factors such as, biofilm
formation, yeast-to-hyphae transition, and the
secretion of hydrolases in vitro. Moreover, a mice
model of oral candidiasis was established to
explore the effectiveness of topical treatments of
phloretin on the lesion severity and the inflamma-
tory infiltration of tongue tissues in vivo.

Materials and methods

Strain and culture conditions

C. albicans strain SC5314 was purchased from
National Center for Medical Culture Collections
(Beijing, China). The strain, from stock stored at
—80°C, was streaked on yeast extract-peptone-
dextrose (YPD) agar plates (1% yeast extract, 2%
peptone, 2% dextrose and 2% agar) and cultured at
37°C overnight. A loopful of colonies was inoculated
into liquid YPD medium and incubated at 30°C at
180 rpm overnight. C. albicans cells were adjusted to
a final density of 2.5 x 10° CFU/mL, 1 x 10° CFU/
mL, 5 x 10° CFU/mL or 1 x 10° CFU/mL with
RPMI-1640 medium (Solarbio, Beijing, China) sup-
plemented with 165 mM morpholine propane sulfo-
nic acid (MOPS, Aladdin, Shanghai, China) at pH
7.0 for subsequent experiments.

Antifungal susceptibility assay

The experiment was performed based on the
CLSI-M27-A3  methodology  [18].  Briefly,
100 uL C. albicans suspension (2.5 x 10° colony-
forming unit (CFU)/mL) was added into 96-well
plates per well. C. albicans were incubated with an
equal volume of two-fold serial dilutions of phlor-
etin (Aladdin; purity > 98%) at a final concentra-
tion of 5 ug/mL, 10 pg/mL, 20 pg/ml, 40 pg/mL, or
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80 pg/mL at 37°C for 48 h. The optical density
(OD) value was measured at 600 nm for identify-
ing the minimal inhibitory concentration (MIC) of
phloretin. The minimal concentrations that less
than 80% growth of C. albicans occurred were
recorded as MIC values [19]. The growth inhibi-
tion rate was calculated as  follow:
[(OD6OO (0 pg/mL phloretin) —

OD6OO (5-80 pg/mL phloretin))/OD600 (0 ug/mL phloretin)]
*100%

Time-kill assay

The time-kill assay was carried out according to
the method described previously [20]. C. albicans
culture was diluted to 5 x 10° CFU/mL in RPMI-
1640 medium supplemented with 165 mM MOPS.
Phloretin was added to the C. albicans suspensions
with a final concentration of 74.55, 149.10, or
298.20 pg/mL (equivalent to 1x, 2x or 4x MIC).
The mixture was incubated at 37°C for 0 h, 0.1 h,
0.25h,0.5h, 1 h, 3 h or 6 h. At each point of time,
10 pL suspension was removed and diluted 1:1000
with phosphate buffered saline (PBS). The suspen-
sion was streaked on YPD agar plates. After cul-
tured for 48 h, the CFU was determined.

Calcofluor white staining

The effects of phloretin on C. albicans biofilm
formation were evaluated by calcofluor white
fluorescent staining [21]. The mixture of
C. albicans suspension (1 x 10° CFU/mL) was
added into 96-well plates and incubated with 0,
0.5%, 1x, or 2x MIC phloretin for 24 h. Next,
treated C. albicans culture was transferred to
glass slides and stained with 1 g/L calcofluor
white (50 pL; Sigma, St. Louis, MO, USA) for
1 min. The images were captured by microscopy
BX53 microscope (Olympus, Tokyo, Japan).

Determination of membrane permeability

The membrane permeability of C. albicans biofilm
was detected by employing the LIVE/DEAD °
BacLight™ Bacterial Viability and Counting Kit
(Invitrogen, Carlsbad, California, USA) according
to the wusers’ protocols. C. albicans with
a compromised biofilm were considered dead,

whereas C. albicans with an intact biofilm were
regarded as live. 300 puL C. albicans suspension
(1 x 10° CFU/mL) was added to 96-well plates
and incubated with 0, 0.5%, 1%, or 2x MIC phlor-
etin for 24 h. Then, C. albicans were washed with
PBS and centrifuged at 10,000 g for 3 min. After
resuspended with PBS, C. albicans were incubated
with 1.5 uL SYTO-9 and 1.5 pL propidium iodide
for 15 min preventing from the light. The propor-
tion of live/dead cells were accomplished by
NovoCyte flow cytometry (ACEA Biosciences,
San Diego, California, USA). 20,000 C. albicans
cells were counted for the detection. Fluorescence
was detected by 503 nm (green; FL1 channel) and
605 nm (red; FL2 channel) bandpass filters. From
PI versus SYTO-9 plot, population of dead and live
cells were gated for the analysis. Red/green fluor-
escence double-stained cells were regarded as
dead, and only green fluorescence-stained cells
were considered live.

2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2 H-tetrazolium-5-carboxanilide (XTT) assay

The metabolic activity of C. albicans biofilm was
evaluated by XTT assay as previous described [22].
In brief, C. albicans with a compromised biofilm
were considered dead, whereas C. albicans with an
intact  biofilm  were regarded as live.
300 pL C. albicans suspensions (1 x 10° CFU/
mL) were added to 96-well plates and incubated
with 0, 0.5%, 1x, or 2x MIC phloretin for 24 h.
Next, 20 puL XTT solution (Keygen Biotech,
Nanjing, China) was added into 96-well plates
per well and incubated at 37°C for 3 h. The OD
value was measured at 450 nm using an ELX-800
microplate reader (BioTek Instruments, Winooski,
VT, USA). The metabolic activity was calculated as
follow: OD s phloretin/OD450 control *100%.

Crystal-violet biofilm assay

300 pL C. albicans (1 x 10> CFU/mL) were added
into 96-well plates and incubated with 0, 0.5%, 1x,
or 2x MIC phloretin for 24 h. Biofilm cells that
adhered to the bottom of the plates were stained
with 0.1% crystal violet (Amreso, Shanghai, China)
for 20 min and then were dissolved in 95% etha-
nol. The OD value was read at 570 nm by using



NANO 2000 ultraviolet spectrophotometer
(Thermo Scientific, Pittsburgh, PA, USA).

Hyphal inhibition assay

Hyphal formation assay of C. albicans was per-
formed in RPMI 1640 medium supplemented
with 10% fetal bovine serum. A mixture of
C. albicans suspension (1 x 10° CFU/mL) was
added into 96-well plates and incubated with 0,
0.5x, 1x, or 2x MIC phloretin for 24 h. The
quantification of the effects of phloretin on the
yeast-to-hyphal transition was determined by the
proportion between the number of individual
yeast cells and the number of hyphae in the popu-
lation by a BX53 microscope. The hyphae inhibi-
tion rate (%) was calculated as follows: (the
number of hyphae.onyo - the number of
hyphaeppioretin)/the number of hyphae ono1x100%.

Quantitative real-time polymerase chain reaction
(QRT-PCR)

C. albicans were respectively treated with 0.5x MIC
phloretin, 1x MIC phloretin, or 2x MIC phloretin
for 24 h prior total RNA extraction, reverse transcrip-
tion, and PCR process. Total RNA was extracted
from C. albicans cells by employing Plant RNA
Rapid Extraction Kit (Bioteke, Wuxi, China) follow-
ing the manufacturers’ instructions. cDNA was
obtained by using Super M-MLYV reverse transcrip-
tase (Bioteke). The amplification was performed by
using 2x Taq PCR MasterMix (Solarbio) and SYBR
Green (Solarbio). The relative expression of genes’
mRNA was quantified with 2782CT method [23].
GTP-binding protein GSP1 was used as an internal
control to normalize the qPCR result. The primers
were synthesized by GenScript (Nanjing, China), and
the sequences of primers were shown in Table 1.

Protease and phospholipase enzyme secretion
assay

The protease and phospholipase enzyme secretion
assays were conducted as previous performed [24].
For the detection of protease activity, the super-
natant of C. albicans biofilm was incubated with
1% azocasein (Shanghai Yuanye Bio-Technology,
Shanghai, China) at a 1:9 (vol/vol) dilution at 37°C
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Table 1. The sequences of primers used in qRT-PCR.

Genes  Forward sequences (5KX-3K) Reverse sequences (5X-3X)
EAP1 GGGATGATTACAAGAAAG GTGACGGTGATGATAGTG
ALS3 CTAATGCTGCTACGTATAATT  CCTGAAATTGACATGTAGCA
HWP1  ACAGGTAGACGGTCAAGG TGTGGCTGTTGTGGATAG
ECE1 GCTGGTATCATTGCTGATAT TTCGATGGATTGTTGAACAC
SAP1 TTAGTTATGCTGCTGAC TGTAAATACCTTTCCCT
SAP2 TTGGATTTGGTGGTGTTT GTGGCAGCATCTGGAGAA
PLB1 ATACGACGATAACGAAA TCACCTAATGGCTCACC
GSP1 TGAAGTCCATCCATTAGGAT ATCTCTATGCCAGTTTGGAA

1. Phloretin inhibited the biofilm formation of C. albicans.

2. Phloretin suppressed the yeast-to-hypha transition of C. albicans.

3. Phloretin repressed the secretion of proteases and phospholipases of
C. albicans.

4. Phloretin weakened C. albicans-induced lesions severity of tongue
tissues in vivo.

5. Phloretin alleviated C. albicans-induced inflammatory infiltration
in vivo.

for 0 (A1) or 1 h (A2). Next, 500 puL of 10%
trichloroacetic acid was added to the mixture and
incubated for 10 min at room temperature. After
centrifuged at 10,000 g for 5 min, 500 pL super-
natant was incubated with 500 uL NaOH at 37°C
for 15 min. The absorbance was measured at
440 nm [25].

For the detection of phospholipase activity, the
supernatant of C. albicans biofilm was incubated
with the equal volume of 1.6 mM phosphatidyl-
choline substrate (MedChemExpress, Shanghai,
China) at 37°C for 0 (A1) or 1 h (A2). The absor-
bance was measured at 630 nm [25]. AA
(increased absorbance after 1 h of reaction) = A2-
Al. The activities of protease or phospholipase
were shown as activity unit (U) that enhanced
the absorbance by 0.001 per min and normalized
by the dry weight of biofilm.

Mice model of oral candidiasis

The animal experiments were approved by the
Medical Ethics Committee of Hospital of
Stomatology, Hebei Medical University. And the
experiments followed The Guideline for the Care
and Use of Laboratory Animals. Six-week-old female
BALB/c mice were purchased from Liaoning
Changsheng biotechnology (Benxi, China) and
were used for establishing oral candidiasis model
after a week of acclimation. The establishment of
mice model of oral candidiasis was conducted as
previous performed [26]. Mice oral cavities were
sublingually infected with C. albicans by placing
cotton ball saturated with 1 x 107 CFU/mL
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C. albicans suspension for 75 min. Mice were sub-
cutaneously injected with 225 mg/kg cortisone acet-
ate (Aladdin) for immunosuppression on the day
before infection, the first and the third day after
infection. Next, topical treatments of phloretin
(3.73 or 7.46 mg/mL, which were equivalent to
50x or 100x MIC) were applied to the whole oral
cavities twice a day starting on day one post-
infection. Then, mice were sacrificed on the
fifth day and the tongue tissues were dissected for
subsequent experiments. After homogenization in
5 mL PBS, the dilutions of tongue tissues were
seeded onto YPD ager plates. The colonies were
enumerated at 10-fold dilution after 48 h. The results
were shown as CFU per gram of tongue tissues.
The evaluation of the severity of C. albicans infec-
tion was measured by scoring lesions from zero to
four based on the severity of whitish and curd-like
patches on the surface of the tongue tissues [27].
Zero: normal; One, white patches in less than 20%;
two, white patches in 21%-90%; three, white patches
in more than 91%; four, dense and thick white
patches like pseudomembranes in more than 91%.

Periodic acid-schiff (PAS) staining

Dried paraffin sections (5 um) of tongue tissues were
soaked to xylene twice (15 min each time) and
graded alcohols (100%, 95%, 85%, and 75%) for
5 min per grade. After soaked to distilled water for
2 min and PBS for 5 min, the sections were oxidized
with periodic acid solution (Leagene Biotechnology,
Beijing, China) for 10 min. Next, sections were
stained with Schiff reagent (Leagene) for 15 min
and re-stained with hematoxylin for 2 min. Sections
were imaged by BX53 microscope after dehydration.

ELISA assay

The concentration of protein from the supernatant
of tongue tissue homogenate was detected by using
BCA Protein Assay Kit (Solarbio). The protein
levels of tumor necrosis factor-a (TNF-a), inter-
teron-a (IFN-y), interleukin (IL)-6, IL-10 in ton-
gue tissue supernatant were measured by
employing ELISA kits (Multi Sciences, Hangzhou,
China) according to the manufacturer’s protocols.

Statistical analysis

Data was shown as mean + SD. One-way ANOVA
or two-way ANOVA was applied to for multiple
comparisons in GraphPad Prism 8.0 software.
Three independent repeats were carried out for
in vitro experiments, and six independent repeats
were performed for in vivo experiments. p < 0.05
was considered statistical significance.

Results

In the current work, we aimed to explore the
antifungal effects of phloretin against the
C. albicans pathogenicity. We considered
whether phloretin could abrogate virulence fac-
tors such as, biofilm formation, yeast-to-hyphae
transition, and the secretion of hydrolases
in vitro. Furthermore, a mice model of oral
candidiasis was established to investigate the
effectiveness of topical treatments of phloretin
on the lesion severity and the inflammatory
infiltration of tongue tissues in vivo.

The antifungal activity of phloretin on Candida
albicans

To evaluate the antifungal activities of phloretin
in vitro, we firstly identified the MIC of strain
SC5314 growth. As shown in Figure la, the anti-
fungal susceptibility test demonstrated that the MIC
of phloretin against C. albicans was 74.55 pg/mL.
Then, we conducted the time-Kkilling assay by using
a colony counting method. Phloretin killed
C. albicans in a dose-dependent manner (Figure
1b). The CFU of C. albicans significantly decreased
after an incubation with phloretin for an hour and
dropped to an extremely low level when the incuba-
tion extended to six hours (Figure 1b). The data
indicated that phloretin exerted antifungal effects
on C. albicans growth.

Phloretin inhibited the biofilm formation of
Candida albicans

We further investigated the suppressed effects of
phloretin on C. albicans biofilm formation. As
revealed in Figure 2a, calcofluor white staining
demonstrated that phloretin reduced the number
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Figure 1. The antifungal activity of phloretin on Candida albicans. (a) The minimal inhibitory concentration of phloretin that resulted
in 80% suppression (MIC) of C. albicans growth. (b) Time-killing curves of C. albicans were measured by CFU counts in the presence of
phloretin at 74.55, 149.10, or 298.20 pug/mL (the concentration equivalent to 1x, 2x or 4x MIC). *p < 0.05, **p < 0.01 versus Control.
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Figure 2. Phloretin inhibited the biofilm formation of Candida albicans. C. albicans (1 x 10° CFU/mL) was treated with 37.28, 74.55,
or 149.10 ug/mL (the concentration equivalent to 0.5x, 1x or 2x MIC) phloretin. (a) Calcofluor white staining of C. albicans. Scale
bar = 200 um (b) The membrane permeability of C. albicans was measured by the proportion of live/dead cells. (c) The metabolic
activity of C. albicans biofilm exposed to phloretin treatment was evaluated by XTT assay. (d) The biofilm biomass of C. albicans was
assessed by crystal-violet biofilm assay. *p < 0.05, **p < 0.01 versus Control.

of spores and hyphae stained in bright blue. Next,  exposed to phloretin treatment was reduced in
we examined the biofilm integrity of C. albicans by ~ a dose-dependent manner, implying that phloretin
employing a live/dead staining assay. The results  abrogated the membrane permeability —of
showed that the live/dead ratio of C. albicans  C. albicans biofilm (Figure 2b). Subsequently, the
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results of XTT assay revealed that the metabolic
activity of C. albicans biofilm was mitigated by the
phloretin treatment (Figure 2c). The reduced bio-
film biomass of C. albicans caused by phloretin
was also confirmed by crystal-violet biofilm assay
(Figure 2d). These results suggested that phloretin
alleviated the biofilm formation of C. albicans in
a dose-dependent manner.

Phloretin suppressed the yeast-to-hyphae
transition of Candida albicans

The effects of phloretin on the yeast-to-hyphae
transition of C. albicans were explored in vitro.
As shown in Figure 3a, phloretin significantly
inhibited the hyphal formation, which was
reduced by more than 70% when presented at
concentration of 1x or 2x MIC. Moreover, the

entire process of yeast-to-hyphae transition was
strictly regulated at the molecular level. We
found that the relative expression of hyphae-
associated encoding genes including enhanced
adherence to polystyrene 1 (EAPI), extent of cell
elongation gene 1 (ECEI), hyphal wall protein 1
gene (HWPI), and agglutinin-like sequence gene 3
(ALS3) were decreased by phloretin in a dose-
dependent manner (Figure 3b-e). The data imply-
ing that phloretin suppressed the yeast-to-hyphae
transition of C. albicans.

Phloretin attenuated the secretion of Candida
albicans protease and phospholipase

We found that phloretin weakened the concentra-
tion of cellular protease and phospholipase (Figure
4a and b). The expression of protease-encoding
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Figure 3. Phloretin suppressed the yeast-to-hyphae transition of Candida albicans. C. albicans (1 x 10° CFU/mL) was treated with
37.28, 74.55, or 149.10 ug/mL (the concentration equivalent to 0.5%, 1x or 2x MIC) phloretin. (a) Representative images of the
hyphal formation of C. albicans. Scale bar = 200 um. The hyphae inhibition rate (%) = (the number of hyphaecontol — the number of
hyphaeypioretin)/the number of hyphaecontrox100%. (b-e) The relative expression of EAP1, ECE1, HWPI, and ALS3. *p < 0.05,

**p < 0.01 versus Control.
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Figure 4. Phloretin attenuated the secretion of Candida albicans protease and phospholipase. C. albicans (1 x 10° CFU/mL) was
treated with 37.28, 74.55, or 149.10 pg/mL (the concentration equivalent to 0.5%, 1x or 2x MIC) phloretin. (a) The protease activity
of C. albicans. (b) The phospholipase activity of C. albicans. (c-e) The mRNA level of SAP1, SAP2, and PLB1. *p < 0.05, **p < 0.01

versus Control.

genes secreted aspartyl proteases (SAP)I and
SAP2, as well as phospholipase-encoding gene
phospholipase B1 (PLB1) was reduced by phloretin
in a dose-dependent manner (Figure 4c-e). These
results proved that phloretin attenuated the viru-
lence of C. albicans by repressing the protease and
phospholipase activities.

Phloretin ameliorated the fungal activity in the
murine model of oral candidiasis

Given the observation of the antifungal activity of
phloretin in vitro, we suspected that it might also
play a role in the progression of oral candidiasis
in vivo. To probe the possibility, we established
a murine model of oral candidiasis. As revealed in
Figure 5a and b, phloretin rescued the enhanced
lesion severity and the increased CFU counts of
C. albicans in tongue tissues of mice. Next, PAS

and H&E staining were carried out to evaluate the
histopathological changes. The results of PAS
staining manifested that the increased number of
C. albicans in the pathological tissues was
decreased in the presence of phloretin in a dose-
dependent manner (Figure 5c). H&E staining
demonstrated that the inflammatory infiltration
of tongue tissues of mice treated with phloretin
was much less than that infected with C. albicans
only (Figure 5d). Subsequently, an ELISA assay
was employed to verify the secretion of inflamma-
tory factors. The increased concentration of IL-6
and TNF-a was reversed by the phloretin treat-
ment (Figure 5e and f). The concentration of IL-10
and IFN-y had no significant differences after the
phloretin administration (Figure 5g and h).
Overall, we concluded that phloretin ameliorated
the fungal activity in murine model of oral
candidiasis.
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Figure 5. Phloretin ameliorated the fungal activity in the murine model of oral candidiasis. Mice were sublingually infected with
C. albicans suspension (1 x 10" CFU/mL) for 75 min. Topical treatments of phloretin (3.73 or 7.46 mg/mL, which were equivalent to
50x% or 100x MIC) were applied twice a day starting on day one post-infection. (a) The score of lesions on the tongue tissues of mice
for five days. (b) The CFU counts of C. albicans from the tongue tissues of mice with oral candidiasis. (c) The PAS staining of tongue
tissues of mice. Arrows: C. albicans cells. Scale bar = 100 pm. (d) The H&E staining of tongue tissues of mice. Arrows: inflammatory
cells. Scale bar = 100 um. (e-h) The concentration of IL-6, TNF-q, IL-10, and IFN-y. **p < 0.01 versus Sham; #p < 0.05, ##p < 0.01
versus Oral candidiasis.



Discussion

In the current study, we found that phloretin inhib-
ited the growth, biofilm formation, yeast-to-hyphae
transition, and the hydrolase of C. albicans in vitro.
The antifungal activity of phloretin was further con-
firmed by the in vivo experiments. Phloretin miti-
gated the lesion severity and the inflammatory
infiltration of tongue tissues caused by C. albicans
in murine model of oral candidiasis. The data sug-
gested that phloretin might be an excellent candidate
for the development of new antifungal drugs that
block the oral candidiasis progression.

Natural compounds exert therapeutic functions
against fungal infection owing to their easy bioavail-
ability and antimicrobial activities [9]. Phloretin is
a dihydrochalcone flavonoid naturally found in
apples and strawberries with broad bioactivities,
such as anti-tumor, anti-inflammatory, antioxidant,
and anti-bacterial effects [28]. Wu et al. [29] have
verified that phloretin alleviates the progression of
ulcerative colitis via regulating the gut microbiota.
Cheon et al. [11] have reported the anti-acne activity
of phloretin ameliorates Propionibacterium acnes-
induced skin infection. These studies indicate that
phloretin plays a vital role in anti-bacterial infection.
Moreover, phloretin also exhibits strong broad-
range fungicidal activity. Gaucher et al. [30] have
proven that phloretin suppresses the growth of
Alternaria brassicicola and Neurospora crassa in
plants. Similarly, in this work, we found that phlor-
etin exerted antifungal effects on C. albicans growth.
The MIC of phloretin against C. albicans was
74.55 ug/mL, which was higher than that of micona-
zole (a drug clinically used in the treatment of oral
candidiasis) against C. albicans [31]. Furthermore,
results involving positive drugs such as miconazole
could better exhibit the inhibitory effects of phloretin
against C. albicans, which is a limitation of this work.

C. albicans is the main etiological agent of oral
candidiasis, which undermines the oropharynx
and the esophagus of people with the dysregula-
tion of adaptive immunity and even causes the
life-threatening systemic fungal infection [32].
A trait that causes a significant medical challenge
of the infection is the ability of C. albicans to
develop an organized consortia cell called biofilms,
followed by the transition from yeast to hyphae
[33]. The fully mature biofilm has a mixture of

BIOENGINEERED e 2429

yeast cells, hyphae, and pseudohyphae morpholo-
gical forms in the extracellular matrix, indicating
that the yeast-to-hyphae transition is directly asso-
ciated with the improvement of biofilm formation
[34]. Flavonoids have been reported to inhibit the
biofilm formation and hyphal development against
C. albicans [35,36]. Similarly, in the present study,
we found that phloretin repressed the membrane
permeability, biofilm formation, and the yeast-to-
hyphae transition in a dose-dependent manner.

Moreover, the entire process of yeast-to-hyphae
transition was strictly regulated at the molecular
level. ALS3, HWPI, and EAPI are testified to con-
tribute to biofilm formation and hyphal develop-
ment via acting as complementary adhesins [37].
Qiao et al. [38] have explicated that the anti-
virulence  activity of terpenoids  against
C. albicans is elicited by hyphal formation repres-
sion upon reducing the expression of hyphae-
associated encoding genes ALS3, HWPI, ECEI,
UMEG6 and upregulating NRGI. In the current
study, phloretin suppressed the yeast-to-hyphae
transition of C. albicans by downregulating the
expression of EAPI, ECEI, ALS3 and HWPI.

Following the adhesion to host cells and the
development of hyphae, C. albicans hyphae pro-
mote active penetration into host cells by secret-
ing hydrolase, resulting in the tissue degradation
[37]. Three types of hydrolase are secreted by
C. albicans hyphae: proteases, phospholipases,
and lipases [37]. Eva Vankova et al. [39] have
proven that the combination of lasioglossin and
azoles abrogates C. albicans virulence by repres-
sing biofilm formation, the secretion of phos-
pholipases and proteases, as well as hemolytic
activity. Abirami et al. [40] have verified that
the suppression of C. albicans pathogenicity is
mediated by the inhibition of biofilm formation
and the production of phospholipase and exopo-
lymeric substances upon the downregulation of
SAPI, SAP2, ALS3, ALS2, PLBI, and HWPI. In
this work, similar results were obtained by the
treatment of phloretin on C. albicans. We found
that phloretin weakened the activities of cellular
protease and phospholipase of C. albicans. The
expression of protease-encoding genes SAPI and
SAP2 and the phospholipase-encoding gene
PLBI was reduced by phloretin in a dose-
dependent manner.
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Based on the antifungal activity of phloretin
in vitro, we suspected that it might also act as an
essential part of the progression of oral candidiasis
in vivo. In the previous study, Seleem et al. [24]
have reported that Lichochalcone (a compound
that belongs to flavonoids) exerts antifungal activ-
ity by reducing the C. albicans biofilm formation,
the secretion of proteinases and phospholipases
in vitro, as well as decreasing the CFU/mL/mg in
tongue tissues of oral candidiasis mice in vivo. In
another study, Andrade et al. [41] have demon-
strated that chalcone derivatives impair the hyphal
transition of C. albicans in vitro and reduce the
fungal load in vivo in the model of vulvovaginal
candidiasis. In this work, our results showed that
phloretin alleviated the lesion severity and the
inflammatory infiltration of tongue tissues caused
by C. albicans in the murine model of oral candi-
diasis. Furthermore, no tissue necrosis was
observed in the phloretin-treated tongue tissues
of mice, suggesting low toxicity to in vivo cells.
Phloretin might provide an effective approach in
C. albicans infection treatment of oral candidiasis.

Conclusion

Phloretin exerted antifungal activity by repressing the
biofilm formation, yeast-to-hyphae transition, and
the secretion of protease as well as phospholipase
in vitro. The results were confirmed by the reversal
of the enhanced lesion severity, inflammatory infil-
tration, and the increased CFU counts of C. albicans
in tongue tissues of oral candidiasis mice in vivo.
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