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Quercetin Sensitizes Fluconazole-Resistant Candida albicans To
Induce Apoptotic Cell Death by Modulating Quorum Sensing
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Quorum sensing (QS) regulates group behaviors of Candida albicans such as biofilm, hyphal growth, and virulence factors.
The sesquiterpene alcohol farnesol, a QS molecule produced by C. albicans, is known to regulate the expression of virulence
weapons of this fungus. Fluconazole (FCZ) is a broad-spectrum antifungal drug that is used for the treatment of C. albicans in-
fections. While FCZ can be cytotoxic at high concentrations, our results show that at much lower concentrations, quercetin
(QC), a dietary flavonoid isolated from an edible lichen (Usnea longissima), can be implemented as a sensitizing agent for FCZ-
resistant C. albicans NBC099, enhancing the efficacy of FCZ. QC enhanced FCZ-mediated cell killing of NBC099 and also in-
duced cell death. These experiments indicated that the combined application of both drugs was FCZ dose dependent rather than
QC dose dependent. In addition, we found that QC strongly suppressed the production of virulence weapons— biofilm forma-
tion, hyphal development, phospholipase, proteinase, esterase, and hemolytic activity. Treatment with QC also increased FCZ-
mediated cell death in NBC099 biofilms. Interestingly, we also found that QC enhances the anticandidal activity of FCZ by in-
ducing apoptotic cell death. We have also established that this sensitization is reliant on the farnesol response generated by QC.
Molecular docking studies also support this conclusion and suggest that QC can form hydrogen bonds with GIn969, Thr1105,
Ser1108, Argl109, Asn1110, and Gly1061 in the ATP binding pocket of adenylate cyclase. Thus, this QS-mediated combined sen-
sitizer (QC)-anticandidal agent (FCZ) strategy may be a novel way to enhance the efficacy of FCZ-based therapy of C. albicans

infections.

C andidiasis is a prevalent fungal infection caused by species of
the yeast genus Candida. There are more than Candida 20
species, the most common of which is Candida albicans. Candidi-
asis is the fourth most common cause of health care-associated
bloodstream infections in India and the United States (1). This
yeast normally lives on the skin and mucous membranes without
causing infection. However, overgrowth of these microbes can
cause superficial mycoses, invasive mucosal infections, and dis-
seminated systemic disease, particularly in AIDS patients, trans-
plant recipients, and other immunocompromised people (2, 3). It
is well documented that the emergence of drug-resistant C. albi-
cans is increasing at an alarming pace (4-6). Therefore, the need
for effective anticandidal therapy is increasing, as the available
drugs are still very restricted.

Currently available therapies for candidiasis are based on anti-
fungal drugs including azoles, echinocandins, and inhibitors of
calcineurin, Hos2 deacetylase, and Hsp90 (7-10). Fluconazole
(FCZ) is most widely used to treat candidiasis infections because
of its high bioavailability and low toxicity (11-13). However, ex-
cessive and indiscriminate clinical use of FCZ has led to the emer-
gence of multiple-drug-resistant (MDR) strains of C. albicans (5,
14, 15). Importantly, these MDR strains occur at frequencies
higher than mutation rates and, consistent with this, seem to be
genetically identical to the drug-sensitive microbe. Hence, there is
an urgent need to develop new effective and safe anticandidal
therapeutics to reduce the high mortality rate due to invasive in-
fections and to combat these fungal diseases.

The concept of selectively sensitizing human cancer cells to
death induced by a variety of anticancer drugs has been fully jus-
tified. However, in the case of pathogenic microorganisms such as
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C. albicans, it has still not been studied. It is less well known that C.
albicans uses cell-to-cell chatting or quorum sensing (QS) signal-
ing for biofilm formation or to produce a wide array of virulence
factors, including biofilm and hypha formation (16). These viru-
lence factors are primary sources of MDR development and inva-
sive infections because they are difficult or impossible to eradicate
with conventional anticandidal agents (17). Most infectious dis-
eases are caused by C. albicans cells that proliferate within QS-
mediated biofilms (16, 18, 19).

The sesquiterpene alcohol farnesol, a QS molecule, is capable
of blocking the yeast-to-hyphal/pseudohyphal (filament) switch,
biofilm formation, and other virulence factors that are the focus of
intense study because of their role in C. albicans pathogenesis (18,
20). There is therefore a pressing need to develop novel antifungal
therapy based on QS that can possibly sensitize C. albicans to con-
ventional drugs, particularly FCZ. Efforts to regulate QS have en-
abled the identification of bioactive molecules produced by plants
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FIG 1 Effects of eUSE and FCZ on NBC099 survival. (A) Time-kill curves determined by colony counting. Cells were exposed to various concentrations of eUSE
and FCZ. Data at the respective time points are mean cell counts (log,, cells/ml) of the starting inoculum (CFU/ml) * the standard deviations of three
independent experiments. (B) Growth inhibition as examined by the disc diffusion method. Pellets harvested from the mid-log phase were resuspended in NSS.
A 100-pl volume of suspended cells was spread uniformly on an SD agar plate, and a presterilized disc (6 mm) was placed on it. Subsequently, QC and FCZ were
loaded for 24 h of incubation at 30°C. For each treatment, six experiments were performed.

(21). Recently, several studies have shown that dietary phyto-
chemicals inhibit QS-dependent biofilm formation in various hu-
man-pathogenic bacteria (22-27). Hence, it seems logical to target
QS signaling to overcome therapy resistance, which can be a
promising target for C. albicans cell sensitization to drugs by using
dietary phytochemicals for combined chemotherapy.

Thus, the goal of the present study was to determine whether
QS regulation by the dietary flavonoid quercetin (QC), isolated
from an edible lichen (Usnea longissima), could sensitize C. albi-
cans to FCZ. We used FCZ-resistant C. albicans strain NBC099 to
determine the effects of FCZ and QC on its functionality. In-
creased farnesol production was the key mechanism by which QC
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FIG 2 Impact of eUSE and FCZ on NBC099 cell death. (A) Cells were treated with various amounts of eUSE and FCZ for the times indicated. Cell death was
examined by using MTT dye. All data were normalized to the MTT conversion activity of medium-treated control cells. Each value is the mean = the standard
deviation of three independent experiments. (B) Treated cells were harvested and processed with the LIVE/DEAD cell viability kit (Life Technologies) as
described in the manufacturer’s protocol. Live SYTO 9-stained green cells and dead PI-stained red cells were visualized by LSCM with an LSM-510 META (Zeiss,
Munich, Germany) with FITC (excitation and emission wavelengths of 480 and 500 nm) and tetramethyl rhodamine isothiocyanate (excitation and emission

wavelengths of 490 and 635 nm) optical filters, respectively.

enhanced FCZ-mediated cell death in C. albicans. Such novel find-
ings can generate great enthusiasm in the therapeutic microbiol-
ogy community for the development of next-generation antican-
didal therapies.
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MATERIALS AND METHODS

Strains, cultures, reagents, and plant sample. C. albicans strain NBC099
and the ACzfl mutant were routinely cultured in modified Sabouraud
dextrose (SD) medium (1% yeast extract, 2% peptone, 2% dextrose, and
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for solid medium 2% agar) at pH 6.5 and incubated at 30°C. FCZ (MP
Biomedicals, India) and QC (Sigma-Aldrich, St. Louis, MO) were dis-
solved in dimethyl sulfoxide (DMSO; Merck, Darmstadt, Germany). The
edible lichen U. longissima was collected from the Govind Wildlife Sanc-
tuary, Uttaranchal, India, in May 2013.

Preparation of NBC099 SCS. A small amount of stock culture was
inoculated onto SD agar containing chloramphenicol with a sterile loop
and incubated at 30°C for 24 to 48 h. The cells were then harvested and
suspended in sterile phosphate-buffered saline (PBS; Gibco) at an optical
density (600 nm) of 0.5. The final suspension was adjusted to contain 1 X
107 cells/ml; this was called the standard cell suspension (SCS).

Anticandidal activity assay. A disc diffusion method was used to de-
termine anticandidal activity. Briefly, 5 ml of mid-log- or exponential-
phase growth of NBC099 was centrifuged at 6,000 rpm for 10 min at 4°C.
The pellets were then washed with sterile 1 X PBS and resuspended in 500
wl of normal saline solution (NSS). A 100-pl volume of the suspended
cells was spread uniformly on agar culture medium, and a presterilized
disc (6 mm) was placed on it. Ethanolic U. longissima extract (eUSE), QC,
or FCZ was then loaded onto the discs and incubated for 24 h at 30°C.

Time-kill curve assay. A growth curve assay was performed according
to a protocol of Li et al. (3). Cells were grown to exponential phase in
liquid medium and harvested, and an SCS was made by suspending the
cells in fresh SD broth medium. Different concentrations of eUSE, QC, or
FCZ were added. Cells were cultured at 30°C with constant shaking (180
rpm) and counted at different time intervals. No drug supplementation
was used in the control group.

Cell viability assay. SYTO 9 and propidium iodide (PI) staining was
used to examine NBC099 cell death. Briefly, cells (2 X 10°/ml) were ex-
posed to eUSE, QC, or FCZ and washed in PBS. The cells were then fixed
in appropriate buffer, PBS for live cells and 70% isopropanol alcohol for
dead cells, at room temperature for 30 min. Cells were washed again twice
in PBS. Cell viability was assessed with the LIVE/DEAD cell viability stain-
ing kit (Life Technologies). The SYTO 9 (20 mM) and PI (20 mM) stain
stock solutions were added, and staining was allowed to progress for 15
min. Live SYTO 9-stained cells and dead PI-stained cells were visualized
by laser scanning confocal microscopy (LSCM) with an LSM-510 META
(Zeiss, Munich, Germany) with fluorescein isothiocyanate (FITC; excita-
tion and emission wavelengths of 480 and 500 nm, respectively) and te-
tramethyl rhodamine isothiocyanate (excitation and emission wave-
lengths of 490 and 635 nm, respectively) optical filters, respectively. In
addition, the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO) was fur-
ther used to assess cell viability. One hundred microliters of exponentially
grown NBC099 SCS was seeded onto a commercially available, presteril-
ized, flat-bottom 96-well polystyrene microtiter plate (Axiva, New Delhi,
India) and grown in the presence of QC or FCZ at 30°C for the times
required. A 100-pl volume of MTT was added to the cells (0.5 mg/ml,
dissolved in SD broth), and they were incubated for 4 h at 30°C. The
culture medium was then aspirated, and the cells were further incubated
for 15 min with 100 wl of acidic isopropanol (0.09 N HCI) to dissolve the
formazan crystals. The A, of the MTT formazan produced was mea-
sured. All data were normalized to the MTT conversion activity of
medium-treated control cells.

Assessment of biofilm formation. Biofilms of NBC099 were grown in
the presence or absence of QC or FCZ on presterilized glass coverslips in
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sterile SD broth medium for 48 h under aseptic and humid conditions.
Biofilm growth and development were examined by LSCM with an LSM-
510 META (Zeiss, Munich, Germany) equipped with an argon laser and a
helium-neon laser for excitation of fluorophores. After incubation for 48
h, cells were fixed with 70% isopropanol for 10 min at 30°C and then
washed twice with PBS. Cell viability in biofilm cultures was assessed by
staining with the LIVE/DEAD cell viability staining kit (Life Technolo-
gies) as recommended by the manufacturer. The staining of cells and their
subsequent visualization were done as described above in the cell viability
section. Biofilm formation on a microtiter dish was further assayed.
Briefly, NBC099 SCS (150 wl) was pipetted into a 96-well flat-bottom
microplate. A 50-pl volume of QC or FCZ was then added, and the plate
was incubated at 30°C for 48 h. The medium was discarded, and cells were
sterilized by adding 70% ethanol to each well for 1 min. The wells were
subsequently washed twice by immersion in distilled water, and cells at-
tached to the wells were stained by adding 125 wl of a 0.1% crystal violet
(CV) solution for 15 min. After drying, 150 pl of isopropanol containing
0.04 N HCl and 50 pl of 0.25% sodium dodecyl sulfate (SDS) were added
to each well of the microplate. In order to extract CV from the cells, the
solution was mixed with a plate mixer for 30 s and the A5, was measured.

GC-MS analysis. Before gas chromatography-mass spectrometry
(GC-MS) analysis, the compound was silylated as described by Proestos
and Komaitis (28). The silylated sample was applied to a model DSQ II
GC-MS system (Thermo Scientific) equipped with a TR 50-MS capillary
column (30 m by 0.32 mm [inside diameter]) coated with material at a
film thickness of 0.25 pwm. The injector was set at 250°C, and the detector
was set at 290°C. GC was performed at a split ratio of 10:1 for 10 min. The
temperature program was as follows: 50°C for 1 min and then increase at
20°C/min to 310°C and hold for 15 min. A postrun temperature of 70°C
for 10 min was sufficient for the next injection, and the flow rate of the
carrier gas (helium) was maintained at 1.0 ml/min. Compound identifi-
cation was achieved by comparing retention times with those of reference
compounds. The spectral data were obtained from National Institute of
Standards and Technology library. The experiment was carried out in
duplicate.

Hyphal development. Mid-log-phase growth of NBC099 was diluted
to obtain an SCS in culture medium containing 10% heat-inactivated fetal
bovine serum (FBS), and various concentrations of QC were added. Cells
were grown at 30°C for 72 h. Aliquots of cells were visualized by differen-
tial interference contrast microscopy and photographed.

Quantification of extracellular virulence factors of NBC099. To de-
termine phospholipase activity, the egg yolk agar method described by
Samaranayake et al. (29) was used. Briefly, 1 M NaCl, 0.005 M CaCl,, and
10% sterile egg yolk were autoclaved separately and then used to supple-
ment SD agar medium. Ten microliters of NBC099 SCS was placed on a
prepoured SD agar plate and incubated at 30°C for 5 days. Enzyme activity
was determined by the formation of a precipitated dark brown zone
around the inoculum. To determine proteinase activity, we used bovine
serum albumin agar medium (0.1% KH,PO,, 0.05% MgSO,, 2% agar, 1%
bovine serum albumin) and adjusted the final pH of the medium to 4.5 +
0.2. Ten microliters of NBC099 SCS was inoculated and incubated at 30°C
for 5 days. The presence of proteinase activity was determined by the forma-
tion of a transparent halo zone around the inoculum. Tween 80 opacity test
medium (1% peptone, 0.5% NaCl, 0.01% CaCl,, 1.8% agar) at pH 6.8 + 0.2
was used to determine esterase activity. Tween 80 (0.5%) was added to the

FIG 3 Identification of QCin eUSE. (A) Methanolic extract of eUSE was dissolved in water and then partitioned successively with chloroform, dichloromethane,
ethyl acetate, and butanol. Only EAE was found to be effective against NBC099 when applied with FCZ. Then EAE and the reference compound were subjected
to TLC with silica gel 60G F,, plates (20 by 10 cm; 0.25 mm) by elution with toluene-ethyl acetate-formic acid (7.5:2:0.5) and visualized under UV at 254 (a) and
366 (b) nm. Quantification of the compound was done with a model 3 CAMAG TLC scanner with CAMAG winCATS IV software and QC (lanes 1) and EAE
(lanes 2 and 3) as reference compounds. (¢) RP-HPLC with a C, 5 column was also used for EAE. Compound separation was achieved with methanol-H,O-acetic
acid (60:39:1) as the mobile phase at a flow rate of 1.0 ml/min. The arrow shows the position of QC. (B) Identification of purified fraction by HPTLC under UV
lightat 254 (a) and 366 (b) nm and RP-HPLC (c). Lanes: 1, reference compound QG; 2, purified fraction. GC-MS analysis. (C) The purified fraction was subjected
to silylation, and its molecular weight of 637 was measured at 16.90 min. (D) Production of fragmented ions. The inset shows the molecular weight (MW) of

purified compound and its important ions identified during GC-MS analysis.
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medium. Ten microliters of NBC099 SCS was carefully inoculated onto the
Tween 80 opacity test medium and incubated at 30°C for 5 days. The forma-
tion of a halo zone around the inoculation site was considered positive proof
of esterase activity. To determine hemolytic activity, SD broth was supple-
mented with 7% sheep blood and 3% glucose and the final pH was adjusted to
5.6 = 0.2. Fifty microliters of NBC099 SCS was added to 5 ml of culture broth
and incubated at 30°C for 48 h. Decolorization of the red medium was con-
sidered positive confirmation of hemolytic activity.

Extraction and quantitation of farnesol. Briefly, 5 ml of SD broth
containing different concentrations of QC was inoculated with NBC099
SCS and incubated at 30°C for 48 h on a New Brunswick Scientific G52
shaker at 150 rpm. The supernatant was separated by centrifugation at
10,000 rpm for 20 min. Filtrates were sterilized by vacuum filtration (Pall
Corporation) through 0.45-pm cellulose nitrate filters and then extracted
thrice with a one-fifth volume of ethyl acetate (Merck, Darmstadt, Ger-
many). Ethyl acetate was removed under reduced pressure on a rotary
evaporator (Tokyo Rikakikai Inc., Tokyo, Japan) and then lyophilized
with a freeze dryer (Labconco). The residue was resuspended in absolute
ethanol and stored at 4°C until use. Separation of farnesol was obtained by
thin-layer chromatography (TLC) on silica gel-precoated 60G F,5, TLC
plates (Merck, India) with a mobile phase of toluene-ethyl acetate-formic
acid (7.5:2:0.5). Farnesol was simultaneously quantified with a CAMAG
model 3 TLC scanner equipped with CAMAG winCATS IV software.

SEM. An exponentially growing NBC099 culture (2 X 10° cells) was
treated with QC or FCZ. Cells were harvested after incubation for 48 h,
washed twice with PBS, and fixed in 2.0% glutaraldehyde (prepared in 0.1
M phosphate buffer, pH 7.0). The cells were then postfixed in 1% osmium
tetroxide buffer. After dehydration in a graded ethanol series, cells were
embedded in spur resin and cut into thin sections with an ultrami-
crotome. The section grids were stained with saturated solutions of uranyl
acetate and lead citrate. Scanning electron microscopy (SEM) was per-
formed at a magnification of X10,000 (JEOL, Tokyo, Japan).

Apoptosis assay. Fluorescence microscopy was used to analyze apop-
totic cell death. Briefly, exponentially growing C. albicans cultures (1 X 10°
cells) were grown on glass coverslips (Nunc-LabTek; Nunc, Naperville,
IL) in the absence or presence of QC or FCZ for 48 h at 30°C. Following
treatment, cells were washed twice with PBS and incubated with mono-
clonal antibody CK18 (1:100) for detection of apoptosis by LSCM.

In silico docking studies. Docking studies were performed with Dis-
covery Studio v2.5 software. Adenylate cyclases from Trypanosoma brucei
(Protein Data Bank code 1FX2) as the receptor and QC (PubChem CID
5280343) as the ligand were considered. Discovery Studio v2.5 included
scoring functions such as LigScorel & 2 (polar surface in receptor-ligand
interactions), PLP1 & 2 (hydrogen bond formation), Jain (hydrophobic
interactions), PMF (protein-ligand binding free energy), Ludi (degree of
freedom), and Dock score. QC was docked into the active site of the
receptor by using the Ligand Fit option. The docked pose with lower
energy was recorded.

Statistical analyses. All statistical analyses were performed with the
Student # test, and P < 0.01 was considered the significance level.

RESULTS

Ethanolic extract of U. longissima sensitizes FCZ-resistant
NBC099 to cell death. Air-dried and finely ground plant matter
(50 g) was extracted with methanol (750 ml for 12 h) at room
temperature; this process was repeated three times, and combined
extracts were evaporated under reduced pressure in a rotary evap-
orator (Tokyo Rikakikai Inc., Tokyo, Japan) and then lyophilized
(Labconco) to obtain dry residue (eUSE; 5.6 g). We examined
whether eUSE could sensitize FCZ-resistant C. albicans NBC099
to cell death in the presence of the antifungal drug FCZ. In orthog-
onal experiments, we incubated NBC099 with various concentra-
tions of eUSE (1, 3, and 5 mg/ml dissolved in DMSO) and FCZ
(15, 30, and 60 pg/ml) for 48 h and measured cell killing and
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viability. Our results specified that the synergistic effect of both
depended on the concentration of FCZ but not that of eUSE. More
specifically, 5 mg/ml eUSE alone had almost no cell killing effect and
60 pg/ml FCZ alone had a weak effect, but this effect was enhanced
significantly when eUSE and FCZ were mixed together (Fig. 1A and
B). Interestingly, the cell killing effect of eUSE plus FCZ was enhanced
when the concentration of FCZ was increased even though the con-
centration of eUSE remained unchanged. In contrast, increasing the
concentration of eUSE did not enhance the synergistic cell killing
potential when the concentration of FCZ remained unchanged
(see Fig. SI in the supplemental material at https://docs.google.com
/document/d/18UTEqWtPbnI9YCrE19HU4k653vkgNPHSbw-x
CBMr854/edit). Similarly, the combination of eUSE and FCZ was found
to inhibit NBC099 cell viability, which was further confirmed by the
MTT assay (Fig. 2A) and LSCM (Fig. 2B). Overall, these results suggested
that FCZ along with eUSE had great anticandidal activity; however, eUSE
acts as a sensitizer of FCZ-resistant C. albicans NBC099 to cell death.

eUSE contains QC as a sensitizer of NBC099 cells. Next, we
sought to identify the phytochemical in eUSE that could be respon-
sible for its sensitizing action. For this, eUSE was dissolved in distilled
water and then partitioned successively with chloroform (which pro-
duced chloroform extract [CE]), dichloromethane (which produced
dichloromethane extract [DCME]), ethyl acetate (which produced
ethyl acetate extract [EAE]), and butanol (which produced butanol
extract [BE]). The chloroform- and dichloromethane-partitioned
fractions were concentrated to give residues of 0.11 g (CE) and 0.074
g (DCME), respectively. Similarly, the ethyl acetate and butanol frac-
tions were also concentrated to give residues of 2.12 g (EAE) and 2.37
g (BE), respectively. All of the fractions were tested for anticandidal
activity against NBC099, and only EAE showed anticandidal activity
when combined with FCZ (see Fig. S2 in the supplemental material at
https://docs.google.com/document/d/18UTEqWtPbnl9YCrE19HU
4k653vkgNPHSbw-xCBMr854/edit). EAE was applied to silica gel-
coated 60G F,5, TLC plates (Merck; 20 by 10 cm, 0.25 mm) and
separated by elution with toluene-ethyl acetate-formic acid (7.5:2:
0.5). The developed plates were overlaid with NBC099-seeded SD
agar medium along with FCZ and incubated for 24 h at 30°C (data
not shown). The spot corresponding to a growth inhibition zone was
identified as a flavonoid, QC, which was confirmed by high-perfor-
mance TLC (HPTLC; CAMAG, Muttenz, Switzerland) and C g re-
versed-phase high-performance liquid chromatography (RP-HPLC;
Shimadzu, Kyoto, Japan) with toluene-ethyl acetate-formic acid (7.5:
2:0.5) (Fig. 3A, a and b; see Fig. S3A in the supplemental material at
https://docs.google.com/document/d/18UTEqWtPbnI9YCrE19HU
4k653vkgNPHSbw-xCBMr854/edit) and methanol-H,O-acetic acid
(60:39:1.0; 1.0 ml/min) (Fig. 3A, c), respectively, as the mobile phase.
The spot was recovered and again subjected to HPTLC and RP-
HPLC, which confirmed the presence 0f0.21% QC (Fig. 3B, a to c; see
Fig. S3B in the supplemental material at https://docs.google.com
/document/d/18UTEqWtPbnI9YCrE19HU4k653vkgNPHSbw-x
CBMr854/edit). In addition to HPTLC and HPLC analyses, we fur-
ther performed GC-MS analysis through silylation of the purified
compound on GC-MS (Thermo Scientific model DSQ II) equipped
with a TR 50-MS column (30 m by 0.32 mm [inside diameter])
coated with material at a film thickness of 0.25 pm. The results con-
firmed the presence of QC (Fig. 3C and D), and the major ions iden-
tified were at 559, 575, and 647 m/z (Fig. 3D, inset), which was con-
sistent with previously reported data (28).

Enhanced production of farnesol by QC inhibited the pro-
duction of virulence factors. Farnesol has been described as a QS
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FIG 4 Effects of QC on farnesol production. Supernatant was collected from QC-treated or untreated broth culture of NBC099 cells and extracted thrice with
a one-fifth volume of ethyl acetate. The solvent was removed, and the residue was resuspended in absolute ethanol and applied to silica gel 60G F,s, plates.
Separation of farnesol was obtained with a solvent system consisting of toluene-ethyl acetate-formic acid (7.5:2:0.5), and the results were quantified by HPTLC
with CAMAG winCATS 1V software. Panels: A, UV at 254 nm; B, overlapping spectra; C, quantified contents of farnesol versus concentrations of QC (inset,
incubation times). Each value is the mean result = the standard deviation of two independent experiments.
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FIG 5 Inhibition of hypha formation by QC. (A) A mid-log-phase culture of NBC099 was diluted to 1 X 10° cells/ml with SD broth medium containing 10%
FBS and exposed to various concentrations of QC. Cells were grown at 30°C for 72 h. Aliquots were placed on slides, visualized by differential interference contrast
microscopy, and photographed at a magnification of X40. (B) Aliquots of NBC099 (1 X 10° cells/ml) were placed on glass slides and grown for 72 h at 30°C under
aseptic and moist conditions. The cells were washed with PBS and stained with 0.2% CV solution for 5 min at room temperature. The cells then were dried,
visualized by differential interference contrast microscopy, and photographed at a magnification of X20. (C) Graph of percent inhibition of hypha formation
versus various concentrations of QC. Each value is the mean result * the standard deviation of three independent experiments.

molecule secreted by C. albicans that is able to regulate group NBC099 culture medium after QC treatment. HPTLC analysis
behaviors, like virulence, competence, conjugation, antibiotic data revealed that exposure of QC to NBC099 induced extracellu-
production, and biofilm formation (30). We were interested in  lar farnesol production in a concentration-dependent manner, as
determining if farnesol production would be enhanced in indicated by increasing band density (Fig. 4A to C). The highest
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FIG 6 Inhibitory effect of QC on the production of virulence factors. (A) To determine phospholipase activity, SD agar medium containing 10% sterile egg yolk
was inoculated with 10 pl of a mid-log-phase NBC099 cell culture and incubated for 5 days. The presence of enzyme activity was determined by the formation
of a precipitated dark brown zone around the inoculum. Proteinase activity was determined with bovine serum albumin agar. Ten microliters of an active culture
of NBC099 was inoculated onto the plates and incubated for 5 days. The presence of proteinase activity was determined by the formation of a transparent halo
zone around the inoculum. Tween 80 opacity test agar medium was used to examine esterase activity. NBC099-inoculated medium was incubated for 5 days, and
the formation of a halo zone around the inoculation site was considered positive proof of esterase activity. To determine hemolytic activity, SD broth containing
7% sheep blood and 3% glucose was inoculated with 5 ml of active culture of NBC099. After 48 h of incubation, decolorization of the red medium was considered
positive proof of hemolytic activity. (B) Percent reduction of virulence factor activity in the absence or presence of QC. Each value is the mean result * the
standard deviation of six independent experiments.
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FIG 7 Inhibition of biofilm formation by QC. (A) NBC099 cells were grown on glass coverslips under aseptic and humid conditions in the presence or absence
of QC. Degrees of biofilm formation were assessed in terms of cell viability in biofilm cultures with the LIVE/DEAD cell viability kit (Life Technologies). Live
SYTO 9-stained cells were visualized by LSCM with an FITC (excitation and emission wavelengths of 480 and 500 nm) filter. (B) Cells grown on glass slides were
washed with PBS and stained with 0.2% CV solution for 5 min at room temperature. After the cells were dried, biofilm formation was visualized by differential
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concentration of farnesol (209 wM) was detected in 200 pg/ml
QC-treated NBC099 filtrate after 48 h of incubation. It was ~10
times that of the untreated control (20.1 wM). Separation of
farnesol on silica gel 60 F,5; TLC plates (Merck, India) was
achieved by using a mobile phase of toluene-ethyl acetate-formic
acid (7.5:2:0.5).

Next we examined whether QC could inhibit hypha formation
by NBC099 cells, for which we incubated them with different QC
doses and examined the samples by phase-contrast microscopy
(Leica) to detect a switch between yeast morphology and hyphal
morphology, a key virulence factor. QC significantly suppressed
hypha formation in a concentration-dependent manner (Fig. 5A).
The CV staining experiment further confirmed the 100% hypha
formation inhibition by QC, compared to the untreated control
(Fig. 5B and C). Farnesol can also affect the expression of virulence
factors such as phospholipase, proteinase, esterase, and hemoly-
sin, which are reported to facilitate the proliferation and pathoge-
nicity of C. albicans (14). Further, SD agar medium supplemented
with different amounts of QC and incubated for 5 days showed
inhibition of phospholipase, proteinase, and esterase activities
(Fig. 6A). Similarly, inhibition of hemolytic activity was also ob-
served in QC-treated cells (Fig. 6A). Hypha formation and expres-
sion of virulence factors were completely blocked by QC at 200
pg/ml (Fig. 6B), indicating the reduction of C. albicans pathoge-
nicity by QC.

QC inhibited farnesol-dependent biofilm formation in
NBC099. Biofilm formation is an important factor in C. albicans
pathogenesis and involves attachment, colonization, and the de-
velopment of resistance to therapeutic drugs (31). Therefore, we
were quite interested in examining whether QC could inhibit bio-
film formation by NBC099. Cells were treated with QC and exam-
ined for inhibition of biofilm formation by LSCM. Almost com-
plete inhibition was observed when cells were exposed to 200
pg/ml QC (Fig. 7A). Moreover, inhibition of biofilm formation
was also confirmed by CV staining under phase-contrast micros-
copy (Fig. 7B) and quantified spectrophotometrically (Fig. 7C). A
thick biofilm coating was observed in untreated controls, whereas
a visible reduction in numbers of microcolonies was observed in
the biofilms of QC-treated NBC099. In addition, QC deteriorated
the architecture of the biofilm, which was evident from SEM anal-
ysis (Fig. 7D). The antibiofilm activity of QC was concentration
dependent. A number of studies revealed that farnesol disrupts
biofilm formation by C. albicans (20, 30). Consistent with this
notion, we detected about 95% inhibition of the biofilm forma-
tion in culture medium treated with farnesol compared to the
untreated control (Fig. 7E). Next, we sought to determine if the
antibiofilm activity of QC was related to farnesol induction. To do
this, we used a farnesol-deficient ACzfI mutant strain of C. albicans.
The results revealed that QC does not exhibit antibiofilm potential

Quercetin Sensitizes Candida albicans

(see Fig. S4 in the supplemental material at https://docs.google.com
/document/d/18UTEqWtPbnl9YCrE19HU4k653vkgNPHSbw-x
CBMr854/edit). This clearly suggests that biofilm formation is in-
hibited as a result of farnesol production upon exposure to QC.

Sensitivity to FCZ, a standard drug routinely used to treat C.
albicans infections, was also assessed. The cell viability staining
results showed that biofilms grown in the presence of QC were
significantly more susceptible to FCZ (Fig. 7F). FCZ efficiently
penetrated and killed the cells in QC-treated biofilms, leaving
8% = 10% of the cells alive., while in the non-QC-treated control,
only 10% * 15% of the cells were killed by FCZ. QC-treated
planktonic NBC099 cells were 2 to 3 orders of magnitude more
sensitive to FCZ (data not shown).

QC sensitizes FCZ-resistant NBC099 by inducing apoptotic
cell death. It is apparent that fungus cells, like cancer cells, also
undergo sensitization to cell death and to apoptosis by dietary
phytochemicals. Considering the extent to which dietary phyto-
chemicals trigger important processes in many human cancer cell
lines, it is not be surprising that sensitization to cell death also
appears to be prevalent in diverse fungal species. We therefore
next checked whether QC-controlled, QS-dependent production
of virulence factors and biofilm formation sensitized NBC099
cells to FCZ-mediated cell death and apoptosis. Cells were treated
with QC and FCZ alone, as well as together. LSCM results showed
almost no cell death with QC alone, and FCZ alone had a weak
anticandidal effect; however, the percentage of PI-stained cells was
enhanced significantly when cells were treated with a combination
of QC and FCZ (Fig. 8A and B). In addition, we investigated
whether QC-FZC combination-mediated cell death could be a
result of apoptosis. Treated cells were labeled with M30 Cyto-
DEATH, an antibody that binds to a caspase-cleaved epitope of
the cytokeratin 18 cytoskeletal protein as a marker of apoptosis,
and examined by LSCM with a green filter. As shown in Fig. 8C,
exposure of cells to a combination of QC and FCZ resulted in
induction of apoptosis, in contrast to QC and FCZ alone and the
untreated control. SEM was also used to confirm the induction of
apoptotic cell death (Fig. 8D), and the results were generally con-
sistent with M30 CytoDEATH labeling. Interestingly, the antican-
didal effect of the combination of QC and FCZ was enhanced
when the concentration of FCZ was increased, while an increase in
the concentration of QC caused no enhancement when the con-
centration of FCZ remained unchanged (data not shown). The
dietary flavonoid QC therefore can be said to increase the suscep-
tibility of C. albicans cells to apoptotic cell death caused by FCZ at
the recommended dose of 60 pg/ml.

QCinhibition of adenylate cyclase activity confirmed by mo-
lecular docking. Silencing of the adenylate cyclase-encoding gene
cacdc35 in C. albicans, which is essential for hyphal growth, viru-
lence, and biofilm formation, has been found to establish vaginal

interference contrast microscopy and photographed. (C) NBC099 cells were grown in a 96-well flat-bottom microplate in the presence or absence of QC for 48
h. The medium was then discarded, and the cells were sterilized by adding 70% ethanol to each well for 1 min and washed twice with distilled water. Cells were
stained by adding 0.2% CV solution for 15 min. After the microplate was dried, isopropanol containing 0.04 N HCl and 0.25% sodium dodecyl sulfate was added
and the A5y, was measured. Results are expressed as percentages of inhibition relative to the control. Each value is the mean result = the standard deviation of
three independent experiments. (D and E) Exponentially growing NBC099 cells that had been exposed to QC (D) and farnesol (E) for 48 h were harvested,
washed, fixed in 2.0% glutaraldehyde, and then postfixed in 1% osmium tetroxide buffer. After dehydration in a graded ethanol series, the cells were embedded
in spur resin and sections were cut on an Ultramicrotome. The sectioned grids were stained with saturated solutions of uranyl acetate and lead citrate and
examined by SEM. (F) Sensitivity of QC-treated NBC099 biofilms to FCZ. NBC099 biofilms were grown in the absence or presence of QC. After 72 h, the biofilms
were exposed to FCZ for 36 h. Cell viability was assayed by staining with the LIVE/DEAD Cell Viability kit. PI-stained areas are dead cells, and SYTO 9-stained

areas are live cells, as analyzed by LSCM.
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FIG 8 Enhancement of FCZ-mediated apoptotic cell death by QC. (A) Exponentially growing NBC099 cells were treated with QC and FCZ, harvested, and
processed with the LIVE/DEAD cell viability kit (Life Technologies) as described in the manufacturer’s protocol. Live SYTO 9-stained green cells and dead
PI-stained red cells were visualized by LSCM with FITC (excitation and emission wavelengths of 480 and 500 nm) and tetramethyl rhodamine isothiocyanate
(excitation and emission wavelengths of 490 and 635 nm) optical filters, respectively. (B) Cells were treated with QC and FCZ for 48 h. Cell death was examined
with MTT dye. All data were normalized to the MTT conversion activity of medium-treated control cells. Each value is the mean = the standard deviation of three
independent experiments. (C) Exponentially growing NBC099 cells were grown on glass coverslips in the absence or presence of QC plus FCZ for 48 h at 30°C,
washed, and then incubated with monoclonal antibody CK18 (1:100) for detection of apoptosis by LSCM. (D) Cells were grown in the presence or absence of QC
and FCZ for 48 h and processed for SEM analysis as described in the legend to Fig. 7D. Cell death and apoptosis induced by QC plus FCZ, as indicated by the

circles, were examined by SEM.
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FIG 9 Molecular docking of the interaction between QC and adenylate cyclase. (A) 3D structure of QC. (B) Binding orientation of QC in adenylate cyclase. The
protein is depicted as a ribbon, and secondary structures (i.e., helix, strand, and loop) are shown. (C) Both QC and ligand contact residues are represented in stick

form.

infection in a mucosal membrane mouse model and produced
avirulence in a mouse model of systemic infection. Therefore,
adenylyl cyclase, a regulator of the cyclic AMP (cAMP) signaling
pathway, may be a useful target for anticandidal drugs (32). To
investigate the possible inhibitory action of QC on adenylate cy-
clase, we used information available from the X-ray crystal struc-
ture of T. brucei to model the three-dimensional (3D) structure of
the adenylate cyclase catalytic domain. We used the Discovery
Studio v2.5 docking program to see the interaction between the
protein and its ligand. Docking of QC in the putative ATP binding
pocket indicated that QC formed potential hydrogen bonds with
some catalytically important residues (GIn969, Thr1105, Ser1108,
Argl109, Asnl110, and Gly1061), which were the same residues
that appear to stabilize the flipped ATP through hydrogen bond-
ing and hydrophobic interactions (Fig. 9B and C). This structural
model revealed a substantial region of interaction with the ATP
active pocket for subsequent production of cAMP, which helps to
regulate developmental programs of C. albicans, including inva-
sive hyphal growth, phenotypic switching to a mating-competent
cell type, and biofilm formation (33). The calculated E,;,, 4,4 value
of QC was found to be —20.808 kcal/mol. These predicted results
are generally consistent with the experimental data.
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DISCUSSION

In this study, we examined the effect of QC isolated from U. lon-
gissima on FCZ-mediated apoptotic cell death in resistant C. albi-
cans strain NBC099. FCZ is undergoing clinical testing and has
been shown to have minimal toxicity (3, 34). Many strains of C.
albicans are resistant to FCZ therapy, while FCZ can be cytotoxic
at high concentrations (15, 35). We therefore aimed to sensitize
FCZ-resistant C. albicans strain NBC099 with QC. In this study,
we demonstrated that a combination of QC and FCZ strongly
induced apoptotic cell death in NBC099 cells by modulating QS
signaling.

First, we demonstrated that the viability of NBC099 was not
affected at 48 h after treatment with 200 pg/ml QC alone. We then
examined the viability of NBC099 cells after treatment with FCZ
alone and detected a weak effect up to 60 pg/ml. Our results were
similar to the previously published data that demonstrated the
resistance of C. albicans to 60 wg/ml FCZ (3). The sensitization of
human cancer cells by QC has been studied well in various carci-
noma cell lines (36-38), but the sensitization of human fungal
pathogens by QC has not been investigated. Upon combined
treatment with QC and FCZ, NBC099 cells showed strongly en-
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FIG 10 Possible mechanism by which QC induces FCZ-mediated apoptotic cell death in FCZ-resistant C. albicans NBC099. To summarize our research, QC
inhibited farnesol-mediated hyphal development, biofilm formation, and production of virulence factors in C. albicans NBC099 cells. Moreover, QC was found
to inhibit adenylate cyclase activity in NBC099, a key enzyme responsible for suppression of farnesol production. Later, QC increased the sensitization of NBC099
cells to FCZ, thereby inducing cell death and eventually apoptotic cell death.
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hanced cell death. A combination of QC and FCZ demonstrated a
positive synergistic action. Our results are very similar to those of
previous reports on combined treatment with tumor necrosis fac-
tors and QC, which has been successfully tested in various cancer
cell lines (39, 40).

QS isaregulatory process of gene expression and group behav-
ior in response to changes in cell population density. C. albicans is
one of the most prevalent human fungal pathogens that reside in
the commensal microbiota of the gastrointestinal tract and muco-
sal membranes (30). Its capacity to switch between budding and
hyphal growth is a key virulence factor (30). Production of viru-
lence factors regulated by QS signaling is a key weapon that causes
pathogenesis and developing resistance in C. albicans, with hypha
and biofilm formation as prominent members. Because hypha
and biofilm formation prevents cell death and apoptosis, a point
where QS converges, strategies targeting these virulence factors to
remove its inhibitory effect seem to be useful in overcoming the
drug resistance of C. albicans. Suppression of hypha and biofilm
formation and related genes has been demonstrated upon QC-
based nanomaterial treatment in C. albicans (41). We therefore
analyzed the effect of QC in FCZ-resistant NBC099 on the pro-
duction of virulence factors. Hypha and biofilm formation was
strongly suppressed in QC-treated NBC099 cells. Moreover, QC
was also able to inhibit the production of other key C. albicans
virulence factors, such as phospholipase, proteinase, esterase, and
hemolysin, which promote proliferation and invasion of host tis-
sue, degrade immunoglobulins, inhibit phagocytosis, and induce
inflammatory reactions (42, 43). These findings indicate that the
inhibition of hyphal growth, biofilm formation, and virulence en-
zymes and hemolytic activities can be a key mechanism of action
by which QC enhances FCZ-mediated apoptotic cell death in re-
sistant C. albicans.

We further identified a potential mechanism leading to farne-
sol-dependent apoptotic cell death and changes in virulence factor
expression by QC. Farnesol-treated NBC099 cells significantly in-
hibited yeast-to-mycelium conversion and biofilm formation.
Farnesol, a QS molecule, is released by C. albicans, which inhibits
hypha and biofilm formation as a mechanism of regulation (20,
44). Ramage and colleagues found that C. albicans biofilm density
and morphology were drastically altered by high concentrations of
farnesol, most likely as a direct consequence of the inhibitory ef-
fect of farnesol on the morphogenetic process (20). In addition,
farnesol has also been reported to induce apoptotic cell death and
cytotoxicity at certain concentrations in C. albicans via caspase
activation (45). In line with previous reports, the present study
demonstrated that the inhibitory effect of QC on virulence factor
production appears to result from induction of the QS molecule
farnesol, since the ACzfI mutation inhibited QC-mediated sup-
pression of biofilm formation in C. albicans. Other research
groups have also reported that Czf1 is required for filament and
biofilm inhibition by farnesol (18), which is in line with our results
because QC regulates morphology conversion and virulence be-
haviors and, along with FCZ, induces apoptotic cell death due to
increasing concentrations of farnesol. These results clearly suggest
that QC enhances farnesol-dependent inhibition of virulence fac-
tors, biofilm formation, and hypha development and eventually
induces apoptotic cell death.

To the best of our knowledge, no study exploring the interac-
tion between QC and adenylate cyclase has previously been pub-
lished. Adenylate cyclase is an enzyme that has key regulatory roles
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in C. albicans, affecting hyphal growth and drug resistance (32,
33). In addition to the effect of QC on the inhibition of virulence
factors and induction of apoptotic cell death, we have also studied
the possible interaction between QC and adenylate cyclase by us-
ing computational docking. The docking results showed the
strong molecular interactions between QC and the ATP binding
pocket of adenylate cyclase through the formation of hydrogen
bonds and hydrophobic and ionic interactions with the important
residues of the ATP binding pocket of adenylate cyclase, thus in-
hibiting the pathogenicity of C. albicans.

Conclusion. In this investigation, we demonstrated that QC
isolated from the edible lichen U. longissima potently enhances
FCZ-mediated apoptotic cell death by modulating QS signaling by
increasing the production of farnesol, which is known to coregu-
late hyphal development, biofilm formation, and virulence factor
production (Fig. 10).
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