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cells via endogenous ROS production (5, 15, 27). ROS produced by granulocytes or monocytes are known to exert activity
against fungi (9, 31). Furthermore, recent studies demonstrated that Candida albicans possesses an ROS scavenger,
superoxide dismutase; this suggests that fungi may require a
cytoprotective mechanism against not only exogenous ROS but
also endogenous, fungus-derived ROS (13, 17, 24). However,
whether ROS production contributes to the antifungal effects
of azoles is unclear. We therefore measured ROS production
in fungi to investigate the relationship between ROS and the
antifungal effect of miconazole.

Candidiasis is a life-threatening disease in patients with immune suppression. Azoles are used widely for the treatment of
candidiasis, but some clinical isolates show resistance (11, 28).
Further investigation of the mechanisms underlying the antifungal effects of azoles may aid in the development of new
treatment strategies.
Azoles exert a cytostatic or cytotoxic effect via inhibition of
synthesis reactions in the metabolic pathways of essential fungal cell membrane components including ergosterol (29, 30).
Their primary target is the cytochrome P450-catalyzed 14␣demethylation of ergosterol precursors. Mutations or overexpression of 14␣-demethylase, encoded by the ERG11 gene, as
well as changes in the ergosterol synthesis pathway reportedly
participates in the induction of resistance (14, 19, 20, 25).
Since it was found that miconazole, ketoconazole, and
deacetylated ketoconazole were inserted in a lipid layer (6) and
miconazole induced the release of K⫹ and intracellular ATP
from Candida species (3, 4, 7), these agents may cause direct
membrane damage.
Recent studies clarified that a decrease in drug concentration brought about by energy-dependent efflux pumps is usually involved in multidrug resistance including azole resistance
(1, 2, 16, 26). This pumping system closely resembles a system
in cancer cells based on the P-glycoprotein encoded by the
MDR-1 gene. Thus, common biologic mechanisms shared with
other eukaryotic cells are involved in the antifungal effects of
azoles.
In eukaryotic cells, mitochondria are common organelles
that represent an important source of reactive oxygen species
(ROS). Many cellular stresses such as irradiation and cytotoxic
drugs cause growth inhibition and the death of mammalian

MATERIALS AND METHODS
Strains and reagents. C. albicans (ATCC 24433), C. glabrata (ATCC 2001),
and C. tropicalis (ATCC 750) were used in this study. Each strain was initially
cultured in Sabouraud liquid broth, modified (Becton Dickinson Microbiology
Systems, Tokyo, Japan), at 35°C for 2 days and then cultured in Sabouraud
dextrose agar (Becton Dickinson Microbiology Systems) for 2 days and subjected
to the experiments. Four C. albicans and six C. glabrata isolates were freshly
isolated from patients admitted to Sapporo Medical University Hospital. These
clinical isolates were identified with a colorimetric plate (CHROMagar Candida;
Kanto Chemical Co. Ltd., Tokyo, Japan) and stored at ⫺70°C until the assay.
Miconazole (Mochida, Inc., Tokyo, Japan) and fluconazole (Pfizer, Inc., Tokyo,
Japan) were stocked at 2 and 10 mg/ml and appropriately diluted in buffered
(0.165 M morpholinepropanesulfonic acid [MOPS; pH 7.0; Sigma, St. Louis,
MO] buffer) RPMI 1640 medium (GIBCO BRL, Grand Island, N.Y.) at the time
of use. Pyrrolidinedithiocarbamate (PDTC; Sigma) was stocked at 0.1 M in
phosphate-buffered saline which did not contain calcium and magnesium
[PBS(⫺)] and appropriately diluted in buffered RPMI 1640 medium.
Determination of MICs. The MICs of the antifungal reagents were determined
with a colorimetric microdilution panel (ASTY; Kyokuto Pharmaceutical Industrial Co., Ltd., Tokyo, Japan), according to the instructions of the manufacturer
and by a previously described method (23). Briefly, 20 l of cells adjusted to a
McFarland 0.5 standard in RPMI 1640 medium was added to RPMI 1640
medium containing 17.5 g of resazurin per ml. Next, 500 l of the solution was
mixed with the medium that included the colorimetric reagent, and then 100 l
of the mixed solution was added to the wells of dried microdilution trays containing serial dilutions of the antifungal drugs. The plate was incubated at 35°C
for 48 h, and the MICs were determined by reading of the color in each well (with
a blue or purple color indicating the minimum concentration that inhibited
growth compared to the growth in the control well).
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We investigated the significance of endogenous reactive oxygen species (ROS) produced by fungi treated with
miconazole. ROS production in Candida albicans was measured by a real-time fluorogenic assay. The level of
ROS production was increased by miconazole at the MIC (0.125 g/ml) and was enhanced further in a
dose-dependent manner, with a fourfold increase detected when miconazole was used at 12.5 g/ml. This
increase in the level of ROS production was completely inhibited by pyrrolidinedithiocarbamate (PDTC), an
antioxidant, at 10 M. In a colony formation assay, the decrease in cell viability associated with miconazole
treatment was significantly prevented by addition of PDTC. Moreover, the level of ROS production by 10
clinical isolates of Candida species was inversely correlated with the miconazole MIC (r ⴝ ⴚ0.8818; P < 0.01).
These results indicate that ROS production is important to the antifungal activity of miconazole.
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RESULTS
ROS production in C. albicans treated with miconazole. Preceding measurement of the level of ROS production, we initially determined the MICs of miconazole using an ASTY
colorimetric microdilution panel. The MICs of miconazole
were lower for C. albicans (0.125 g/ml) than for C. glabrata
(0.25 g/ml) and C. tropicalis (2.0 g/ml). We measured the
endogenous level of ROS production induced by miconazole
using the highly sensitive species C. albicans. Various cell densities, as determined by measurement of the number of McFarland standard units, were prepared, and kinetic measurement of FI was performed until 24 h after administration of
fluorescent DCFH-DA. The increases in FI over time are
shown in Fig. 1. The linearity of ROS production was good for
times between 1 and 4 h after treatment, and the time point of
2 h was selected for subsequent experiments. The linearity of
ROS production was also good for samples at McFarland 0.5
to 8 standards (data not shown). ROS production was calculated by subtracting the FI for cells not treated with
DCFH-DA from the FI for cells treated with DCFH-DA. The
level of ROS production with miconazole treatment increased
in a dose-dependent manner, with a fourfold increase noted
with miconazole at 12.5 g/ml (Fig. 2A). Fluconazole treatment also augmented ROS production, although to a lesser
extent (Fig. 2B).
Effect of PDTC treatment on miconazole-related ROS production and antifungal effect in C. albicans. To investigate
whether ROS production is directly involved in the antifungal
effect of miconazole, we next examined the effect of an antioxidant on the net level of ROS production and antifungal
activity in miconazole-treated cells. The net ROS production
in cells induced by miconazole treatment was inhibited by
addition of the antioxidant PDTC in a dose-dependent manner, with complete inhibition occurring with 10 M PDTC
(Fig. 3). Without miconazole treatment, PDTC inhibited the
baseline level of ROS production 15 to 30%. We then exam-

FIG. 1. Amounts of ROS in miconazole-treated C. albicans cells.
Cells were treated with 1.25 g of miconazole per ml and incubated
with DCFH-DA for the indicated times. The level of ROS production
was calculated by subtracting the FI for samples treated with
DCFH-DA and that for cells not treated with DCFH-DA. Open circles, cells not treated with miconazole and incubated with DCFH-DA;
filled circles, cells treated with miconazole and incubated with DCFHDA; open squares, cells not treated with miconazole and not incubated
with DCFH-DA; filled squares, cells treated with miconazole and not
incubated with DCFH-DA. Each datum point represents the mean of
three independent samples.

ined whether PDTC treatment interferes with the antifungal
effect of miconazole. In a colony formation assay, miconazole
at the MIC caused a cytostatic effect (approximately 75% inhibition) at 4 days after treatment, as shown by an assay with an
ASTY colorimetric microdilution panel. PDTC treatment prevented a miconazole-induced colony-inhibitory effect in a
dose-dependent manner (Fig. 4).
ROS production in miconazole-treated clinical isolates.
Since treatment with antioxidant inhibited the cytostatic action
of miconazole, ROS may be an important mediator in the
exhibition of the antifungal effect of miconazole. We therefore
hypothesized that the miconazole sensitivities of clinical isolates can be estimated by determination of the level of ROS
production as well as the MIC. We examined the relationship
between the level of ROS production and miconazole sensitivity with 10 clinical isolates including C. albicans and C. glabrata.
ROS production was detected in all miconazole-treated cells,
with a strong inverse correlation (r ⫽ ⫺0.8818; P ⬍ 0.01)
between the MIC and the level of ROS production being
detected (Fig. 5).
DISCUSSION
Whether azole-treated fungi undergo growth inhibition and
cell death via ROS production is not clear. ROS appears to be
important, since fungi possess mitochondria. In this study we
have provided for the first time evidence that azole induces
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Colony formation assay. Drug sensitivity and the effect of the antioxidant
PDTC on the fungicidal activities of the drugs were determined by a colony
formation assay based on the macrodilution reference method (M27-A) of the
National Committee for Clinical Laboratory Standards. Briefly, cells adjusted to
a McFarland 0.5 standard with a reader (measurement at 530 nm; EAR 400;
SLT-Labinstruments GmbH, Salzburg, Austria) were diluted 1:1,000 in RPMI
1640 medium buffered with MOPS. Next, 1 ml of diluted solution in a 15-ml
polystyrene tube (Falcon) was treated with PDTC for 1 h or was left untreated
and then incubated with several concentrations of drugs for 1 to 4 days. After the
incubation, 20 l of appropriately diluted solution was used for colony formation
on Sabouraud dextrose agar (Becton Dickinson Microbiology Systems).
Measurement of ROS production. Endogenous amounts of ROS were measured by a fluorometric assay with 2⬘,7⬘-dichlorofluorescin diacetate (DCFHDA; Molecular Probes, Inc., Eugene, Oreg.). Briefly, the cells were adjusted to
a McFarland 0.5 standard in 10 ml of PBS(⫺) and centrifuged at 2,500 ⫻ g for
15 min. The cell pellet was then suspended in PBS(⫺) and treated with appropriately diluted PDTC for 1 h or was left untreated. After the incubation with
miconazole or fluconazole solution at 37°C for 1 h, 10 M DCFH-DA in PBS(⫺)
was added. The fluorescence intensities (FIs) of the resuspended cells were
measured with a Spectrafluor instrument (excitation, 485 nm, emission, 538 nm;
37°C; SLT-Labinstruments) in a 96-well fluoroplate (FB; Wako Chemical Industry, Osaka, Japan) every 10 min. The kinetic measurement of ROS was continued
for 4 h after administration of DCFH-DA.
Statistical analysis. The statistical significance of differences was determined
by Student’s t test. A P value of ⬍0.05 was considered to indicate significance.
Correlation between two parameters was calculated by Spearman’s correlation
coefficient by rank test.
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FIG. 2. Effects of miconazole and fluconazole concentrations on
ROS production in C. albicans. The level of ROS production was
measured 2 h after treatment with the indicated concentrations of
miconazole (A) and fluconazole (B). Data represent the means ⫾
standard deviations for three independent samples.

intracellular ROS production in C. albicans. In our assay for
detection of ROS, an increase in FI was apparent 120 min after
DCFH-DA treatment, unlike administration of DCFH-DA in
mammalian cell lines, in which the increase in FI peaks earlier,

FIG. 3. Effect of the antioxidant PDTC on ROS production in
miconazole-treated C. albicans. Cells were incubated with or without
the indicated concentrations of PDTC and 1.25 g of miconazole per
ml. Data represent the means ⫾ standard deviations for three independent samples.

at 30 min. While ROS production in fungi has been considered
difficult to measure, this is not true if the time lag of the
reaction in fungi is considered. Recently, Lee et al. (18) used
DCFH-DA to detect ionizing radiation-induced ROS production in Saccharomyces cerevisiae. Those investigators prepared
a crude cell extract from S. cerevisiae which, when adjusted for
protein concentration, was used to measure ROS production.

FIG. 5. Relationship between miconazole sensitivity and ROS production in clinical isolates. The MICs for the isolates were assessed by
a plate method with an ASTY colorimetric microdilution panel, and
cells adjusted to a McFarland 0.5 standard were treated with 1.25 g
of miconazole per ml and subjected to measurement of the amount of
ROS. The correlation between MIC and the level of ROS production
was calculated by Spearman’s correlation coefficient. Filled circles, C.
albicans; hatched circles, C. glabrata.
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FIG. 4. Effect of the antioxidant PDTC on miconazole (MCZ)induced colony inhibition in C. albicans. Cells were incubated with or
without the indicated concentrations of PDTC and 0.125 g of miconazole per ml for 4 days, and the colonies were counted. The rate of cell
survival is represented as a percentage of the survival rate for cells not
treated with miconazole. Data represent the means ⫾ standard deviations for three independent experiments. ⴱ, P ⬍ 0.05 by Student’s t
test; ⴱⴱ, P ⬍ 0.02 by Student’s t test.
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enging of ROS by superoxide dismutases remains to be investigated.
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Details concerning the recording time are unclear. The procedure used in the present study observes ROS production under
more physiologic conditions, and real-time measurement is
possible over a long period; viable cells rather than lysates are
subjected directly to fluorometry. This assay system is simple,
rapid, and well suited to the study of the significance of ROS
production in fungi. The individual radical species involved in
fungi, such as superoxide, hydroxyl radicals, and peroxynitrite,
remain to be determined.
We next showed that ROS production is directly involved in
the cytostatic action of miconazole when miconazole is used at
concentrations obtained clinically in serum by intravenous infusion. The extent to which ROS production contributes to the
effect of miconazole has been unclear. In this study complete
inhibition of miconazole-induced ROS production resulted in
the restoration of 50 to 70% of cell viability, suggesting that
ROS production is an important event, in addition to druginduced inhibition of ergosterol synthesis.
Ansehn and Nilsson (3) showed that ketoconazole and tioconazole induce the release of the intracellular ATP from C.
albicans, and Dufour et al. (12) demonstrated that miconazole
inhibits the membrane ATPase activity of the yeast S. pombe.
It has been reported that, in eukaryotic cells, ROS can initiate
inhibition of membrane ATPase activity and depletion of cellular ATP (8). Therefore, the release of intracellular ATP and
the inhibition of membrane ATPase activity by miconazole
may be related to ROS production.
We found that fluconazole also induces ROS production in
C. albicans (Fig. 2B). However, the augmentation effect of
ROS production was less than that of miconazole. Ohkawa et
al. (22) examined the antifungal activities of miconazole and
fluconazole against 231 clinical isolates of Candida species and
revealed that the 30% inhibitory concentrations of fluconazole
were generally greater than those of miconazole. In addition,
Odds et al. (21) demonstrated that fluconazole does not suppress the ATP concentration in C. albicans, while miconazole
does. These results also indicate that ROS may be an important mediator for exhibition of the antifungal effects of azoles.
Lee et al. (18) demonstrated that the level of ROS production can be increased by irradiation and that cells with wildtype superoxide dismutase were more resistant than cells with
mutant-type superoxide dismutase. Their data suggested that
ROS are involved in the irradiation-mediated loss of viability.
Daub et al. (10) previously reported that photosensitizers produce superoxide anion against Cercospora species and attack
the nuclear membrane and cytoplasmic components by peroxidation. Thus, the production of increased levels of ROS is
thought to be a common pathway underlying cellular damage
induced by different types of stresses including exposure to
azoles.
Finally, we examined the relationship between ROS production and miconazole sensitivity in 10 Candida isolates and
found a strong inverse correlation between the level of ROS
production and the MIC. This result indicates that ROS production acts as one factor that determines the sensitivities of
isolates to miconazole. Furthermore, measurement of the level
of ROS production could be useful in the development of an
assay system to estimate resistance to azoles. Whether Candida
species exhibit drug resistance via mechanisms such as scav-
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