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The hydroxypyridone ciclopirox olamine belongs to the antimycotic drugs used for the treatment of super-
ficial mycoses. In contrast to the azoles and other antimycotic drugs, its specific mode of action is only poorly
understood. To investigate the mode of action of ciclopirox olamine on fungal viability, pathogenicity, and drug
resistance, we examined the expression patterns of 47 Candida albicans genes in cells grown in the presence of
a subinhibitory concentration (0.6 �g/ml) of ciclopirox olamine by reverse transcription-PCR. In addition, we
used suppression-subtractive hybridization to further identify genes that are up-regulated in the presence of
ciclopirox olamine. The expression of essential genes such as ACT1 was not significantly modified in cells
exposed to ciclopirox olamine. Most putative and known virulence genes such as genes encoding secreted
proteinases or lipases had no or only moderately reduced expression levels. In contrast, exposure of cells to
ciclopirox olamine led to a distinct up- or down-regulation of genes encoding iron permeases or transporters
(FTR1, FTR2, FTH1), a copper permease (CCC2), an iron reductase (CFL1), and a siderophore transporter
(SIT1); these effects resembled those found under iron-limited conditions. Addition of FeCl3 to ciclopirox
olamine-treated cells reversed the effect of the drug. Addition of the iron chelator bipyridine to the growth
medium induced similar patterns of expression of distinct iron-regulated genes (FTR1, FTR2). While serum-
induced yeast-to-hyphal phase transition of C. albicans was not affected in ciclopirox olamine-treated cells in
the presence of subinhibitory conditions, a dramatic increase in sensitivity to oxidative stress was noted, which
may indicate the reduced activities of iron-containing gene products responsible for detoxification. Although
the Candida drug resistance genes CDR1 and CDR2 were up-regulated, no change in resistance or increased
tolerance could be observed even after an incubation period of 6 months. This was in contrast to control
experiments with fluconazole, in which the MICs for cells incubated with this drug had noticeably increased
after 2 months. These data support the view that the antifungal activity of ciclopirox olamine may at least be
partially caused by iron limitation. Furthermore, neither the expression of certain multiple-drug resistance
genes nor other resistance mechanisms caused C. albicans resistance to this drug even after long-term
exposure.

The dimorphic opportunistic fungus Candida albicans is a
major cause of mucosal and invasive mycoses. Infections
caused by C. albicans are frequently treated with fluconazole,
other azole antimycotics, or nonazole antimycotics. The modes
of action of the majority of these drugs are well known (24).
The imidazoles and triazoles like clotrimazole, ketoconazole,
itraconazole, miconazole, fluconazole, and a whole range of
similar components act by inhibiting C14-demethylase, an en-
zyme which is involved in the conversion of lanosterol to er-
gosterol in the ergosterol biosynthetic pathway. Consequently,
the amount of ergosterol, which is an essential component of
the fungal cell membrane, is decreased, leading to destabiliza-
tion of the membrane and leakage of cellular components (26).

Amphotericin B, nystatin, and natamycin belong to the class
of polyene antimycotics. They act by complexing with the er-
gosterol in the cell membrane. This leads to destabilization and
changes in the permeability of the membrane and, conse-

quently, causes the loss of proteins, carbohydrates, and nucle-
otides (24). Amorolfine is a morpholine antimycotic that in-
hibits two other enzymes of the ergosterol synthesis. It
interacts with �14-reductase and �8-�7-isomerase, thus inhib-
iting the transformation of 4,4-dimethylergosta-8,14,24,(28)-
trien-3�-ol to 4,4-dimethylergosta-8,24,(28)-dien-3�-ol and fe-
costerol to episterol, respectively (44). The pyrimidine
antimycotic flucytosine is a precursor of a cytosine antimetab-
olite. After uptake into the fungal cell by the fungus-specific
enzyme cytosine permease, it is deamidized to the toxic sub-
stance 5-fluorouracil (14). In contrast to all of these drugs, for
which the modes of action are well known, very little is known
about the fungal target(s) of the hydroxypyridone antimycotic
ciclopirox olamine, a component widely used for the topical
treatment of mucocutaneous mycoses.

Ciclopirox olamine is the ethanolamine salt of ciclopirox,
which is a 6-cyclohexyl-1-hydroxy-4-methyl-2(1H)-pyridone
(40). Therefore, the therapeutic effect of 1% ciclopirox
olamine is equivalent to that of 0.77% ciclopirox (25), as the
ethanolamine part of this agent does not add to the antifungal
effect. Ciclopirox olamine (originally termed HOE 296) was

* Corresponding author. Mailing address: Robert Koch-Institut,
NG4, Nordufer 20, 13353 Berlin, Germany. Phone: 49 1888 754 2116.
Fax: 49 1888 754 2605. E-mail: hubeb@rki.de.

1805



first reported as a possible antifungal agent in 1973 (17). It has
a very broad spectrum of activity and inhibits nearly all clini-
cally relevant dermatophytes, yeasts, and molds, including the
frequently azole-resistant Candida species Candida glabrata,
Candida krusei, and Candida guilliermondii. In addition, it acts
against a wide range of bacteria including many gram-positive
and gram-negative species pathogenic for humans (16). The
MICs of ciclopirox olamine for dermatophytes and yeasts
pathogenic for humans show great uniformity, ranging from
0.98 to 3.9 �g/ml. Another feature that influences the clinical
potency of the drug is its steep dose-response curve (16). Most
of the studies dealing with the mode of action of this drug were
published approximately 20 years ago, at the time that ciclo-
pirox olamine was synthesized and introduced into clinical
therapy (16, 17, 23, 33, 40, 49). When the drug became more
frequently used, the results of many investigations about its
efficacy and comparisons of its clinical effectiveness with those
of other antimicrobial agents were published (25); however,
the primary mode of action was rarely investigated. Conse-
quently, the knowledge about the fungal target(s) of this clin-
ically established and very efficient antifungal drug, which has
only a very few side effects, is poor.

Early data from Sakurai et al. (50) suggested that ciclopirox
olamine is rapidly taken up by growing C. albicans cells in large
amounts as a function of both the incubation time and the
external concentration of the drug. Uptake of the drug seemed
to be energy independent, and intracellular accumulation can
lead to levels 200 times greater than those in the medium.
More than 97% of the accumulated drug is bound largely
irreversibly to different cell structures and organelles such as
the cell membrane, cell wall, mitochondria, microsomes, and
ribosomes, while only small amounts are found in the cytosolic
fraction. The drug is neither metabolized nor degraded (49).
Furthermore, it was demonstrated that ciclopirox olamine
causes inhibition of protein, RNA, and DNA synthesis in grow-
ing fungal cells, possibly by blocking the uptake of precursors
of the macromolecules or by blocking the uptake of essential
ions such as potassium ions and phosphates (33). In addition,
in the presence of higher drug concentrations, cellular leakage
causes the loss of folin-positive substances and potassium ions
from the cell. In contrast to the cell membrane, the fungal cell
wall does not seem to be functionally affected.

Electron microscopy revealed modifications in particle dis-
tribution within the plasma membrane of dermatophytes and
C. albicans under the influence of ciclopirox olamine treatment
(23). Subinhibitory concentrations of ciclopirox olamine
caused modifications of cellular processes, which in turn had
an effect on the adherence of C. albicans to buccal and vaginal
epithelial cells (7). Similar observations were made in adher-
ence studies with subinhibitory concentrations of rilopirox, an-
other hydroxypyridone antimycotic agent (6). It is thought that
the mode of action of rilopirox resembles that of ciclopirox
olamine to a high degree (36). Ultrastructural investigations
with C. albicans cells exposed to rilopirox showed, in addition
to morphological alterations similar to those detected by
Gasparini et al. (23), that the plasma membrane exhibits elon-
gated invaginations, that the numbers and sizes of lipid drop-
lets increase, and that mitochondria are greatly enlarged, while
the cell wall remains unaffected (48).

Early data from Dittmar and Lohaus (17) indicated that the

MIC of ciclopirox olamine increases dramatically when thio-
glycolate-containing media were used for MIC determinations.
They assumed that iron salts, which are present in these media,
antagonized the inhibitory effect by forming complexes with
the drug. Therefore, it was hypothesized that the chelation of
metal ions and the inhibition of iron-dependent enzymes play
a primary role in the action of ciclopirox olamine (1). For
rilopirox, a high affinity for iron ions has been shown in com-
plexometric studies (37). Furthermore, rilopirox inhibited the
activity of a catalase from Aspergillus niger and the respiratory
chain in mitochondria and submitochondrial particles in Sac-
charomyces cerevisiae (37). Since both catalases and enzymes of
the respiratory chain are iron-dependent proteins, this further
supported the view that iron binding may play a major role in
the mode of action of hydroxypyridone antimycotics.

Another point of interest is the fact that for ciclopirox
olamine, even though it was introduced into clinical therapy
more than two decades ago and is frequently used to treat
superficial mycoses or vaginal candidiasis, no single case of
fungal resistance has been reported. Among drug-resistant
fungi, mechanisms of drug resistance involving drug efflux
pumps are among the most important for resistance to a wide
variety of antifungal drugs and toxic molecules (54, 59). Two
families of such efflux transporters are known. The gene prod-
ucts of the first multidrug resistance gene detected, MDR1 (5,
20), and the possible fluconazole resistance gene FLU1 (11)
belong to the major facilitator family. In contrast, the putative
Candida drug resistance genes CDR1 to CDR4 (2, 21, 46, 52)
encode members of the ATP-binding-cassette (ABC) trans-
porter family. In C. albicans the up-regulation of MDR1,
CDR1, and CDR2 are implicated in the development of flu-
conazole resistance, while for CDR3 and CDR4, no correlation
between mRNA levels and the degree of resistance was re-
ported (12, 42, 53).

In order to investigate the modes of action of ciclopirox
olamine on fungal viability, pathogenicity, and drug resistance,
we examined the expression patterns of 47 essential genes,
putative or known virulence genes, and genes involved in mul-
tiple-drug resistance of C. albicans in cells grown in the pres-
ence of subinhibitory concentrations of ciclopirox olamine by
reverse transcription (RT)-PCR. To clarify whether ciclopirox
olamine may act as a chelating agent, thus influencing iron-
dependent cellular processes by chelating metal ions, we also
studied the expression of genes encoding proteins of iron me-
tabolism. In addition, we used a cDNA subtraction technology
called suppression-subtractive hybridization (SSH) (15) to fur-
ther identify genes that are up-regulated in the presence of
ciclopirox olamine. Furthermore, the influences of iron ions
and oxidative stress on ciclopirox olamine-treated C. albicans
cells were examined to understand how this drug might act on
fungi. Finally, a long-term resistance induction experiment
with ciclopirox olamine and fluconazole was performed to fur-
ther investigate whether resistance to this drug can be gener-
ated.

MATERIALS AND METHODS

Strains and growth cultures. All experiments were carried out with C. albicans
strain SC5314. Sabouraud glucose medium (2%) was used for cell culture
growth, and RPMI 2% glucose medium and 2% Sabouraud glucose medium
were used for MIC determinations. For cell culture growth curves, 220 ml of 2%
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Sabouraud glucose medium containing different concentrations of an antimy-
cotic agent were inoculated with 105 cells/ml, and the mixture was shaken at 160
rpm and 37°C. Growth was measured photometrically at 630 nm. Iron(III)
chloride hexahydrate (Merck, Darmstadt, Germany) or 2,2�-bipyridine (Sigma-
Aldrich, Steinheim, Germany) was added to the medium at different concentra-
tions for inhibition studies.

RNA extraction and RT-PCR. For RT-PCR expression analysis, cells were
harvested and immediately frozen in liquid nitrogen. Frozen pellets of approxi-
mately 105 cells were homogenized and lysed by vortexing in 1 ml of peqGOLD
RNApure (Peqlab, Erlangen, Germany) with hydrochloric acid-treated glass
beads (diameters, 0.40 to 0.60 mm; Braun Biotech, Melsungen, Germany) for 10
min, and RNA extraction was carried out as described by the manufacturer.
RNA quality was controlled by gel electrophoresis (51), and RNA concentrations

were measured by determination of the absorbance at 260 nm (1 unit of the
optical density [OD] at 260 nm is equal to 40 �g of RNA/ml of H2O, based on
the extinction coefficient of RNA in H2O). One microgram of total RNA was
treated with DNase, and cDNA was synthesized as described previously (19).
The cDNA was diluted 1:3 with H2O, and 0.4 �l was used for each PCR. All
PCRs were performed in 10-�l volumes containing 0.24 �l of 10 mM de-
oxynucleoside triphosphates, 0.3 �l of 50 mM MgCl2, 1.0 �l of 10� PCR buffer,
0.4 �l each of 10 �M forward and reverse primers, and 0.04 �l of 5 U of Taq
polymerase (Gibco, Life Technologies, Karlsruhe, Germany) per �l. Primer
sequences and annealing temperatures are shown in Table 1. cDNAs were
amplified after initial denaturation at 94°C for 3 min, annealing for 3 min, and
elongation at 72°C for 5 min, followed by 20, 25, 30, or 35 amplification cycles of
denaturation at 94°C for 30 s, annealing for 30 s, and elongation at 72°C for 30 s

TABLE 1. Primer sequences and annealing temperatures of primers used for RT-PCR

Gene
Primer sequence Annealing

temp (°C)Forward primer Reverse primer

ACT1 5�-ACCGAAGCTCCAATGAATCCA 5�-GGATGGACCAGATTCGTCGTA 59
IMH3 5�-TCTCCTGAAGTCACTGTTGG 5�-GGTACCAATGGCAGCACCAC 59
EFB1 5�-AGTCATTGAACGAATTCTTGGCTG 5�-TTCTTCAACAGCAGCTTGTAAGTC 59
SAP1 5�-GATGTCATTAAAACTCCTGTTAATG 5�-CCAGTTTCAATTCAGCTTGG 60
SAP2 5�-CTCCTAAAGCATTCCCAGTTAC 5�-CATCATCACCTTGTAAAGAAGC 60
SAP3 5�-CATGTCAAGCTGGTCAAGGAC 5�-ATAGGCTGATCTCAAGAAATTATC 60
SAP4 5�-GTTCCAGATTCAAATGCCG 5�-CTTGAGCCATGGAGATCTTTC 60
SAP5 5�-TGAGACTGGTAGAGATGGTG 5�-GGTTTACCACTAGTGTAATATGT 60
SAP6 5�-AAACCAACGAAGCTACCAGAAC 5�-TAACTTGAGCCATGGAGATTTTC 60
SAP7 5�-GATAAGGCATCAGGTACTATGG 5�-AGGAACAACGGCATGGTTATC 60
SAP8 5�-CTGTTATTGTTGACACAGGTTC 5�-GTAGAAATACTTGAAGAAGTAGTG 60
SAP9 5�-CACCATAAGCAACGTGACTG 5�-GCGAAAGCAACAACCCATAC 60
SAP10 5�-ACGTCAGAAGACTTTTCCATTG 5�-ATATGGCGATCCATGAACGTG 60
LIP1 5�-ACAAATTCAATGGGATCAAGAG 5�-ATAAGTGACATGGACGTTACTG 56
LIP2 5�-TTTCCGACTTTGCTGTTCCAG 5�-ATAATACTGCTTACAAGACCAAG 56
LIP3 5�-AAATGCCAGGCAAAATGAGC 5�-TGTTGTAAAGCTCCTTCATATC 56
LIP4 5�-TGATCAATTATATTGGTAAGCAC 5�-TCCTTTTTGGATGAGTATATTC 56
LIP5 5�-AATCGTCCCTATTGTCGATACC 5�-AAGTCCGAGATGGAGAACAAC 56
LIP6 5�-TTAAACCTGGTGCCAAAGCTG 5�-TCGATGCCCTGGTGGTGAAC 56
LIP7 5�-TTCCATCATTCGAGACATTTCAG 5�-ACGGAAGTACTGACTGAGAAATG 56
LIP8 5�-AGAGTGATACAGACAAAAAATCAG 5�-AAGACCATTCAGCATGGTG 56
LIP9 5�-TTTATAAAGTATGTGGGAGCTAG 5�-TAGGACCAAGCCCTTGTTGTG 56
LIP10 5�-TTGGGTTTGCAACTGCTAAGC 5�-ATAGTAGATCTAGCACTGAGC 56
RBT1 5�-CTGAAACTGAAACCACTCCAACTGCTCAC 5�-CAGATGTAACAACAACAACACCAGTGG 59
HYR1 5�-GCTGGTAACGGATCAAACGAAG 5�-GGAAACAATTAAACCAAACAAAATG 59
HWP1 5�-CACAACAACAACAGCAGGAGGAAC 5�-TGGAGTAGTAGCTGGAGTTGTTGG 59
TUP1 5�-CAAAATCTTGAGGGGCCACGAAC 5�-CTAAGGACCCGGAAGCGATTTGTT 59
PLB1 5�-TGCCGTTTCCAATATTGATC 5�-CCAAGGATCCACTTGATCTA 54
PLB2 5�-CCAGAACTTGACATCATTAACTGA 5�-TATAAAGTTATCTACGAGAATGG 54
PLB3 5�-CTTTCTAATGATGATAATGATATT 5�-TTATCCAAGGATAAATACACTTA 54
PLC1 5�-TTTGGGATTCATTAGCTCAAGG 5�-TAACATTAGCAAAGCTTATTGG 54
PLD1 5�-CAGCTTGTTTCATCGACGGT 5�-AGCTGCCATATATGGCTTACC 54
MDR1 5�-AGAGCCATCACCGGTAACGACAG 5�-CCAACCAAAAATGAAAAGACCTGAAG 59
FLU1 5�-CACTGCCTTGGCTGGTAAC 5�-ACATCGTGCAAAAGGAAGAAC 56
CDR1 5�-TTTCTGGTGCCATGACTCCTGCTAC 5�-CAATATAAATGGCCAAAAAGAATACG 56
CDR2 5�-GGGTATTGGCTGGTCCTAATGTGATTC 5�-CTAGCCAACCAGTAAAAGAAAATAGTAA 56
CDR3 5�-ATTACCGGGCTGTACAAAATG 5�-GTGGCTGCTAAAACCTGATAAG 54
CDR4 5�-TACGGTGCTCCAAAATGTCC 5�-TGGGCAGCAATAAATGTAATCC 54
CAT1 5�-TTACGTTCAAGTTCATTTCATCAG 5�-CAATCTGTGCGGTCTGTGAG 54
FTR1 5�-CCATCGGTGCGTCCTAC 5�-GAGAACAAACCAGCAGCAATC 54
FTR2 5�-GGTCCAGAGTTGAAGAAAAAGTTG 5�-GGGAAAGATGAAGCAGGAC 54
FTH1 5�-CCCAACTGAATCTGATGACCTTAC 5�-GCCAACACAGCAGCATTTAC 54
FTH2 5�-GATGGGAATAACAATGGTGAGG 5�-CCGATAATGGAATAGAATGAGGTG 54
FET3 5�-GGCGAAGCTGCAACAAACG 5�-AACGCAGCAACACATGAAAACAC 54
CCC2 5�-TGGAGGCAACCAAAGTAGTAGTG 5�-ATTAACGGCGCTTTTTCTTTTC 54
CFL1 5�-TCATTTGATTGCCGACAGG 5�-TGAAATCGCCATATCCTTGAC 56
SIT1 5�-GCCGTTGGTACTAGATGGAAATG 5�-AACCCGTGACAACAGATACAAATG 56
PCK1 5�-AAGGGGTTGAAAAAGGTGATGTC 5�-ATGCGGAGAATGTAGCGTGTG 56
WHI1 5�-TGTCCGACTTAGGTAGAAAAGATA 5�-TGGAATCACCAAAAATAGCAT 56
NAM7 5�-TTCATATGCTACCCACGACACC 5�-CTCATCAAAATTGGCAAAACTTCT 56
IPF12201 5�-GGGGTATGATTATGGTGAGATTG 5�-AAGGTAACACGGTGAAAAAGAAC 56
IPF10138 5�-AAGGGTTGTTTTATGGTGGTG 5�-TTCTTGGGCGACTTTATTAGC 56
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and one final elongation step at 72°C for 10 min. The PCR products were
analyzed on a 1% agarose gel. During PCR, the PCR product concentration is
proportional to the starting cDNA concentration, as long as product accumula-
tion remains exponential. The point at which exponential accumulation plateaus
can be estimated by noting the point at which continued cycles do not produce
significantly increased product yields. To ensure that samples from the exponen-
tial phase of PCR amplification were examined, we used 20, 25, 30, and 35 cycles
for all genes of interest. All RT-PCR experiments were done in duplicate for
ciclopirox olamine- and fluconazole-treated cells in samples from two indepen-
dent biological experiments. The housekeeping gene ACT1 (41), which was
expressed to a similar extent under all conditions investigated, was used as a
standard control. The expressions of selected genes (ACT1, CCC2, FTR1, FTR2,
FTH1, FET3) during the different cycles of the RT-PCR are shown in Fig. 1. For
example, the expression of ACT1 with and without ciclopirox olamine remains
unchanged, while the expression of CCC2 (a copper transporter gene) is strongly
increased under the influence of this drug. To ensure the complete absence of
genomic DNA contamination in the RT-PCR analysis, the RT-PCR was con-
trolled by the use of primers whose sequences are specific for intron-containing
genes EFB1 and IMH3 of C. albicans (35, 43). These genes were also found to be
useful internal mRNA controls, as high levels of transcripts were detected at all
time points tested. As an additional control, genomic DNA of C. albicans was
used as a PCR template for every primer pair. After gel electrophoresis and
ethidium bromide staining of the DNA bands, the relative level of expression of
each gene of interest was semiquantified by measuring the DNA band fluores-
cence for DNA from cells grown with or without antifungal drug densitometri-
cally by using video images (AlphaImager 2000 Documentation and Analysis
system; Alpha Innotech, Hessisch Oldendorf, Germany) and AIDA image ana-
lyzer (version 2.0) software (Raytest Isotopenme�geräte GmbH, Straubenhardt,
Germany). The background intensity was subtracted, and the relative intensities
of the bands obtained from cells grown in the presence or absence of an anti-
fungal drug were calculated. Data are presented as the averages (standard
deviations) from the two independent experiments. Numbers are given as the
fold increase or decrease in the level of expression relative to the level of
expression of the housekeeping genes ACT1, IMH3, and EFB1, for which the
maximum difference in the level of fluorescence between the two bands was 15%,
possibly due to experimental differences. On this basis, gene expression levels
were defined as unchanged at expression ratios between 0.78 and 1.29; when the

fluorescence differences were between 0.77 and 0.51 or 1.3 and 1.99, the result
was defined as moderately down-regulated or moderately up-regulated. Finally,
differences of 0.5 or less and 2.0 or more relative to the control band were
defined as strongly down-regulated or strongly up-regulated, respectively. If no
expression of a gene could be detected, the result was defined as 0.

Northern blot analysis. To confirm the expression patterns of selected genes
observed by RT-PCR, frozen cell pellets were homogenized and lysed by vor-
texing in 2 ml solution of GTC buffer (4 M guanidine thiocyanate, 2% lauroyl-
sarconisate, 10 mM EDTA, 25 mM Tris HCl [pH 7.5]) and phenol (Roti-Phenol/
Chloroform; Roth, Karlsruhe, Germany) 1:1 with hydrochloric acid-treated glass
beads for 10 min. After centrifugation, the aqueous phase was treated twice with
phenol, and then the nucleic acids were precipitated with isopropanol.

Twenty micrograms of total RNA from each sample was loaded onto a form-
aldehyde gel as described previously (31a). mRNA levels were measured relative
to the rRNA levels by loading approximately equal amounts of total RNA in
each lane of the Northern blots. Blots were hybridized with digoxigenin (DIG)-
labeled probes (the primers used are listed in Table 1) at 42°C in DIG easy Hyb
solution (Roche, Mannheim, Germany) for 12 h. After hybridization, the blots
were washed twice at room temperature in 2� SSC (1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–0.1% sodium dodecyl sulfate for 5 min, twice at 60°C in
0.1� SSC–0.1% sodium dodecyl sulfate for 15 min, and once in Tris-buffered
saline (0.3 M NaCl, 0.1 M Tris-HCl [pH 7.5]) plus 0.3% Tween. DIG-labeled
probes were detected after incubation with an anti-DIG antibody (Roche) (di-
luted 1:10,000 in blocking solution [Roche] at room temperature for 0.5 h) by
using the CDP star reagent (Roche) and exposed to an X-ray film (Roche). The
ACT1 gene was used as an additional internal loading control.

SSH. To identify genes that were up- or down-regulated due to treatment with
ciclopirox olamine, we used the cDNA SSH protocol previously described by
Diatchenko et al. (15). This protocol is based on comparison of two populations
of mRNA to obtain clones of genes that are expressed in one population but not
in the other. Briefly, both mRNA populations are converted into cDNA, and the
two cDNA populations are hybridized. The hybrids are removed, leaving unhy-
bridized cDNAs that are expressed in one population but that are absent from
the other. Two cultures of SC5314 cells were grown in 2% Sabouraud glucose
medium for 5 h. At this time point 1.0 �g of ciclopirox olamine per ml was added
to one of the cultures. One hour later, the cells were harvested and immediately
deep frozen in liquid nitrogen. For the subtraction, mRNA was isolated from
total RNA by using the Dynabeads mRNA Purification kit (Dynal, Hamburg,
Germany) according to the instructions of the manufacturer and transcribed into
cDNA as described above. The cDNA subtraction was performed by using the
PCR-Select cDNA Subtraction kit (CLONTECH Laboratories, Heidelberg,
Germany) according to the instructions of the manufacturer. The subtracted
PCR products were cloned and sequenced as described below.

Cloning, sequencing, and sequence alignments. The subtracted PCR products
obtained by the SSH protocol were ligated into the pCR2.1-TOPO plasmid
vector and transformed into competent TOP10F�One Shot Escherichia coli cells
(Invitrogen, Karlsruhe, Germany) with the TOPO TA Cloning kit (Invitrogen).
Ninety-six of the transformed colonies were picked and cultured overnight in two
48-well microtiter plates in which each well contained 400 �l of Luria-Bertani
medium containing ampicillin at 100 mg/liter. A PCR screen was performed for
single transformants by using 1.5 �l of each 400 �l of overnight cell suspension
per 20 �l of PCR mixture, and primer pair 1 and 2R, which had been used in the
subtraction protocol, was used to amplify the plasmids containing gene inserts of
plasmids. Gene inserts were sequenced in the sequencing service unit of the
Robert Koch-Institut (Berlin, Germany) by using a T7 primer and the ABI
BigDye kit (Applied Biosystems, Weiterstadt, Germany). The sequences were
compared with those in the Candida databases (Candida DB) of the Institut
Pasteur, Paris, France, and the National Center for Biotechnology Information
by using the BLASTn mode of the BLAST search program (http://genomeweb
.pasteur.fr/lfrangeu/ca/IPFblast.html; http://genolist.pasteur.fr/CandidaDB; http:
//ncbi.nlm.nih.gov/blast/). Sequence data from these websites are based on data
from the Stanford DNA Sequencing and Technology Center website (http:
//www-sequence.stanford.edu/group/candida). Sequencing of C. albicans at the
Stanford DNA Sequencing and Technology Center was accomplished with the
support of the NIDR and the Burroughs Wellcome Fund. To avoid the analyses
of clones carrying identical cDNA fragments, the PCR products of the screened
clones were blotted onto a positively charged nylon membrane (Roche) and
hybridized to DIG-labeled (Roche) probes (51) containing sequences which
turned out to be abundant after several rounds of sequencing. Only PCR prod-
ucts that did not hybridize with these probes were selected for further sequenc-
ing.

Hyphal induction. To induce the yeast-to-hyphal phase transition of C. albi-
cans, a preculture of strain SC5314 was grown overnight in 2% Sabouraud

FIG. 1. Analysis of RT-PCR products amplified from RNA sam-
ples collected from cultures without ciclopirox olamine (�), cultures
with 0.6 �g of ciclopirox olamine/ml (�), and control PCRs with
genomic DNA (G) of C. albicans SC5314. Results are shown for
primer pairs amplifying cDNA from the housekeeping actin gene
ACT1, the high-affinity iron permease gene FTR1, the low-affinity iron
permease gene FTR2, the putative iron transporter FTH1, the multi-
copper oxidase gene FET3, and the copper transporter gene CCC2
after 20, 25, 30, and 35 cycles of PCR. The levels of expression of ACT1
and FET3 remained unchanged in the drug-treated culture, while the
levels of expression of FTR1, FTH1, and CCC2 were strongly increased
in the presence of a subinhibitory concentration of ciclopirox olamine.
In contrast, low-affinity iron permease gene FTR2 was strongly down-
regulated in the presence of the drug. Similar data were observed by
Northern analysis (Fig. 5).
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glucose medium at 25°C and shaken at 160 rpm. An inoculum of 106 cells/ml was
taken for further incubation in 5% fetal bovine serum (Sigma-Aldrich) contain-
ing 0 and 0.6 �g of ciclopirox olamine/ml at 37°C and 160 rpm. Samples were
taken every 30 min and briefly subjected to ultrasonication, and the percentages
of yeast and hyphal cells were counted by light microscopy in a counting cham-
ber.

Hydrogen peroxide resistance. A 24-h preculture of strain SC5314 grown at
37°C and 160 rpm in 2% Sabouraud glucose medium was taken to measure the
susceptibilities of those cells to H2O2, as described previously (32). Cells from
the preculture were subcultured and grown in 2% Sabouraud glucose medium
with ciclopirox olamine (0.6 �g/ml) and without ciclopirox olamine to a concen-
tration of 5 � 106 cells/ml, harvested, and resuspended in 0.1 M potassium
phosphate buffer (pH 7.0) to give an OD at 600 nm of 0.1. Various concentra-
tions of H2O2 (30% [wt/wt] hydrogen peroxide solution; Sigma-Aldrich) were
added to the cell suspension to obtain H2O2 concentrations of 0, 0.5, 1, 1.5, 2, and
2.5 mM. After 1 h of incubation at 30°C, aliquots were taken from the cell
suspensions, diluted 1:100 in the same buffer, plated on solid yeast peptone
dextrose agar plates, and incubated for 3 days at 28°C. The number of growing
colonies was representative of the number of surviving cells.

Long-term resistance induction. In order to investigate whether long-term
treatment with ciclopirox olamine or fluconazole may induce antifungal resis-
tance in C. albicans SC5314, cells were treated as follows. All cultures were
grown in 1,000-ml Erlenmeyer flasks containing 220 ml of 2% Sabouraud glucose
medium at 37°C and shaken at 160 rpm. This large culture size was chosen to
allow a large number of cell divisions and, therefore, a greater possibility of
genetic alteration. Initially, concentrations of both ciclopirox olamine (0.6 �g/ml)
and fluconazole (8 �g/ml) which still allowed growth of the cells were chosen.
Two milliliters of these cell cultures was routinely subcultured three times a week
into fresh medium containing the same concentration of antifungal agent in the
original culture. When increasing cell growth under the given conditions was
detected, the concentrations of the antifungal agents were doubled. Additionally,
at regular intervals susceptibility tests were carried out to determine the ciclo-
pirox olamine and fluconazole MICs for the cells by the NCCLS M27-A (45)
broth microdilution method with RPMI medium containing 2% glucose.

Electron microscopy. Electron microscopic pictures of SC5314 cells were
taken to investigate the effect of the subinhibitory concentration of 0.6 �g of
ciclopirox olamine/ml. Cells were grown with and without 0.6 �g of ciclopirox
olamine/ml in 2% Sabouraud glucose medium as described above and were
harvested after 15 h. Cells were fixed in Karnovsky solution (34) at room tem-
perature. After centrifugation at 800 � g for 15 min, the pellets were embedded
in glycide ether. The blocks containing cells were cut with an ultramicrotome.
Semithin sections were studied with a light microscope after staining with 1%
toluidine blue and 1% pyronin G. Ultrathin sections were stained with 0.5%
uranyl acetate for 10 min at 30°C and 2.7% lead citrate for 5 min at 20°C.
Ultrathin sections were examined with an EM 902 transmission electron micro-
scope (Zeiss) operating at 80 kV at magnifications between �3,000 and �85,000.

RESULTS

Inhibition of C. albicans growth by ciclopirox olamine, flu-
conazole, and bipyridine. In order to investigate the influence
of the antifungal agent ciclopirox olamine on C. albicans, cells
of strain SC5314 were grown in the presence of several con-
centrations of this drug and growth curves were determined.
For further investigations, the subinhibitory concentrations
which reduced cell culture growth without being fungicidal
were determined. A concentration of 0.6 �g of ciclopirox
olamine/ml proved to be the optimal subinhibitory concentra-
tion that significantly inhibited but that did not completely
block the cell culture growth (Fig. 2A). Growth decreased
dramatically in the presence of concentrations greater than 0.6
�g/ml. A concentration of 0.7 �g/ml almost completely inhib-
ited growth. In order to determine that the gene expression
patterns of ciclopirox olamine-treated cells observed (see be-
low) were due to distinct and drug-specific effects on certain
genes rather than a general inhibition phenomenon, the exper-
iments were repeated with fluconazole. Growth curves with
fluconazole showed that 2.0 �g of fluconazole/ml was the op-

timal subinhibitory concentration that caused similarly re-
duced cell growth (Fig. 2B). Growth curves in the presence of
fluconazole showed a much wider range of concentrations with
intermediate inhibition. Growth could be detected even in the
presence of 10 �g of fluconazole/ml of medium. To compare
these results with standard MICs, the ciclopirox olamine and
fluconazole MICs at which 80% of isolates were inhibited
(MIC80s) for SC5314 were determined by the NCCLS M27-A

FIG. 2. Growth curves for C. albicans SC5314 in 2% Sabouraud
glucose medium measured at an OD of 630 nm containing different
concentrations of ciclopirox olamine (A), fluconazole (B), and bipyri-
dine (C). In these experiments 0.6 �g of ciclopirox olamine/ml, 2.0 �g
of fluconazole/ml, and 100 �M bipyridine turned out to be the optimal
subinhibitory concentrations which notably inhibited the cells but still
allowed growth.
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standard method (45) by a microdilution test in RPMI 2%
glucose or 2% Sabouraud glucose medium. The MIC80s of
ciclopirox olamine in RPMI 2% glucose medium and 2% Sa-
bouraud glucose medium were 2.0 and 1.0 �g/ml, respectively;
and the MIC80s of fluconazole in RPMI 2% glucose and 2%
Sabouraud glucose medium were 0.12 and 2.0 �g/ml, respec-
tively.

One possible effect of ciclopirox olamine may be the binding
of iron ions, which in turn causes iron-limiting conditions and
therefore reduced cell growth. In order to study the effect of
iron-limiting conditions on cell growth, we added the well-
known iron chelator bipyridine. The addition of 100 �M bi-
pyridine caused reduced cell growth, similar to the effect of 0.6
�g of ciclopirox olamine/ml (Fig. 2C).

Reversal of the effect of ciclopirox olamine by addition of
iron(III) chloride hexahydrate. Since a number of experimen-
tal observations suggested that ciclopirox olamine may act by
binding to iron ions, we assumed that such an effect might be
reversed by the addition of excessive iron ions. Growth curve
experiments for C. albicans SC5314 grown in the presence and
the absence of an inhibitory concentration of ciclopirox
olamine (1.0 �g/ml) were repeated with media containing dif-
ferent concentrations of iron(III) chloride hexahydrate (Fig.
3). No growth of ciclopirox olamine-treated cells could be
detected without iron(III) chloride supplementation. How-
ever, supplementation with increasing concentrations of iro-
n(III) chloride increased the levels of growth of the Candida
cultures. In a control experiment without ciclopirox olamine,
an inverse effect of iron(III) chloride supplementation was
observed (data not shown). In that case, increasing concentra-
tions of iron(III) chloride ions decreased the level of growth of
the Candida culture, indicating that excess iron ions have toxic
effects on the fungal cells.

Effect of ciclopirox olamine on the cellular morphology of C.
albicans. Subinhibitory concentrations of ciclopirox olamine
still allowed reduced levels of growth of C. albicans cells. We
used electron microscopy to investigate whether such drug
concentrations have effects on cell morphology (Fig. 4A to D).
Interestingly, not all cells grown in the presence of 0.6 �g of
ciclopirox olamine/ml were damaged to the same extent. Com-
pared with untreated cells (Fig. 4A and C), some cells ap-

peared normal, while others had severe morphological defects
(Fig. 4B and D). These defects included enlargements of the
vacuole, which looked homogenous in untreated cells. The cell
membranes of damaged cells showed numerous invaginations,
and in many areas the cytoplasmic margin was separated from
the cell wall. In addition, mitochondria appeared bloated and
fissures in the inner membrane system were largely widened.
With the exception of the cell wall, which looked unaffected,
most parts and organelles of the damaged cells were severely
affected by ciclopirox olamine at a concentration of 0.6 �g/ml.
Therefore, it seemed that the reduced growth was caused by a
fungicidal effect on a number of cells, even though other cells
remained unaffected.

Gene expression in C. albicans treated with subinhibitory
concentrations of ciclopirox olamine, fluconazole, and bipyri-
dine. We assumed that growth in the presence of antifungal
drugs may directly or indirectly influence the gene expression
patterns of treated cells. After 15 h of growth in media con-
taining the subinhibitory concentrations of ciclopirox olamine
(0.6 �g/ml) and fluconazole (2.0 �g/ml), C. albicans cells were
harvested, total RNA was extracted, and cDNA was synthe-
sized. This cDNA was used as a template for a series of RT-
PCRs with 47 selected genes of interest. The expression data
observed by RT-PCR from two independent experiments are
summarized in Tables 2 to 4. First, the levels of expression of
the housekeeping genes ACT1 (41) (Fig. 1), IMH3 (35) (data
not shown), and EFB1 (43) (data not shown) were determined.
All three genes were constitutively expressed in the presence of
ciclopirox olamine, suggesting that basic cell functions still take
place in growing cells and that the changes in expression pat-
terns of other genes could be validly compared to the expres-
sion patterns of these housekeeping genes. Antifungal drugs
not only may cause inhibition of cell viability but may also
influence the expression of genes required for pathogenicity.
Therefore, we next investigated the effects of ciclopirox
olamine and fluconazole on the expression of putative or
known virulence genes (Table 2). The levels of expression of
most genes that encode potential virulence factors, such as
members of the SAP gene family (SAP1 to SAP10) (30) and the
LIP gene family (LIP1 to LIP10) (22, 31), were either not
affected or moderately decreased. Conversely, no cases of in-
creased gene expression could be detected. Furthermore, some
genes involved in the yeast-to-hyphal phase transition were
investigated (Table 2). One gene known as a central repressor
of filamentous growth, TUP1 (9), showed a moderate up-reg-
ulation of expression. Similarly, the levels of expression of one
gene known to be repressed by TUP1 (8, 10), RBT1, which
encodes a cell wall protein, and gene HYR1, which encodes a
hyphal wall protein, were moderately increased. Since the
treatment of C. albicans cells with azole drugs is known to
cause up-regulation of a number of drug resistance genes (12,
53), we also investigated the expression patterns of these re-
sistance genes in ciclopirox olamine-treated cells (Table 3).
The expression of Candida drug resistance gene CDR1 was
strongly up-regulated, while the levels of expression of CDR2
and FLU1 were moderately increased. The level of expression
of the major facilitator gene MDR1 showed no change.

Ciclopirox olamine may act as a chelator of ions. This in turn
may influence iron metabolism and thus the levels of expres-
sion of genes involved in iron metabolism or genes encoding

FIG. 3. Growth curves for C. albicans SC5314 in 2% Sabouraud
glucose medium containing 1.0 �g of ciclopirox olamine/ml supple-
mented with different concentrations of iron(III) chloride measured at
an OD of 630 nm. Iron(III) chloride at concentrations of 20 �M and
greater increased the levels of growth of the Candida cultures.
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iron-dependent proteins (Table 4). CAT1, which encodes an
iron-containing catalase (60), was strongly down-regulated.
Among the genes coding for proteins involved in iron metab-
olism, the high-affinity iron permease gene FTR1 (47), the
siderophore transporter gene SIT1 (38), and FTH1, a homo-
logue of vacuolar membrane iron transporter gene ScFTH1
(57) of Saccharomyces cerevisiae, were strongly up-regulated.
In addition, the transcript levels of the ferric reductase gene
CFL1 (27) and the copper transporter gene CCC2 (58) (Fig. 1)
were strongly increased. In contrast, the low-affinity iron per-

mease gene FTR2 (47) was strongly down-regulated. The tran-
script levels of the multicopper oxidase gene FET3 (18) and
another gene encoding a putative iron transporter as identified
by homology, FTH2, showed no changes in levels of expression.

The control experiments with 2 �g of fluconazole/ml showed
that the expression patterns of the same genes differed depend-
ing on the drug used (Tables 2 to 4). Among the selected set of
known or putative virulence genes, we observed both moder-
ately or strongly up-regulated levels of transcription and mod-
erately or strongly down-regulated levels of transcription, while

FIG. 4. Electron microscopy of C. albicans SC5314 cells grown in 2% Sabouraud glucose medium without (A) and with (B) 0.6 �g of ciclopirox
olamine/ml for 15 h. Not all cells were damaged to the same extent. Some cells appear normal, while others have severe morphological defects.
(C) Detail of a single cell grown without ciclopirox olamine. (D) Detail of a cell grown under the influence of 0.6 �g of ciclopirox olamine/ml with
enlargements of the vacuole and numerous invaginations of the cell membrane. In some areas the cytoplasmic margin was separated from the cell
wall. In addition, mitochondria appeared bloated and fissures in the inner membrane system were largely widened. With the exception of the cell
wall, which looked unaffected, most parts and organelles of the damaged cells were severely affected by the drug.
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the levels of transcription of the other genes remained un-
changed during drug treatment. Up-regulation of the known
resistance genes MDR1 and CDR1 was detected in flucon-
azole-treated cells, as reported previously (12, 42). CDR2

showed no changes in expression levels. The level of expression
of the catalase gene CAT1 was moderately increased, while the
levels of expression of other genes involved in iron metabolism
were unchanged.

TABLE 2. Effects of ciclopirox olamine and fluconazole on levels of expression of putative or known virulence genes

Gene Gene function (reference)
Expression levela

CIC FLC

SAP1 Secreted protease (30) �, 0.89 (0.095) 1, 2.28 (0.81)
SAP2 Secreted protease (30) (2), 0.76 (0.11) �, 0.79 (0.145)
SAP3 Secreted protease (30) �, 0.95 (0.275) �, 1.1 (0.105)
SAP4 Secreted protease (30) 2, 0.50 (0.195) 0
SAP5 Secreted protease (30) 2, 0.5 (0.09) �, 0.85 (0.13)
SAP6 Secreted protease (30) �, 0.83 (0.04) �, 1.05 (0.13)
SAP7 Secreted protease (30) �, 0.79 (0.165) 0
SAP8 Secreted protease (30) �, 0.81 (0.155) (2), 0.75 (0.005)
SAP9 Secreted protease (30) �, 0.97 (0.03) �, 0.84 (0.15)
SAP10 Secreted protease (30) (2), 0.74 (0.03) �, 0.8 (0.13)
LIP1 Secreted lipase (22) 2, 0.35 (0.125) �, 0.8 (0.17)
LIP2 Secreted lipase (31) (2), 0.53 (0.215) �, 0.99 (0.135)
LIP3 Secreted lipase (31) 0 0
LIP4 Secreted lipase (31) �, 0.91 (0.27) (2), 0.76 (0.11)
LIP5 Secreted lipase (31) (2), 0.64 (0.175) �, 1.06 (0.275)
LIP6 Secreted lipase (31) �, 1.04 (0.045) �, 0.97 (0.015)
LIP7 Secreted lipase (31) �, 0.91 (0.085) 0
LIP8 Secreted lipase (31) �, 0.88 (0.07) 1b

LIP9 Secreted lipase (31) 0 0
LIP10 Secreted lipase (31) 0 0
RBT1 Hyphal wall protein (8) (1), 1.32 (0.2) �, 0.91 (0.075)
HYR1 Hyphal wall protein (10) (1), 1.48 (0.065) �, 0.87 (0.01)
HWP1 Hyphal wall protein (10) 0 2, 0.44 (0.25)
TUP1 Transcriptional repressor (9) (1), 1.32 (0.045) �, 0.91 (0)
PLB1 Secreted phospholipase (28) 0 0
PLB2 Secreted phospholipase (56) 0 0
PLB3 Secreted phospholipase (47% homology to PLB3 of S. cerevisiae) 1, 2.1 (0.04) 2, 0.27 (0.035)
PLC1 Secreted phospholipase (4) 0 (1), 1.63 (0.41)
PLD1 Secreted phospholipase (29) 0 0

a The numbers are the averages (standard deviations) of the relative expression levels in cell culture with and without antifungal agents (see Materials and Methods).
Expression levels are defined as follows:2, strongly down-regulated (0.5 and less); (2), moderately down-regulated (0.77 and less); �, unchanged (0.78 to 1.29); (1),
moderately up-regulated (1.3 and greater); and 1, strongly up-regulated 2.0 and greater; CIC, ciclopirox olamine; FLC, fluconazole.

b No gene expression was detectable without fluconazole.

TABLE 3. Levels of expression of selected housekeeping genes, resistance genes, and genes identified after SSH
in the presence of ciclopirox olamine and fluconazole

Gene Gene function (reference)
Expression levela

CIC FLC

ACT1 Actin (cytoskeleton) (41) �, 1.08 (0.03) �, 1.06 (0.065)
IMH3 IMP dehydrogenase (nucleotide synthesis) (35) �, 1.1 (0.055) �, 0.81 (0.035)
EFB1 Elongation factor (43) �, 1.15 (0) �, 1.02 (0.01)
MDR1 Multidrug resistance transporter (20) �, 1.1 (0.03) 1, 2.08 (0.81)
FLU1 Fluconazole resistance transporter (11) (1), 1.83 (0.165) (1), 1.78 (0.36)
CDR1 Candida drug resistance transporter (46) 1, 2.78 (0.835) 1, 2.16 (0.505)
CDR2 Candida drug resistance transporter (52) (1), 1.66 (0.01) �, 1.01 (0.005)
CDR3 Candida drug resistance transporter (2) �, 1.09 (0.32) �, 0.91 (0.015)
CDR4 Candida drug resistance transporter (21) �, 0.99 (0.205) �, 0.88 (0.045)
PCK1 Phosphoenolpyruvate carboxykinase (39) (1), 1.31 (0.235) ND
WHI1 White colony protein (55) (1), 1.48 (0.345) ND
NAM7 Putative nonsense-mediated mRNA decay protein (73% homology to

NAM7 of S. cerevisiae)
(1), 1.3 (0.01) ND

IPF12201 Putative Na� nucleoside cotransporter (41% homology to a Na�

nucleoside cotransporter of M. musculus)
(1), 1.61 (0.185) ND

IPF10138 Putative membrane protein (58% homology to YNR018W of
S. cerevisiae)

1, 2.46 (1.13) ND

a Numbers are the averages (standard deviations) of the relative expression levels in cell culture with and without antifungal agents. (see Materials and Methods).
Expression levels are defined as follows:2, strongly down-regulated (0.5 and less); (2), moderately down-regulated (0.77 and less); �, unchanged (0.78 to 1.29); (1),
moderately up-regulated (1.3 and greater); 1, strongly up-regulated (2.0 and greater). ND, not determined; CIC, ciclopirox olamine; FLC, fluconazole.
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As the expression of a number of genes involved in iron
metabolism was clearly influenced by treatment with ciclopirox
olamine, we investigated whether this was due to an iron-
chelating effect of this drug. Therefore, we determined the
levels of expression of these genes in cells treated with the
known iron chelator bipyridine (Table 4). Similar to the ex-
pression patterns observed for iron-starved cells (47), the high-
affinity iron permease gene FTR1 was strongly up-regulated,
while the low-affinity iron permease gene FTR2 was strongly
down-regulated. In addition, high transcript levels of the iron
transporter gene FTH1 were detected. The levels of expression
of all other genes investigated were either decreased or re-
mained unchanged in the presence of bipyridine.

To further confirm the influence of ciclopirox olamine on
the expression of genes involved in iron metabolism, we also
investigated the transcript levels of selected genes by Northern
analysis (Fig. 5). Similar to the data observed by RT-PCR
analysis, we observed high transcript levels of FTR1, FTH1,
and CCC2 in ciclopirox olamine-treated cells. Since the gene
sequence of low-affinity iron permease gene FTR1 is highly
similar to that of FTR2, the same hybridization probe detected
the mRNAs of both genes. However, since the same probe

detected two different mRNAs with different lengths and dif-
ferent intensities in samples from nontreated and ciclopirox
olamine-treated cells, we concluded that the transcript of
FTR1 is smaller than that of FTR2.

C. albicans genes up-regulated in ciclopirox olamine-treated
cells identified by SSH. In addition to assessing the levels of
expression of a selection of known genes, we also aimed to
identify other novel genes whose expression levels may be
altered by treatment with ciclopirox olamine. To achieve this,
we used an SSH protocol to identify up-regulated genes in
ciclopirox olamine-treated cells. Since we assumed that the
levels of expression of a number of genes might be affected
shortly after exposure to ciclopirox olamine, we used cells that
were grown for 5 h without drug and treated them for 1 h with
1.0 �g of ciclopirox olamine/ml. Growth in the presence of the
drug was clearly decreased within 1 hour compared to the level
of growth in the culture without the drug (data not shown).
After subtraction, cloning, and PCR screening, 63 clones con-
taining plasmids were sequenced. Eight different genes, PCK1
(phosphoenolpyruvate carboxykinase), WH11 (white colony
protein), NAM7 (a putative nonsense-mediated mRNA decay
protein with 73% homology to NAM7 of S. cerevisiae),

FIG. 5. Northern analysis of selected genes involved in iron metabolism. Similar to the data observed by RT-PCR analysis (Fig. 1; Table 4),
high transcript levels were detected for FTR1 (lane 1), FTH1 (lane 3), and CCC2 (lane 7) but not FET1 (lane 5) in ciclopirox olamine-treated cells
compared with the levels for untreated cells (lanes 2, 4, 6, and 8, respectively). In contrast, FTR2 was up-regulated in untreated cells (lane 2)
compared with the regulation in treated cells. mRNA levels were measured relative to the rRNA levels by loading approximately equal amounts
of total RNA in each lane of the Northern blots (examples of ethidium bromide-stained membranes for the two samples with the ACT1 gene are
shown in lanes 11 and 12). The ACT1 gene was hybridized as an additional internal loading control (lanes 9 and 10). Due to the high degree of
similarity of FTR1 and FTR2, transcripts of both genes were detected with the same hybridization probe (lanes 1 and 2). Since this FTR1-FTR2
probe detected two different mRNAs with different lengths and different intensities in samples from nontreated (lane 2) and ciclopirox
olamine-treated (lane 1) cells, we concluded that the transcript of FTR1 is smaller than that of FTR2. The lanes are unnumbered but represent
lanes 1 to 12, from left to right, respectively.

TABLE 4. Effects of ciclopirox olamine, fluconazole, and bipyridine on levels of expression of selected genes coding for iron-dependent
proteins or proteins of iron metabolism

Gene Gene function (reference)
Expression levela

CIC FLC BIP

CAT1 Catalase (60) 2, 0.4 (0.065) (1), 1.52 (0.005) 0
FTR1 High-affinity iron permease (47) 1, 2.5 (0.49) �, 0.93 (0.055) 1, 2.23
FTR2 Low-affinity iron permease (47) 2, 0.26 (0.025) �, 0.89 (0.04) 2, 0.27
FTH1 Putative iron transporter [63% homology to FTH1

of S. cerevisiae]
1, 8.64 (0.045) �, 0.85 (0.02) 1, 2.4

FTH2 Putative iron transporter [30% homology to FTH1
of S. cerevisiae]

�, 1.26 (0.15) �, 0.99 (0.06) �, 1.0

FET3 Multicopper oxidase (18) �, 1.04 (0.325) �, 0.9 (0.03) 2, 0.16
CCC2 Copper transporter (58) 1, 4.82 (2.03) �, 0.91 (0.08) 2, 0.29
CFL1 Ferric reductase (27) 1, 3.31 (2.0) �, 0.8 (0.02) �, 1.08
SIT1 Siderophore transporter (38) 1, 3.54 (0.21) ND ND

a The numbers are the averages (standard deviations) of the relative expression levels in cell culture with and without antifungal agents (see Materials and Methods).
Expression levels are defined as follows:2, strongly down-regulated (0.5 and less); (2), moderately down-regulated (0.77 and less); �, unchanged (0.78 to 1.29); (1),
moderately up-regulated (1.3 and greater); and 1, strongly up-regulated (2.0 and greater). ND, not determined; CIC, ciclopirox olamine; FLC, fluconazole; BIP,
bipyridine.
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IPF12201 (putative Na� nucleoside cotransporter with 41%
homology to an Na� nucleoside cotransporter of Mus muscu-
lus), IPF10138 (a putative membrane protein with 58% homol-
ogy to YNR018W of S. cerevisiae), BPT1 (a putative bile pig-
ment transporter with a high degree of homology to BPT1 of S.
cerevisiae), RPS8A (a putative ribosomal protein with 87%
homology to RPS8B of S. cerevisiae), and RPL3 (a putative
ribosomal protein with 86% homology to RPL3 of S. cerevi-
siae), were identified (Table 3). Among the 63 clones, PCK1
was found in 8 clones, WH11 and NAM7 were each found in 2
clones, IPF12201 was found in 3 clones, IPF10138 was found in
11 clones, BPT1 was found in 7 clones, and RPS8A and RPL3
were each found in 1 clone. Other clones contained plasmid
sequences or sequences that could not be identified within the
C. albicans genome.

To prove whether the genes identified by SSH were indeed
up-regulated in the presence of subinhibitory concentrations of
ciclopirox olamine, RT-PCR analysis was performed with
PCK1, WH11, NAM7, IPF12201, and IPF10138. The expression
of IPF10138 was strongly up-regulated, while the levels of
expression of the other genes were moderately increased (Ta-
ble 3), thus confirming the SSH data.

Hyphal induction of C. albicans in the presence of subin-
hibitory concentrations of ciclopirox olamine. In order to in-
vestigate whether ciclopirox olamine influenced the yeast-to-
hyphal phase transition, we performed a hyphal phase
induction assay. C. albicans cells treated with 0.6 �g of ciclo-
pirox olamine/ml showed the same ability as untreated cells to
produce hyphal cells by induction with serum (data not shown).

Hydrogen peroxide susceptibilities of ciclopirox olamine-
treated cells. Our RT-PCR expression studies showed that the
level of transcription of the catalase gene CAT1 was strongly
down-regulated. This may consequently cause a decrease in
catalase activity, which would lead to an insufficient detoxifi-
cation of H2O2. Therefore, we studied the sensitivities of ciclo-
pirox olamine-treated cells to H2O2 in comparison with those
of untreated cells. The numbers of untreated cells surviving the
treatment with H2O2 decreased with rising concentrations of
H2O2. Addition of ciclopirox olamine further increased the
susceptibility to oxidative stress caused by H2O2 (Table 5).
Only 1.7% of the cells survived in the ciclopirox olamine-
containing cultures with 1 mM H2O2, and no growth was de-
tected with 1.5 mM H2O2. This was in clear contrast to the
results for cultures not treated with ciclopirox olamine. In that
case, 16.6% of the cells survived in the presence of 1 mM H2O2

and 3.4% of the cells were still viable in the presence of 2.5
mM H2O2.

Induction of resistance by long-term treatment with ciclo-
pirox olamine. In order to investigate whether long-term treat-
ment with ciclopirox olamine may induce antifungal resistance
in C. albicans, cells were cultured over a period of 6 months in
the presence of a subinhibitory concentration of ciclopirox
olamine (0.6 �g/ml). During this long period, no changes in the
susceptibilities of the SC5314 cells to the drug could be de-
tected. Since the cells remained susceptible to ciclopirox
olamine at 0.6 �g/ml, it was not possible to investigate the
effect of increasing the drug concentration. Increasing the
ciclopirox olamine concentration to 1.0 �g/ml completely in-
hibited growth at all time points. In contrast, the concentration
of fluconazole could be increased from 8 to 128 �g/ml within 2
months (61 days). While 8 �g/ml was the highest concentration
of fluconazole that still allowed growth under the given starting
conditions, fluconazole concentrations could be increased to
16, 32, 64, and 128 �g/ml after different periods of incubation.

DISCUSSION

Although ciclopirox olamine is a well-known antifungal drug
and has been in use for more than two decades, its mode of
action is poorly understood. One way of elucidating the mode
of action of a particular drug is to examine the gene expression
profiles of cells treated with the drug (3, 13). Microorganisms
must adapt to changing environmental conditions by express-
ing genes necessary for optimal growth or viability. Therefore,
the gene expression pattern may reflect a certain environmen-
tal condition or the effect of a particular antimicrobial drug.
Antimicrobial drugs may act by disturbing essential biological
functions of the target cell. However, they may also act directly
against virulence attributes which are not important for in vitro
cell culture growth. Such activity may at least enhance the
antimicrobial potential of a drug in vivo. In order to elucidate
the mode of action of ciclopirox olamine, we investigated the
expression profiles of selected genes essential for growth and
viability and genes encoding known or putative virulence fac-
tors in cells exposed to this drug using gene-specific primers in
a series of RT-PCRs with different cycle numbers and cDNA
templates from two independent experiments. Northern anal-
ysis of selected genes involved in iron metabolism confirmed
the data obtained by RT-PCR (Fig. 1 and 5). Furthermore, we
used SSH to identify known or novel genes up-regulated dur-
ing treatment with this drug.

The levels of expression of selected housekeeping genes
such as those encoding actin (ACT1), inosine 5�-monophos-
phate dehydrogenase (IMH3), or translation elongation factor
1 (EFB1) did not change when cells were treated with subin-
hibitory concentrations of ciclopirox olamine. This indicated
that essential functions such as the cytoskeleton, protein trans-
lation, and nucleotide synthesis were not directly affected by
treatment with this drug under the chosen conditions. How-
ever, the fact that genes encoding a phosphoenolpyruvate car-
boxykinase (PCK1), a membrane transporter (BPT1), or ribo-
somal proteins (RPS8A, RPL3) were up-regulated in the
presence of ciclopirox olamine (Table 3) showed that this drug
has multiple direct or indirect effects on the cells. It was inter-
esting that within a population of cells treated with ciclopirox

TABLE 5. H2O2 resistance of C. albicans SC5314 grown in cultures
with and without 0.6 �g of ciclopirox olamine/mla

H2O2 concn
(mM)

No. (%) of surviving cells

Without ciclopirox
olamine

With 0.6 �g of
ciclopirox olamine/ml

0.0 670 (100) 59 (100)
0.5 492 (73.4) 5 (8.5)
1.0 111 (16.6) 1 (1.7)
1.5 31 (4.6) 0
2.0 33 (4.9) 0
2.5 23 (3.4) 0

a The numbers (percentages) of surviving cells after treatment with various
concentrations of H2O2 (see Materials and Methods) are shown.
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olamine, a number of cells seemed to be heavily damaged,
while others appeared to be unharmed (Fig. 4A to D). It is
therefore likely that the gene expression pattern within un-
harmed cells may differ from the expression pattern within
damaged cells. In most cases, the levels of expression of all
genes encoding secretory aspartic proteinases (SAP genes) or
lipases (LIP genes) were either unaltered or only moderately
down-regulated when cells were treated with ciclopirox
olamine. It seems unlikely that the drug treatment directly
influenced the expression of these genes; rather, it may reflect
a general reduction in vitality, which in turn caused lower levels
of expression of these putative virulence genes. Nevertheless,
these reduced levels of expression of certain virulence genes
may contribute to the antifungal activity of ciclopirox olamine
in vivo. Interestingly, the transcript level of PLB3, a putative
secretory phospholipase gene, was clearly increased, indicating
that at least certain genes are expressed at higher levels in
drug-treated cells.

Transcript levels of genes associated with the yeast-to-hy-
phal phase transition, another virulence attribute of C. albi-
cans, such as TUP1, RBT1, and HYR1, were either unaltered or
moderately up-regulated. However, this up-regulation had no
influence on cellular morphology since subinhibitory concen-
trations of ciclopirox olamine did not inhibit germ tube forma-
tion induced by serum. However, the possibilities that serum
components such as proteins reduced the inhibitory effect of
ciclopirox olamine by binding to the drug and that ciclopirox
olamine does have an inhibitory effect on germ tube formation
in media which do not contain serum cannot be excluded.

Because a number of observations suggested that ciclopirox
olamine might act as a chelator of iron ions (1, 36, 37), we
studied the expression patterns of several genes involved in
iron metabolism. Two genes encoding iron permeases, FTR1
and FTR2, were differentially regulated compared with the
regulation in untreated cells (Table 4). While FTR1, which
encodes a permease with a high affinity for Fe2� (47), was
strongly up-regulated, FTR2, the gene which codes for a low-
affinity Fe2� permease (47), was strongly down-regulated. This
inverse regulation of these permease-encoding genes has been
shown to reflect iron-limiting conditions (47), suggesting that
cells treated with ciclopirox olamine grow in an environment
with insufficient iron concentrations. This view is supported by
the fact that another gene encoding a putative iron transporter,
FTH1, was also strongly up-regulated. Fth1 is a homologue of
the iron transporter ScFth1 from S. cerevisiae, which is located
in the vacuolar membrane and which may be responsible for
mobilization of intravacuolar stored iron (57). Reduction of
Fe3� to Fe2� is triggered by ferric reductases and is an essen-
tial step for the provision of cells with biologically active iron
ions. In C. albicans, the CFL1 gene encodes a cell surface ferric
reductase which is associated with iron uptake. Under iron-
replete conditions this gene is expressed at basal levels, while
under low-iron conditions transcription is up-regulated (27).
The observation that CFL1 is strongly up-regulated in ciclopi-
rox olamine-treated cultures is in agreement with the view that
this drug causes iron-limiting conditions. In addition to extra-
cellular Fe3� reduction, C. albicans is also able to utilize var-
ious siderophores, which are transported into the cell by sid-
erophore transporters after binding to iron ions (38). The
siderophore transporter gene Sit1 is induced during iron de-

privation (38), and in our experiments we found that this sid-
erophore transporter gene was strongly up-regulated, which
again supports the view that ciclopirox olamine causes iron
limitation. If ciclopirox olamine acts as an iron chelator, this
drug may also be actively taken up by a transporter of the
major facilitator family, like SIT1. This is supported by the
observation that ciclopirox olamine can be found intracellu-
larly at 200-fold higher levels (50). Finally, it is known that
efficient iron import also depends on proteins involved in cop-
per metabolism, and thus, it was not surprising to discover that
the copper transporter gene CCC2 was strongly up-regulated
in ciclopirox olamine-treated cells.

If ciclopirox olamine acts as an iron chelator, one would
expect that the addition of a known iron chelator to C. albicans
cultures would cause a similar effect on growth and gene ex-
pression. The addition of bipyridine indeed (Fig. 2C; Table 4)
reduced the level of culture growth in a manner to similar to
that in which ciclopirox olamine did and led to the strong
up-regulation of FTR1 and FTH1 but the down-regulation of
FTR2, as predicted for iron-limiting conditions (47). Finally,
the inhibitory effect of ciclopirox olamine could be reversed in
a dose-dependent manner by the supplementation of media
containing 1.0 �g of ciclopirox olamine/ml with iron(III) chlo-
ride, adding further evidence that the antifungal affect of ciclo-
pirox olamine is principally caused by iron-chelating activity.

Iron limitation may have multiple effects on the fungal cells.
One possible consequence should be the loss of activity of
iron-dependent enzymes. In fact, we found that the expression
of the catalase gene CAT1 is strongly down-regulated, suggest-
ing that CAT1 regulation depends directly on available iron
ions. Furthermore, the lack of active catalases was indicative of
the high degree of susceptibility of ciclopirox olamine-treated
cells to oxidative stress induced by H2O2. However, we cannot
exclude the possibility that the higher degrees of susceptibility
of ciclopirox olamine-treated cells may also be due to a syner-
gistic effect of both components.

In addition to the possible lack of detoxification activities,
iron limitation may lead to a general loss of energy since a
number of enzymes of the respiratory chain in the mitochon-
dria depend on iron ions. This in turn would cause multiple
effects on most cellular functions and would explain the variety
of effects of ciclopirox olamine.

One may argue that the observed changes in the gene ex-
pression pattern may be a general consequence of cell growth
inhibition. However, treatment of C. albicans with another
antifungal drug, fluconazole, caused expression profiles that
clearly differed from those for ciclopirox olamine-treated cells
(Tables 2 to 4). For example, genes involved in iron metabo-
lism, such as CCC2, CFL1, and FTH1, were up-regulated in
ciclopirox olamine-treated cells but were down-regulated or
remained unchanged in fluconazole-treated cells.

Although ciclopirox olamine is one of the most commonly
used topical antimycotic drugs, a ciclopirox olamine-resistant
strain has not been described to date. This is in sharp contrast
to the case for azole drugs, to which increasing numbers of
strains are resistant. For azoles such as fluconazole, the mech-
anisms for the development of resistance are well known and
include a number of drug resistance genes (54, 59). In this
study, we questioned how ciclopirox olamine may act on these
resistance genes and whether resistance can be induced by
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long-term treatment with this drug. While the levels of expres-
sion of MDR1, which encodes a member of the major facilita-
tor family, and ABC transporter genes CDR3 and CDR4
showed no change in the presence of ciclopirox olamine com-
pared to the levels of expression of untreated cells, CDR1, and
CDR2 were up-regulated. In addition, the transcript level of
FLU1, another member of the major facilitator gene family,
was clearly increased. Even though FLU1 encodes a trans-
porter for fluconazole, the expression of this gene in C. albi-
cans clinical isolates could not be related to the degree of azole
resistance. Only when FLU1 was expressed in S. cerevisiae did
it mediate specific resistance to fluconazole (11). However, it is
well known that CDR1 and CDR2 play an important part in
resistance to fluconazole (12, 42). Even though the expression
of these drug resistance genes was induced by ciclopirox
olamine, the susceptibility of C. albicans to ciclopirox olamine
did not change, even after 6 months of continual treatment. In
contrast, the MIC of fluconazole could be increased up to
16-fold for cells incubated with this drug, starting from 8 �g/ml
(the highest concentration which permitted reduced growth) to
128 �g/ml after a 2-month period. One possible reason for the
inability of C. albicans to generate tolerance of or resistance to
ciclopirox olamine may be its fungicidal mode of action and its
steep dose-response curve. Cells still grew in the presence of
0.6 �g of ciclopirox olamine/ml, but an increase in this con-
centration (to 1.0 �g/ml) completely inhibited growth. On the
contrary, fluconazole acts in a fungistatic manner and has a flat
dose-response curve (26). The MIC80 of fluconazole was 2
�g/ml in 2% Sabouraud glucose medium, but cells were still
able to grow in the presence of a concentration of 8 �g/ml.
Another possible reason for the inability of C. albicans to
generate resistance to ciclopirox olamine could be due to an
irreversible binding of the drug to intracellular structures (50),
which would make it an unlikely substrate for efflux pumps
such as the MDR or CDR gene products.

In summary, our data strongly indicate that the principal
mode of antifungal activity of ciclopirox olamine is due to iron
chelation, which restricts the availability of iron to the fungal
cell and consequently inhibits growth. Furthermore, up-regu-
lation of certain multiple-drug resistance genes, other resis-
tance mechanisms, or 6 months of exposure to the drug could
not generate ciclopirox olamine resistance in C. albicans. Fi-
nally, we propose that determination of the gene expression
profile induced by an external stimulus, whether the stimulus is
a drug or some other stimulus, may provide valuable informa-
tion regarding the mode of action of this stimulus.
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