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Flavonoids are a class of phenolic compounds commonly found in fruits, vegetables, grains, flowers, tea, and wine. They differ in
their chemical structures and characteristics. Such compounds show various biological functions and have antioxidant, antimi-
crobial, anti-inflammatory, and antiapoptotic properties. The aim of this study was to evaluate the in vitro interactions of
flavonoids with fluconazole against Candida tropicalis strains resistant to fluconazole, investigating the mechanism of syner-
gism. Three combinations formed by the flavonoids (�)-catechin hydrated, hydrated quercetin, and (�)-epigallocatechin gallate
at a fixed concentration with fluconazole were tested. Flavonoids alone had no antifungal activity within the concentration range
tested, but when they were used as a cotreatment with fluconazole, there was significant synergistic activity. From this result, we
set out to evaluate the possible mechanisms of cell death involved in this synergism. Isolated flavonoids did not induce morpho-
logical changes or changes in membrane integrity in the strains tested, but when they were used as a cotreatment with flucona-
zole, these changes were quite significant. When evaluating mitochondrial damage and the production of reactive oxygen species
(ROS) only in the cotreatment, changes were observed. Flavonoids combined with fluconazole were shown to cause a significant
increase in the rate of damage and the frequency of DNA damage in the tested strains. The cotreatment also induced an increase
in the externalization of phosphatidylserine, an important marker of early apoptosis. It is concluded that flavonoids, when com-
bined with fluconazole, show activity against strains of C. tropicalis resistant to fluconazole, promoting apoptosis by exposure of
phosphatidylserine in the plasma membrane and morphological changes, mitochondrial depolarization, intracellular accumula-
tion of ROS, condensation, and DNA fragmentation.

Yeasts are the most common opportunistic agents in fungal
infections of immunocompromised patients, and new fungal

pathogens have emerged over the last decade (1, 2). Throughout
the last 20 years, the most commonly isolated yeasts from systemic
fungal infections have been species of Candida (3). The National
Network of Health Security reports that Candida spp. are the third
most common cause of bloodstream infections associated with
intensive care units in the United States (4).

Among invasive fungal infections, Candida tropicalis has been
reported in the literature to be a major non-albicans Candida spe-
cies causing fungemia in patients with malignancies (5, 6). In Bra-
zil, C. tropicalis is a common agent in hospitals (5). A survey per-
formed in hospitals from northeast Brazil showed that, among
cultures positive for Candida, C. tropicalis was the second most
commonly isolated species. This scenario can be explained by the
higher level of resistance of non-albicans Candida species (C.
tropicalis, C. glabrata, C. parapsilosis, and C. krusei) to certain an-
tifungal drugs in comparison to that of C. albicans (7–9).

The emergence of antimicrobial resistance and the limited ef-
ficacy of current antifungal agents have motivated the exploration
for new drugs with relatively low toxicity that can reduce the
chances of developing resistance (10–12).

Natural resources, such as plants, microorganisms, and inver-

tebrates, provide sources for the discovery of potential bioactive
molecules (12, 13). According to the World Health Organization
(WHO), more than 80% of people use traditional medicines,
mostly derived from plants and their by-products, to treat infec-
tious diseases (12, 14).

Natural products from plants have recently attracted scientific
interest for their antifungal properties (15, 16). Research in this
field may lead to the development of drugs effective against patho-
genic fungi (17, 18). Flavonoids (FLAV) are a group of natural
substances with various phenolic structures garnering consider-
able scientific and therapeutic interest (Fig. 1). These compounds
are widely distributed in nature and have diverse biological activ-
ities, such as antioxidant, antimicrobial, anti-inflammatory, and
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antiapoptotic properties, which have been observed for (�)-cat-
echin hydrate (CATEQ), quercetin hydrate (QUERC), and (�)-
epigallocatechin gallate (EPIG) (19–21).

The aim of the current study was to evaluate and compare the
synergistic effects of catechin, quercetin, and epigallocatechin gal-
late with fluconazole in fluconazole-resistant strains of C. tropica-
lis via broth microdilution susceptibility tests, flow cytometry as-
says, and single-cell gel electrophoresis (alkaline comet assay) to
investigate whether the synergism promotes yeast death through
apoptosis.

MATERIALS AND METHODS
Isolates. We used six fluconazole-resistant strains of C. tropicalis (22).
The strains were inoculated onto Sabouraud dextrose agar (HiMedia,
Mumbai, India) and incubated at 35°C for 24 h. They were then sown
onto CHROMagar Candida (HiMedia, Mumbai, India) to assess their
purity.

Antifungal susceptibility testing and drug interaction evaluation.
Broth microdilution (BMD) susceptibility testing was performed accord-
ing to Clinical and Laboratory Standards Institute (CLSI) document
M27-A3 (23) using RPMI broth (pH 7.0) buffered with 0.165 M morpho-
linepropanesulfonic acid (MOPS; Sigma Chemicals, St. Louis, MO) (23).
Fluconazole (Merck Sharp & Dohme, São Paulo, Brazil) was dissolved
with distilled water, and solutions of CATEQ, QUERC, and EPIG (Sigma
Chemicals) were prepared in dimethyl sulfoxide (DMSO; Sigma Chemi-

cals). All solutions were stored at �20°C until further use. Fluconazole
was tested over the concentration range of 0.125 to 64 �g/ml, and the
flavonoids CATEQ, QUERC, and EPIG were tested over the concentra-
tion range of 0.25 to 128 �g/ml. The 96-well culture plates were incubated
at 35°C for 24 h, and the results were read visually, as recommended by the
CLSI (2012) (24). The MIC was the concentration that inhibited 50% of
fungal growth. The in vitro drug interactions were evaluated according to
the MIC, and the strains were classified as susceptible (S), susceptible dose
dependent (SDD), or resistant (R). The cutoff points for C. tropicalis
susceptibility to fluconazole were as follows: S, MIC � 2 �g/ml; SDD,
MIC � 4 �g/ml; and R, MIC � 8 �g/ml (24).

After determining the MIC50 of each drug by itself, the checkerboard
technique was applied (22, 24, 25). Thus, the strains were exposed to
various concentrations (0.125 to 64 �g/ml) of fluconazole in combination
with flavonoids (0.25 to 128 �g/ml). The results were read visually, and
the MIC50 values were determined at 24 h. Synergistic interactions were
assessed by calculating the fractional inhibitory concentration index
(FICI); FICI � ([FLC]/[CFS]) � ([FLAC]/CFlaS), where [FLC] and
[FLAC] are the concentrations of fluconazole and flavonoids that showed
activity when combined, respectively, and [CFS] and [CFlaS] are the con-
centrations of these drugs with activities in isolation, respectively. This
interpretation was performed according to the FICI value, where a FICI
value of �0.5 indicates synergism (SYN), 0.5 � FICI � 4.0 indicates
indifference (IND), and a FICI value of �4.0 indicates antagonism
(ANT). The strains C. parapsilosis ATCC 22019 and C. krusei ATCC 6258
were used as controls (22, 24).

FIG 1 Chemical structures of the flavonoids (�)-epigallocatechin gallate (a), (�)-catechin hydrated (b), and hydrated quercetin (c).
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Cell treatments. For flow cytometry and comet assay experiments,
single strains of fluconazole-resistant C. tropicalis were exposed to in-
creasing concentrations (0.25 to 128 �g/ml) of the tested flavonoids, each
combined with various concentrations (0.125 to 64 �g/ml) of flucona-
zole, for 24 h. Also, fluconazole-susceptible strains were treated with flu-
conazole (64 �g/ml) for 24 h at 35°C (26–28). Amphotericin B (Sigma
Chemicals) was used as a cell death control, as its toxic effects induce
apoptotic cell death in yeasts, characterized by the occurrence of nuclear
chromatin condensation and fragmentation and the accumulation of re-
active oxygen species (ROS) (29, 30). All experiments were performed in
triplicate in three independent experiments.

Preparation of yeast cell suspensions. Yeast cell suspensions were
prepared from cultures in exponential growth phase. The cells were har-
vested, centrifuged (1,600 � g for 10 min at 4°C), washed twice with a
0.85% saline solution (1,200 � g for 5 min at 4°C), and then resuspended
(	106 cells/ml) in HEPES buffer from Sigma Chemicals supplemented
with 2% glucose at pH 7.2 (22, 28).

Determination of cell density and membrane integrity. The cell den-
sity and membrane integrity of the fungal strains were evaluated by the
exclusion of 2 �g/ml propidium iodide (PI). Aliquots removed after 24 h
of incubation with drugs were analyzed using flow cytometry. Ten
thousand events were evaluated per experiment (n � 3), and cell debris
was omitted from the analysis. Cell fluorescence was determined using
flow cytometry in a Guava EasyCyte minisystem cytometer (Guava
Technologies, Inc., Hayward, CA) with CytoSoft (version 4.1) soft-
ware (22, 31, 32).

Detection of ROS in yeast. For the detection of ROS produced over a
24-h culture period, cells were incubated with 20 �M 5-(and-6)-chloro-
methyl-2=,7=-dichlorodihydrofluorescein diacetate acetyl ester (CM-
H2DCFDA) for 30 min in the dark at 35°C. Subsequently, the cells were
harvested, washed, resuspended in phosphate-buffered saline (PBS), and
immediately analyzed by flow cytometry (Guava EasyCyte minisystem;
Guava Technologies, Inc., Hayward, CA). CM-H2DCFDA readily diffuses
through the cell membrane, and it is hydrolyzed by intracellular esterases
to form nonfluorescent dichlorofluorescein (DCFH), which is then rap-
idly oxidized to highly fluorescent 2=,7=-dichlorofluorescein (DCF) by any
one of a broad range of intracellular oxidative stressors, aside from H2O2

(33). The fluorescence intensity of the DCF formed is proportional to the
amount of ROS formed intracellularly (34).

Measurement of ��m. The mitochondrial transmembrane potential
(
�m) was determined by measurement of the retention of rhodamine-
123 dye by fungal strains after 24 h of exposure. Cells were washed with
PBS, incubated with rhodamine-123 (1 �g/ml) at 37°C for 30 min in the
absence of light, and washed twice with PBS. Fluorescence was then mea-
sured using flow cytometry (Guava EasyCyte minisystem). Ten thousand
events were evaluated per experiment (n � 3), and cell debris was omitted
from the analysis (22, 35).

Yeast comet assay. The alkaline comet assay was performed essentially
as described by Miloshev et al. (2002) (36). Up to 200 �l of 0.5% agarose
(normal melting point) was spread onto slides, and this supportive aga-
rose layer was air dried before the application of cell suspensions onto the
slides. Yeast cells were collected by centrifugation in an Eppendorf micro-
centrifuge for 5 min, washed with water, and resuspended in S buffer (1 M
sorbitol, 25 mM KH2PO4, pH 6.5). Aliquots of approximately 5 � 104

cells/ml were mixed with 0.7% low-melting-point agarose containing 2
�g/ml Zymolyase 20T (Seikagaku Corp.), and the mixture was spread
over the slides, covered with coverslips, and incubated for 20 min at 30°C
to disintegrate the yeast cell walls and obtain spheroplasts. To minimize
the activity of endogenous cellular enzymes, all further procedures were
conducted in a cold room at 8 to 10°C. The coverslips were removed, and
the slides were incubated in 30 mM NaOH, 1 M NaCl, 0.1% laurylsar-
cosine, 50 mM EDTA, pH 12.3, for 1 h to lyse the spheroplasts. The slides
were rinsed three times for 20 min each time in 30 mM NaOH, 10 mM
EDTA, pH 12.4, to unwind the DNA and then subjected to electrophoresis
in the same buffer. The electrophoresis was carried out for 20 min at 0.5

V/cm and 24 mA. After electrophoresis, the slides were neutralized by
submerging the slides in 10 mM Tris-HCl, pH 7.5, for 10 min, followed by
consecutive 10-min incubations in 76% and 96% ethanol. Finally, the
slides were air dried, stained with ethidium bromide (1 �g/ml), and visu-
alized under a fluorescence microscope (31). All of the steps described
above were conducted under dark conditions to prevent additional DNA
damage. Images of 100 randomly selected cells (50 cells from each of the
two replicate slides) were analyzed for each experimental group. The cells
were scored visually and assigned to one of five classes, according to the
tail length (from undamaged [score, 0] to maximally damaged [score, 4]),
and a damage index value was calculated for each sample of cells. The
damage index ranged from 0 (completely undamaged, 100 cells � 0) to
400 (maximum damage, 100 cells � 4) (37). The frequency of tailed cells,
a DNA damage frequency indicator, was calculated on the basis of the
number of cells with tails (indicating DNA strand breaks) versus the num-
ber of cells with no tails (22).

Annexin V staining. Treated and untreated C. tropicalis cells were
harvested by centrifugation and digested with 2 mg/ml Zymolyase 20T
(Seikagaku Corp., Japan) in potassium phosphate buffer (PPB; 1 M sor-
bitol, pH 6.0) for 2 h at 30°C. Protoplasts of C. tropicalis were stained with
fluorescein isothiocyanate (FITC)-labeled annexin V and PI using an
FITC-annexin V apoptosis detection kit (Guava Nexin kit; Guava Tech-
nologies, Inc., Hayward, CA). Subsequently, cells were washed with PPB
and incubated in annexin binding buffer containing 5 �l/ml FITC-an-
nexin V and 5 �l of PI for 20 min. The cells were then analyzed by flow
cytometry (Guava EasyCyte minisystem). For each experiment (n � 3),
10,000 events were evaluated, and cell debris was omitted from the anal-
ysis (38).

Leukocyte isolation and cultures. Blood was collected from healthy,
nonsmoker donors who had not taken any drugs for at least 15 days prior
to sampling and placed in heparin, and leukocytes were isolated using
density gradient centrifugation over Histopaque-1077. The protocols ap-
plied for isolation of leukocytes from whole blood were approved by the
Ethics Committee in Research of the Federal University of Ceara (47/
2013). Cells were washed and resuspended in RPMI 1640 medium sup-
plemented with 20% fetal bovine serum, 2 mM glutamine, 100 U/ml
penicillin, 100 �g/ml streptomycin (Invitrogen, Carlsbad, CA) at 37°C
under a 5% CO2 atmosphere. Phytohemagglutinin (2%; Cultilab, Campi-
nas, SP, Brazil) was added at the start of the cultures. After 24 h, cells were
treated with the test compounds, as reported by Cavalcanti and coworkers
(39).

Flavonoid toxicity to leukocytes. The cytotoxicity of the tested com-
pounds to leukocytes was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma Chemicals, St.
Louis, MO) (40). Briefly, cells were plated in 96-well plates (1.5 � 106

cells/ml). Compounds were dissolved in 1% DMSO (Sigma Chemical) at
0.19 to 100 �g/ml, and the resulting solutions were added to wells. After
72 h of exposure, the supernatant was replaced by fresh medium contain-
ing MTT (0.5 mg/ml). After 3 h, the MTT formazan product was dissolved
in DMSO and the absorbance was measured at 595 nm (Beckman Coulter
DTX-880 spectrometer) (39).

Statistical analysis. The experiments measuring susceptibility, the in
vitro profiles of synergism, and expression were repeated at least three
times on different days. Arithmetic means and standard deviations were
used to statistically analyze continuous variables (FICI). The geometric
means were used to compare the MIC50 results statistically. The data
obtained by flow cytometry were compared using one-way analysis of
variance (ANOVA), followed by the Newman-Keuls test (P � 0.05).
The data obtained by the MTT assay are presented as means � stan-
dard errors of the means. Fifty percent inhibitory concentration (IC50)
values and 95% confidence intervals (CIs) were obtained by nonlinear
regression using the GraphPad program (Intuitive Software for Sci-
ence, San Diego, CA).
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RESULTS
Synergistic effect of flavonoids and fluconazole. The fluconazole
susceptibility profiles of the C. tropicalis strains were assessed us-
ing the microdilution technique previously described (23). Table
1 shows that there was no variation in the susceptibility of the
different strains tested with fluconazole. All strains studied
showed MIC50 values of 64 �g/ml. The synergism between fla-
vonoids and fluconazole was determined using the checkerboard
technique, in which the association of flavonoids with fluconazole
showed a synergistic effect on fluconazole-resistant strains and
exhibited FICIs ranging from 0.25 to 0.38 �g/ml (a synergistic
effect is an FICI of �0.5).

Cell treatments. When the fluconazole-resistant strains were
exposed to various concentrations (0.25 to 128 �g/ml) of fla-
vonoids combined with various concentrations (0.25 to 16 �g/ml)
of fluconazole for 24 h at 35°C, the best synergistic effect was
achieved with 128 �g/ml of flavonoids combined with 16 �g/ml of
fluconazole.

Loss of cell viability after cotreatment with flavonoids and
fluconazole in C. tropicalis. As shown in Fig. 2, the exposure of
fluconazole-resistant strains to fluconazole did not cause a reduc-
tion in the number of viable cells compared to that for the control.
However, cells treated with fluconazole in combination with fla-
vonoids after 24 h of exposure showed a significant decrease (P �
0.05) in cell density: 18.47% � 27.71% for catechin hydrate,
23.95% � 3.32% for quercetin hydrate, and 8.33% � 11.28% for
epigallocatechin gallate compared to that for the control group.

Changes in cell size/granularity by synergism of flavonoids
and fluconazole. Flow cytometry analysis (side scatter [SSC]-for-
ward light scatter [FSC]) showed that resistant strains treated with
fluconazole underwent cell shrinkage and nuclear condensa-
tion, as evidenced by the decrease in forward light scattering
and a transient increase in side scattering, respectively. Inter-
estingly, in all fluconazole-resistant C. tropicalis strains evalu-
ated, changes in cell size/granularity were observed only after 24 h
of exposure to fluconazole (16 �g/ml) in combination with fla-
vonoids (Fig. 3).

C. tropicalis plasma membrane damage. Figure 4 shows the

membrane integrity damage induced by the synergistic action of
fluconazole plus (�)-catechin hydrate, quercetin hydrate, or (�)-
epigallocatechin gallate in strains of C. tropicalis resistant to flu-
conazole. Treatment with fluconazole plus flavonoids (24 h of
exposure) resulted in damage to the plasma membrane. Yeast cells
treated with fluconazole in combination with the tested fla-
vonoids for 24 h showed a significant increase (P � 0.05) in the
population with membrane damage compared to the population
with membrane damage in the control group (1.7% � 0.58%):
39.43% � 2.41% for catechin hydrate, 19.52% � 1.27% for quer-
cetin hydrate, and 13.61% � 1.45% for epigallocatechin gallate.

Increased intracellular ROS generation induced by cotreat-
ment with flavonoids and fluconazole in C. tropicalis. In C.
tropicalis resistant to fluconazole, increases (P � 0.05) in ROS
levels were observed only in cultures coexposed to fluconazole (16
�g/ml) and the tested flavonoids (128 �g/ml) (Fig. 5).

TABLE 1 Synergistic effect of fluconazole with CATEQ, QUERC, and EPIG against strains of Candida tropicalis resistant to fluconazole

C. tropicalis
straina

MIC50 (�g/ml)b FLC-FLAV interaction

Standardc Combinationd FICI

InterpretationeFLC
CATEQ, QUERC,
and EPIG

CATEQ �
FLC 16

QUERC �
FLC 16

EPIG �
FLC 16e

CATEQ �
FLC

FICI QUERC �
FLC

FICI EPIG �
FLC

1 64 �128 16 0.50 0.50 0.38 0.25 0.25 SYN
2 64 �128 �0.25 �0.25 �0.25 0.25 0.25 0.25 SYN
3 64 �128 �0.25 �0.25 1.0 0.25 0.25 0.26 SYN
4 64 �128 0.25 0.25 0.50 0.25 0.25 0.25 SYN
5 64 �128 0.25 0.25 �0.25 0.25 0.25 0.25 SYN
6 64 �128 0.25 �0.25 �0.25 0.25 0.25 0.25 SYN
a Yeasts isolated from biological samples.
b FLC, fluconazole. The MIC50 value was defined as the lowest concentration that produced a 50% reduction in the growth of fungal cells after a 24-h incubation.
c The procedure was performed according to the CLSI M27-A3 2008 protocol (23). Fluconazole concentrations ranged from 64 to 0.125 mg/liter, and flavonoid concentrations
varied from 128 to 0.25 mg/liter.
d The concentration of fluconazole was fixed at 16 mg/liter (FLC 16), and the flavonoid concentrations varied from 128 to 0.25 mg/liter. The synergistic effect of fluconazole and
flavonoids was calculated on the basis of the FICI, which is equal to ([FLC]/[CFS]) � ([FLAC]/CFlaS), where [FLC] and [FLAC] are the concentrations of fluconazole and
flavonoids that showed activity when combined, respectively, and [CFS] and [CFlaS] are the concentrations of these drugs with activities in isolation, respectively.
e Interpretation was performed according to the value of FICI. An FICI of �0.5 is synergism (SYN), 0.5 � FICI � 4.0 is indifference (IND), and an FICI of �4.0 is antagonism
(ANT).

FIG 2 Effects of the different treatments on the viability of fluconazole (FLC)-
resistant cells of C. tropicalis evaluated by flow cytometry after 24 h. Cells were
treated with RPMI (negative control), amphotericin B (Ampho; 4 �g/ml; pos-
itive control), CATEQ, QUERC, and EPIG (128 �g/ml), fluconazole (64 �g/
ml), and a fixed concentration of CATEQ, QUERC, and EPIG (128 �g/ml)
with fluconazole (16 �g/ml). The data are presented as mean values � SEMs
from experiments performed in triplicate.
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Phosphatidylserine externalization in C. tropicalis. In Fig. 6,
the population of cells in the lower right and upper right quad-
rants corresponds to early apoptotic cells (annexin V positive,
7-aminoactinomycin D [7AAD] negative) and late apoptotic cells
(annexin V positive, 7AAD positive), respectively, with phospha-
tidylserine being externalized. After 24 h of exposure, the percent-
age of cells with externalized phosphatidylserine (the sums of early
and late apoptotic stages) after a single treatment with the fla-
vonoids (�)-catechin hydrate, quercetin hydrate, and (�)-epi-
gallocatechin gallate and cultures treated only with fluconazole
were very close to that for the negative-control cultures (0.14% �
0.01%): 4.5% � 1.2%, 4.5% � 2.40%, 4% � 2.42%, and 1.16% �

1.2%, respectively. After 24 h of incubation, yeast cultures co-
treated with fluconazole and the tested flavonoids, (�)-catechin
hydrate, quercetin hydrate, and (�)-epigallocatechin gallate,
showed a significant increase (P � 0.05) in the apoptotic cell per-
centages compared to the percentage for the control group
(0.14% � 0.01%): 36.5% � 8.22%, 46.5% � 18.8%, and 53% �
10.9%, respectively. The association between fluconazole and the
tested flavonoids clearly induced cell death at a level similar to that
for amphotericin B, which was used as a positive control.

Cotreatment with flavonoids and fluconazole induces mito-
chondrial dysfunction. The strains of C. tropicalis cotreated with
fluconazole (16 �g/ml) and flavonoids (128 �g/ml) showed mi-

FIG 3 Analysis of changes in cell size/granularity (forward scatter-side scatter) in the presence of RPMI (negative control), amphotericin B (4 �g/ml; positive
control), fluconazole (64 �g/ml), CATEQ, QUERC, and EPIG (128 �g/ml), and a fixed concentration of CATEQ, QUERC, and EPIG (128 �g/ml) with
fluconazole (16 �g/ml) in isolated fluconazole-resistant C. tropicalis for a period of 24 h.
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tochondrial dysfunction, characterized by reduction of the mito-
chondrial transmembrane potential (
�m) after 24 h of exposure
(Fig. 7).

DNA damage induced by cotreatment with flavonoids and
fluconazole or single treatments in C. tropicalis. Figure 8 shows
the DNA damage induced by the synergistic action of fluconazole
plus (�)-catechin hydrate, quercetin hydrate, or (�)-epigallocat-
echin gallate on strains of C. tropicalis resistant to fluconazole. The
individual analysis of single cells regarding the distribution of
grades of DNA damage (Fig. 8A) showed that the flavonoids in-
duced low levels of DNA damage (mainly grade 1). Moreover,

corroborating that, cultures treated with single flavonoids alone
did not suffer DNA damage, as evidenced by the means of the
damage index and frequency (Fig. 8B and C). In contrast, C. tropi-
calis coexposure to fluconazole and the tested flavonoids for 24 h
resulted in a significant increase (P � 0.05) in DNA strand break
levels (Fig. 8A to C). Cells treated with fluconazole in combination
with the flavonoid (�)-catechin hydrate, quercetin hydrate, or
(�)-epigallocatechin gallate for 24 h exhibited damage index val-
ues (arbitrary units) of 64.38 � 2.15, 74.62 � 3.15, and 61.48 �
2.56, respectively, and damage frequencies of 36.95% � 3.17%,
31.83% � 0.21%, and 29.42% � 0.10%, respectively. Amphoter-

FIG 4 Effect of the different treatments of fluconazole for a period of 24 h on membrane integrity (determined by a PI exclusion test) in isolated fluconazole-
resistant C. tropicalis. Cells were treated with RPMI (negative control), amphotericin B (4 �g/ml; positive control), fluconazole (64 �g/ml), CATEQ, QUERC,
and EPIG (128 �g/ml) at a fixed concentration, and a fixed concentration of CATEQ, QUERC, and EPIG (128 �g/ml) with fluconazole (16 �g/ml) *, P � 0.05
compared to the control by ANOVA followed by the Newman-Keuls test.
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icin B, used as a positive control, induced high levels of DNA
strand breaks.

Cytotoxic activity of flavonoids in leukocytes. Table 2 shows
that the flavonoids quercetin and epigallocatechin gallate hydrate
showed moderate cytotoxicity against human leukocytes, as ana-
lyzed by the MTT assay, compared with the results for the control
group (P � 0.05). However, catechin hydrate showed no cytotox-
icity when treated alone or in combination with fluconazole when
cytotoxicity was compared to that for the control.

DISCUSSION

Our findings suggest a potential synergistic effect of the combina-
tion of fluconazole with the tested flavonoids. Hirasawa and
Takada (41) observed that various catechins present in green tea
have significant antifungal activities when combined with anti-
fungal drugs. Several recent studies have shown that epigallocat-
echin has antifungal activity against dermatophytes and yeasts as a
single treatment or combined with other antifungal agents and
can be applied as an alternative antifungal agent for fungal species

FIG 5 Percentages of DCF fluorescence-positive cells (indicating ROS pro-
duction) in isolated fluconazole-resistant C. tropicalis after treatment with
RPMI (negative control), amphotericin B (4 �g/ml; positive control), flucona-
zole (64 �g/ml); CATEQ, QUERC, and EPIG (128 �g/ml) at a fixed concen-
tration, and a fixed concentration of CATEQ, QUERC, and EPIG (128 �g/ml)
with fluconazole (16 �g/ml) *, P � 0.05 compared to the control by ANOVA
followed by the Newman-Keuls test.

FIG 6 Phosphatidylserine externalization, indicating early-stage apoptosis, shown by annexin V staining. The intensity of the fluorescence indicates the amount
of exposed phosphatidylserine on cells treated with fluconazole (64 �g/ml), CATEQ, QUERC, and EPIG (128 �g/ml), amphotericin B (4 �g/ml; positive
control), and a fixed concentration of CATEQ, QUERC, and EPIG (128 �g/ml) with fluconazole (16 �g/ml) for 24 h. *, P � 0.05 compared to the control by
ANOVA followed by the Newman-Keuls test. PE, phycoerythrin.
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resistant to traditional drugs (15, 19, 42). In our study, (�)-epi-
gallocatechin gallate alone showed no antifungal activity, but
when combined with fluconazole, it showed a synergistic effect
against strains of C. tropicalis resistant to fluconazole. These find-
ings corroborate those reported by Hirasawa and Takada (41),
whose strains of C. albicans resistant to fluconazole demonstrated
sensitivity to the combination of epigallocatechin gallate with flu-
conazole, suggesting that this combination might be useful in
treating superinfections (43). Several antimicrobial effects have
been observed for quercetin (44, 45). However, little is known
about the antifungal activity of this flavonoid. The present data
show that quercetin has no activity when used as a single treat-
ment, but when combined with fluconazole, quercetin demon-
strated a potent synergistic effect against strains of C. tropicalis
resistant to fluconazole.

The molecular basis of the fluconazole resistance of the C.
tropicalis strains investigated in the present study is currently un-
known. However, on the basis of what is known for other charac-
terized strains, we can speculate that it may involve the overex-
pression of efflux pumps encoded by either MDR or CDR genes or
the acquisition of point mutations in the gene encoding ERG11
(46).

When cells were exposed to fluconazole combined with the
flavonoids (�)-catechin hydrate, quercetin hydrate, and (�)-epi-

gallocatechin gallate in the presence of a PI, a major portion of the
cells became PI positive in comparison to the results for the con-
trol cultures. The increased PI uptake in the cells of fluconazole-
resistant C. tropicalis treated with flavonoids and fluconazole
demonstrates that these combinations can change the cell mem-
brane structure, resulting in the loss of plasma membrane integ-
rity in fungal cells and causing increased permeability. A study by
Toyoshima et al. (47) described a similar mechanism of action of
catechin against isolates of Trichophyton mentagrophytes through
electron microscopy and suggested that catechin may act by lysing
the cell membrane (41). This may explain the fact that cells treated
with fluconazole combined with catechin showed greater damage
to the membrane.

Fungal cells treated with the proposed synergistic combination
showed increased levels of ROS, leading to the generation of hy-
droxyl radicals. Although ROS act as signal transducers, when
accumulated in cells in the form of hydrogen peroxide, superox-
ide, and hydroxyl radicals, ROS are considered essential regulators
of aging and have been reported to be a key element in the apop-
tosis of yeast (48–50). The synergistic interactions observed in this
study indicate a probable prooxidant activity of flavonoids, which
may be responsible for the induction of transcription factors as-
sociated with apoptosis and related to increased levels of proapo-
ptotic proteins, mitochondrial injury, and ROS generation, as well
as accelerated oxidative damage to DNA, proteins, and carbohy-
drates in vitro (51–53).

The flavonoids (�)-catechin hydrate, quercetin hydrate, and
(�)-epigallocatechin gallate, when combined with fluconazole,
promoted changes in the mitochondrial membrane potential.
Tests verified mitochondrial dysfunction in the treated cells, sug-

FIG 7 Histograms obtained by flow cytometry analysis of green fluores-
cence (GRN-XLog) of fluconazole-resistant C. tropicalis. The fluorescence of
the cells shows the effects of different treatments on the mitochondrial trans-
membrane potential in strains exposed for 24 h to RPMI (negative control),
amphotericin B (4 �g/ml; positive control), fluconazole (64 �g/ml), CATEQ,
QUERC, and EPIG (128 �g/ml) at a fixed concentration, and a fixed con-
centration of CATEQ, QUERC, and EPIG (128 �g/ml) with fluconazole
(16 �g/ml).

FIG 8 Effects of different treatments on the distribution of damage classes (grades [G] 0 to 4) of DNA caused by fluconazole after 24 h of exposure. The yeasts
were exposed to RPMI (negative control), fluconazole (64 �g/ml), CATEQ, QUERC, and EPIG (128 �g/ml), amphotericin B (4 �g/ml; positive control), and a
fixed concentration of CATEQ, QUERC, and EPIG (128 �g/ml) with fluconazole (16 �g/ml) for 24 h. *, P � 0.05 compared to the control by ANOVA followed
by the Newman-Keuls test.

TABLE 2 Cytotoxic activity of flavonoids on leukocytesa

Compound

Leukocyte IC50 (�g/ml�1)

Without FLC With FLC

QUER 17.45 (14.34–21.24) 14.97 (13.06–17.17)
EPIG 41.98 (38.57–51.68) 40.42 (34.90–43.06)
CATEQ �100 �100
FLC �100
a Fluconazole (FLC) was used as a positive control. Data are presented as IC50 values
and 95% CIs (in parentheses) from three independent experiments performed in
triplicate.
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gesting that the synergistic combinations affect the mitochondrial
respiratory function, preventing rhodamine-123 from accumu-
lating in the mitochondria (35). Such a 
�m collapse can lead to
transient pore openings in the mitochondrial membrane and the
release of proapoptotic factors into the cytosol (50, 54). This fact
can be explained by the ability of flavonoids to exhibit a prooxi-
dant activity (52, 53) that favors increased intracellular levels of
hydroxyl radicals that lead to mitochondrial membrane damage.
Hwang et al. (55) showed that the flavonoid amentoflavone pro-
motes mitochondrial dysfunction in C. albicans strains due to in-
creased levels of ROS. Therefore, the flavonoids used synergisti-
cally with fluconazole in the present study seemed to indirectly
promote the mitochondrial dysfunction as a result of increased
levels of ROS. The increased intracellular ROS levels and mito-
chondrial dysfunction play an important role in apoptosis induc-
tion (48, 49, 56).

The treatment of C. tropicalis strains in this study with flucona-
zole plus flavonoids promoted DNA damage. However, the com-
bination of fluconazole with quercetin hydrate showed greater
damage to the DNA than the other combinations. This is clearly
because quercetin, which exhibits two aromatic rings in its struc-
ture, can penetrate the phospholipid membranes (43, 57, 58) due
to the hydrophobic nature of the molecule. However, with treat-
ment with the combination of fluconazole and epigallocatechin
gallate, a greater number of cells showed some type of DNA dam-
age, regardless of the degree of injury. Condensation and extensive
DNA fragmentation are features that often occur in the early
stages of apoptosis, representing an irreversible step that leads to
cell death (50, 59, 60).

The detection of apoptosis at an early stage can be determined
using annexin V as a marker. In the presence of Ca2�, annexin
binds with a high affinity to the phosphatidylserine present in the
membranes of apoptotic cells (50). Our experimental evidence
indicates that the combination of flavonoids with fluconazole in-
duces apoptotic cell death in C. tropicalis, in which the generation
and intracellular accumulation of reactive oxygen species seem to
act as stimulators of early apoptosis signaling, in addition to di-
rectly damaging the mitochondria and the nuclear DNA. These
data corroborate the results of Hwang et al. (50) and Cho and Lee
(49), who found similar characteristics of cell death in yeasts
treated with antimicrobial peptides.

The synergistic effect of fluconazole with flavonoids promotes
exposure of the phosphatidylserine in the plasma membrane,
changes in cell size/granularity, mitochondrial membrane de-
polarization, intracellular ROS accumulation, and DNA fragmen-
tation in fluconazole-resistant strains of C. tropicalis. Based on the
characteristics of cell death observed, we hypothesize that the pro-
posed synergism exerts its antifungal activity via increased intra-
cellular ROS, resulting in apoptosis.

The use of (�)-catechin hydrate alone or in association with
fluconazole did not cause any cytotoxic effects on cultured periph-
eral human leukocytes (IC50 � 100). Corroborating our findings,
Babich et al. (61) reported that catechin exhibited a lower toxicity
than other compounds derived from catechin against HSC-2 car-
cinoma cells and HGF-2 fibroblasts. Although additional tests,
such as reproductive toxicity analysis and mutagenesis evaluation,
must be performed, the present results show that (�)-catechin
hydrate plus fluconazole is probably safe for use for treatment of
acute infections in vivo. In summary, the results suggest that the
flavonoid (�)-catechin hydrate has potential as an adjuvant agent

in combination with antifungals for the treatment of candidemias,
although a study with a higher number of strains would be re-
quired to establish this conclusion.

In conclusion, combinations of the flavonoids (�)-catechin
hydrate, quercetin hydrate, or (�)-epigallocatechin gallate with
fluconazole demonstrated antifungal activity against strains of
fluconazole-resistant C. tropicalis in vitro. Despite changing the
plasma and mitochondrial membrane integrity, the synergism
also seemed to interact with the DNA, leading to death by apop-
tosis, possibly due to the intracellular accumulation of ROS. The
flavonoid catechin hydrate showed no toxicity toward the leuko-
cytes.
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