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Candida glabrata has recently emerged as a significant pathogen involved in both superficial and deep-seated
infections. In the present study, a checkerboard broth microdilution method was performed to investigate the
in vitro activities of voriconazole (VOR) in combination with terbinafine (TRB), amphotericin B (AMB), and
flucytosine (5FC) against 20 clinical isolates of C. glabrata. Synergy, defined as a fractional inhibitory concen-
tration (FIC) index of <0.50, was observed in 75% of VOR-TRB, 10% of VOR-AMB, and 5% of VOR-5FC
interactions. None of these combinations yielded antagonistic interactions (FIC index > 4). When synergy was
not achieved, there was still a decrease in the MIC of one or both drugs used in the combination. In particular,
the MICs were reduced to <1.0 �g/ml as a result of the combination for all isolates for which the AMB MIC
at the baseline was >2.0 �g/ml. By a disk diffusion assay, the halo diameters produced by antifungal agents
in combination were greater that those produced by each drug alone. Finally, killing curves showed that
VOR-AMB exhibited synergistic interactions, while VOR-5FC sustained fungicidal activities against C. gla-
brata. These studies demonstrate that the in vitro activity of VOR against this important yeast pathogen can
be enhanced upon combination with other drugs that have different modes of action or that target a different
step in the ergosterol pathway. Further studies are warranted to elucidate the potential beneficial effects of
such combination regimens in vivo.

The patient populations at risk for serious fungal infections
have increased dramatically in recent years. These populations
include patients with AIDS, those receiving cancer chemother-
apy or organ transplantation, and others receiving immuno-
suppressive medications (9). In addition, the spectrum of in-
vasive fungal infections is changing, with the frequencies of
infections due to non-Candida albicans Candida spp. on the
rise (33).

C. glabrata has recently emerged as a significant pathogen,
and increasing numbers of reports have shown its important
role in either superficial or deep-seated infections (29, 30). The
prominence of C. glabrata as a pathogen is of particular clinical
concern because it is innately less susceptible to fluconazole
and amphotericin B (AMB) than most other species of Can-
dida (29).

Recently, voriconazole (VOR), a fluconazole derivative with
improved antifungal activity and enhanced potency against
fungal 14-alpha-demethylase, has been developed and ap-
proved for use for the treatment of acute invasive aspergillosis
and other serious fungal infections (28). It possesses a wide
spectrum of activity against yeasts and filamentous and dimor-
phic fungi. The in vitro activities of VOR against clinical iso-
lates of C. glabrata are significantly higher than those reported
for fluconazole (28).

A recent study analyzed the efficacy of VOR for the treat-
ment of refractory and invasive fungal infections caused by less

common agents (28). Although the overall treatment success
rate for these patients was as high as 55%, it was significantly
influenced by the species of Candida, with response rates of
100% for patients infected with C. parapsilosis but only 25%
for patients infected with C. glabrata (28). This finding is quite
disturbing.

Combination therapy might be a promising approach in such
circumstances. The use of antifungal combinations may in-
crease the rates of microbial killing, shorten the durations of
therapy, avoid the emergence of drug resistance, and expand
the spectrum of activity. It is important to evaluate carefully
the effects of any combination therapy, since this approach
carries a much higher cost and can increase the potential for
drug interactions and toxicities.

Therefore, in this study, we investigated the in vitro activities
of VOR, alone and in combination with three other antifungal
agents, against clinical isolates of C. glabrata. The partner
drugs were terbinafine (TRB), AMB, and flucytosine (5FC).

MATERIALS AND METHODS

Yeast isolates. A total of 20 clinical yeast isolates of C. glabrata were used in
this study. The isolates were recovered from blood, the gastrointestinal tract, the
respiratory tract, the urinary tract, and other sterile body fluid specimens. Each
strain represented a unique isolate from a patient. Yeast isolates were identified
at the species level by conventional morphological and biochemical methods and
stored at �70°C in 10% glycerol. Prior to initiation of the study, the yeast isolates
were subcultured on antimicrobial agent-free medium to ensure viability and
purity.

Antifungal agents. Stock solutions of VOR (Pfizer, Rome, Italy), AMB (Sigma
Chemical, Milan, Italy), and TRB (Sandoz Ltd., Basel, Switzerland) were pre-
pared in dimethyl sulfoxide (Sigma). A stock solution of 5FC (Sigma) was
prepared in sterile distilled water. Further dilutions of all drugs were prepared in
the test medium.
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Broth dilution assay. Drug activity was assessed by a checkerboard method
derived from the standardized procedure established by the National Committee
for Clinical Laboratory Standards for broth microdilution antifungal susceptibil-
ity testing (22). Briefly, testing was performed in RPMI 1640 medium (Sigma)
buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (MOPS; Gibco
Laboratories, Milan, Italy) buffer. Volumes of 50 �l of each drug at a concen-
tration of four times the targeted final concentration were dispensed in the wells
of 96-well microtiter plates (Falcon 3072; Becton Dickinson). The final concen-
trations of the antifungal agents ranged from 0.008 to 8.0 �g/ml for VOR, 0.125
to 8.0 �g/ml for TRB and AMB, and 0.008 to 0.5 �g/ml for 5FC. Yeast inocula
(100 �l), prepared spectrophotometrically and further diluted in order to obtain
concentrations ranging from 1.0 � 103 to 5.0 � 103 CFU/ml (2� inoculum), were
added to each well of the microdilution trays. The trays were incubated in air at
35°C and read at 48 h. Readings were performed spectrophotometrically with an
automatic plate reader (model MR 700; Dynatech) set at 490 nm. MIC endpoints
were considered the first concentration of the antifungal agent tested alone or in
combination at which the turbidity in the well was 90% less than that in the
control well. Both on-scale and off-scale results were included in the analysis.
The high off-scale MICs were converted to the next highest concentration, while
the low off-scale MICs were left unchanged. Drug interactions were classified as
synergistic, indifferent (Loewe additivity), or antagonistic on the basis of the
fractional inhibitory concentration (FIC) index (14, 24). The FIC index is the
sum of the FICs of each of the drugs, which in turn is defined as the MIC of each
drug when it is used in combination divided by the MIC of the drug when it is
used alone. The interaction was defined as synergistic if the FIC index was less
than or equal to 0.50, indifferent if the FIC index was greater than 0.50 and less
than or equal to 4.0, and antagonistic if the FIC index was greater than 4.0 (14,
24).

Halo assay. Halo assays were performed in Mueller-Hinton agar (Biogenetics
srl, Padova, Italy) supplemented with 0.5 �g of methylene blue. Briefly, isolates
were inoculated into liquid yeast peptone dextrose (2% glucose, 2% Bacto
Peptone, 1% yeast extract; Difco Laboratories) and grown overnight at 35°C.
The cells were then pelleted, washed three times with distilled water, and
counted with a hemocytometer. Approximately 107 cells were inoculated into 80
ml of melted medium, and the mixture was poured onto 150-mm-diameter petri
dishes and allowed to dry. The drugs and the solvent control were pipetted onto
6-mm-diameter BBL disks (Becton Dickinson & Co.). Disks were embedded
with 10 �l of either drug alone or drugs in combination. VOR was used at a
concentration of 1 �g, TRB and 5FC were used at concentrations at 10 �g, and
AMB was used at a concentration at 0.5 �g. After the disks had dried, they were
placed onto inoculated agar plates. The plates were incubated at 35°C, and
inhibition zone diameters were measured at 24 and 48 h (25). Each disk diffusion
assay was performed in duplicate, and mean diameters are reported.

Killing assay. Three to five colonies of C. glabrata 4370 from a 48-h growth
plate were suspended in 10 ml of sterile distilled water, and the turbidity was
adjusted to a 0.5 McFarland standard (approximately 1 � 106 to 5 � 106

CFU/ml) by spectrophotometric methods. One milliliter of the adjusted fungal
suspension was added to 9 ml of either RPMI 1640 medium buffered with MOPS
buffer or a solution of growth medium plus an appropriate amount of each drug
alone or in combination. VOR was used at 1.0 �g/ml (4 to 8 times the MIC),
TRB was used at 8.0 �g/ml (the MIC), AMB was used at 1.0 �g/ml (0.5 times the

MIC), and 5FC was used at 1.0 �g/ml (32 times the MIC). Test solutions were
placed on a shaker and incubated at 35°C. At 0, 2, 6, and 24 h following the
introduction of the test isolate into the system, 100-�l aliquots were removed
from each test solution. After serial dilution 10-fold, a 50-�l aliquot from each
dilution was streaked in triplicate onto Sabouraud dextrose agar plates for colony
count determination. Following incubation at 35°C for 48 h, the number of CFU
on each plate was determined. The limit of detection was 20 CFU/ml. Time-kill
studies were also performed with nongrowing cells, in which RPMI 1640 was
replaced by phosphate-buffered saline (pH 7.0) (5). Fungicidal activity was con-
sidered to have been achieved when the number of CFU per milliliter was
�99.9% compared with the initial inoculum size. For time-kill studies, synergy
was defined as a �100-fold increase in killing compared with that achieved with
the most active single agent, while antagonism was defined as a �100-fold
decrease in killing compared with that achieved with the most active single agent.
If less than a 100-fold change from the effect of the most active single drug was
observed, the interaction was considered indifferent (10). Experiments were
performed in duplicate.

Statistical analysis. Before statistical analysis the MIC data were transformed
logarithmically to approximate a normal distribution. Continuous variables were
compared by Student’s t test or the Mann-Whitney test. A P value �0.05 was
considered significant.

RESULTS

Three different approaches were used in this study to inves-
tigate the interactions between VOR and each of three other
antifungal agents against clinical isolates of C. glabrata.

Broth dilution assay. The susceptibility results obtained by
the broth dilution assay for 20 clinical isolates of C. glabrata are
reported in Table 1. VOR MICs ranged from 0.015 to 4.0
�g/ml, with the MIC at which 50% of isolates are inhibited
(MIC50) and the MIC90 of 0.125 and 2.0 �g/ml, respectively.
TRB MICs ranged from 1.0 to �8.0 �g/ml, with both the
MIC50 and the MIC90 being greater than 8.0 �g/ml. AMB
MICs ranged from 0.5 to 4.0 �g/ml, with both the MIC50 and
the MIC90 being 2.0 �g/ml. 5FC MICs ranged from 0.015 to
0.25 �g/ml, with the MIC50 and the MIC90 being 0.03 and 0.06
�g/ml, respectively. Overall, VOR MICs were significantly
lower than both the TRB and the AMB MICs (P � 0.0001) but
were higher than the 5FC MICs (P � 0.0001).

When VOR was combined with TRB, there were significant
reductions in the geometric mean VOR MIC (from 0.20 to
0.05 �g/ml; P � 0.005) and the geometric mean TRB MIC
(from 9.8 to 1.2 �g/ml; P � 0.0001). Synergistic interactions
were observed for 75% (15 of 20) of the isolates, while indif-

TABLE 1. In vitro activities of VOR, TRB, AMB, and 5FC, alone and in combination, by the broth dilution assay against
20 clinical isolates of C. glabrata

Drug(s)a
MIC (�g/ml) reported as: % Isolates showing the following interactions:

Geometric mean Range Synergism Indifference Antagonism

VOR 0.20 0.015–4.0
TRB 9.8 1.0–�8.0
VOR-TRB 0.05a/1.2b �0.008–2.0/�0.125–4.0 75 25 0

VOR 0.18 0.015–4.0
AMB 1.5 0.5–4.0
VOR-AMB 0.08/0.39c �0.008–2.0/�0.125–1.0 10 90 0

VOR 0.20 0.015–4.0
5FC 0.03 0.015–0.25
VOR-5FC 0.02a/0.02 �0.008–2.0/�0.008–0.06 5 95 0

a P � 0.05 for the combination versus VOR alone.
b P � 0.05 for the combination versus TRB alone.
c P � 0.05 for the combination versus AMB alone.
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ferent interactions were observed for the remaining 25% (5 of
20). When VOR was combined with AMB, there was a signif-
icant reduction in the geometric mean AMB MIC (from 1.5 to
0.39 �g/ml; P � 0.0001). Although the geometric mean VOR
MIC dropped from 0.18 to 0.08 �g/ml when it was combined
with the polyene, this reduction was not statistically significant
(P � 0.149). Synergistic activity was noted against only two
isolates (10%). The interactions were indifferent for 90% (18
of 20) of the isolates. Regardless of the type of interaction, the
MICs dropped to �1.0 �g/ml when AMB was combined with
VOR for all isolates (13 of 20) for which AMB MICs were
�2.0 �g/ml at the baseline.

When VOR was combined with 5FC, there was a significant
reduction in the geometric mean VOR MIC (from 0.20 to 0.02
�g/ml; P � 0.0001) but not the 5FC MIC (from 0.03 to 0.02
�g/ml; P � 0.333). These combinations were noted to have
synergy against only a single isolate (5%). For 95% (19 of 20)
of the isolates the interactions were indifferent. None of these
combination studies yielded antagonistic interactions (Table
1).

Halo assay. To further characterize the effects of all three
combination therapies, we used a disk diffusion assay to test 20
clinical isolates of C. glabrata. The results are reported in Table
2. Both TRB and AMB alone inhibited growth only modestly,
as shown by the smallest halo diameters produced. The halo
diameters produced by combination therapies were generally
larger that those produced by the drugs used alone. However,
VOR combined with TRB or AMB showed an indifferent
effect because the zone diameters never exceeded the largest
diameter obtained with VOR alone. On the contrary, the mean
sizes of the zones of inhibition of VOR and 5FC used in
combination were superior to that of each of the drugs used
alone (Table 2). Again, antagonism was never observed (i.e.,
the halo diameters of each drug combination were smaller than
those produced by each drug alone).

Killing assay. Killing studies were conducted with C. gla-
brata isolate 4370. This isolate was selected as a representative
strain because VOR-TRB yielded a synergistic interaction,

while indifference was observed with the other two combina-
tions by the checkerboard dilution method (Table 3). Since the
in vitro models that most closely mimic clinical infections are
not known, we performed killing experiments by using both
replicating and nonreplicating cells. The results of the experi-
ments conducted with replicating cells are reported in Fig. 1
and Table 3. VOR combined with TRB exhibited an indifferent
interaction (reduction of 0.9 log10 CFU/ml at 24 h; Fig. 1A).
Cells incubated with AMB alone showed renewed growth after
6 h of incubation, and both agents used alone exerted similar
activities at 24 h. On the contrary, combination therapy with
VOR and AMB yielded sustained antifungal activity for up to
24 h (Fig. 1B). At that time this combination showed a syner-
gistic effect (reduction of 3.1 log10 CFU/ml). Cells incubated
with 5FC alone, which was almost fungicidal at 6 h, exhibited
renewed growth throughout the end of the experiment. When
5FC was combined with VOR, the fungicidal activity docu-
mented was rapid and was maintained for up to 24 h. At this
time, this combination exhibited an indifferent interaction (re-
duction of 1.1 log10 CFU/ml; Fig. 1C). The results of the
experiments conducted with nonreplicating cells are reported
in Fig. 2 and Table 3. Regardless of the time interval, VOR
combined with TRB did not exhibit any antifungal effect com-
pared with the findings for the growth control (Fig. 2A). Al-
though VOR-AMB was the most effective antifungal regimen
in this system, the combination yielded an indifferent interac-
tion at 24 h (reduction of 0.6 log10 CFU/ml; Fig. 2B). Similar
to the findings reported from experiments with replicating
cells, VOR combined with 5FC showed an indifferent interac-
tion at 24 h (reduction of 1.2 log10 CFU/ml; Fig. 2C). Antag-
onism was never observed.

DISCUSSION

In this study we analyzed the in vitro interactions between
the new triazole, VOR, and three established antifungals
against clinical isolates of C. glabrata.

We decided to study this yeast species for three main rea-
sons: first, C. glabrata is the most common cause of fungemia
after C. albicans (29); second, infections due to C. glabrata are
characterized by a high mortality rate (37); and third, C. gla-
brata infections are difficult to treat due to the reduced sus-
ceptibilities of the species to common antifungal agents (i.e.,
fluconazole) (29, 30, 39).

VOR, like other azoles, affects ergosterol biosynthesis via
inhibition of 14-alpha-demethylase, an enzyme belonging to
the cytochrome P-450 superfamily, and shows an extended
spectrum of activity against different species of fungi (8, 39).
Although two of the other three molecules selected as partner
drugs inhibit ergosterol biosynthesis, they do so by acting at
different steps of the same pathway. TRB affects ergosterol

TABLE 2. In vitro activities of VOR, TRB, AMB, and 5FC, alone
and in combination, against 20 clinical isolates of

C. glabrata by the halo assay

Drug
Halo diam (mm [mean � SD]) with the following drugsa:

VOR TRB AMB 5FC

Alone 18.6 � 5.2 11.5 � 3.5 10.0 � 1.0 21.1 � 4.3
Combined 19.8 � 5.5 19.8 � 7.4 28.1 � 3.6b,c

a VOR was used at 1 �g, TRB was used at 10 �g, AMB was used at 0.5 �g, and
5FC was used at 10 �g.

b P � 0.05 for the combination versus VOR alone.
c P � 0.05 for the combination versus FC alone.

TABLE 3. Summary of drug interactions for C. glabrata 4370 by different methodologies

Methodology
Results for the following combinations:

VOR-TRB VOR-AMB VOR-5FC

Checkerboard Synergism Indifference Indifference
Time-kill studies with replicating cells Indifference Synergism Indifference, fungicidal activity
Time-kill studies with nonreplicating cells Indifference Indifference Indifference
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biosynthesis by inhibiting squalene epoxidase. This inhibition
induces the intracellular accumulation of squalene, which dis-
rupts fungal cell membranes. AMB binds to ergosterol and
alters membrane permeability, which cause the leakage of cat-
ions and hydrogen ions. Finally, 5FC possesses a completely
different mechanism of action, in that it inhibits protein syn-
thesis (8, 39). Theoretically, a synergistic interaction is more
likely to occur when two (or more) drugs possess a unique

mode of action. However, recent experimental and clinical
data have revealed that this rule is not always true in antifungal
therapy (1–7, 11–21, 23, 26, 27, 31, 32, 34, 35, 36, 38).

Here we explored drug interactions by using different meth-
ods, including the classical checkerboard dilution method for
determination of MICs, a disk diffusion assay, and killing curve
assays.

FIG. 1. Time-kill studies conducted with replicating C. glabrata
4370 cells. VOR was combined with TRB (A), AMB (B), and 5FC (C).
Black squares, controls; circles, VOR (1 �g/ml); triangles, TRB (8 �g/
ml), AMB (1 �g/ml), and 5FC (1 �g/ml); white squares, combination
therapies. Dashed lines represent a �99.9% growth reduction com-
pared with the initial inoculum size. The limit of detection was 20
CFU/ml. Each datum point represents the means of two separate
experiments with similar results.

FIG. 2. Time-kill studies conducted with nonreplicating C. glabrata
4370 cells. VOR was combined with TRB (A), AMB (B), and 5FC (C).
Black squares, controls; circles, VOR (1 �g/ml); triangles, TRB (8 �g/
ml), AMB (1 �g/ml), and 5FC (1 �g/ml); white squares, combination
therapies. Dashed lines represent a �99.9% growth reduction com-
pared with the initial inoculum size. The limit of detection was 20
CFU/ml. Each datum point represents the mean of two separate ex-
periments with similar results.
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Although TRB is generally used for the treatment of super-
ficial fungal infections due to fungi other than yeasts, a body of
literature emphasizes the potential utility of this drug in com-
bination regimens against several yeast species and filamentous
fungi (6, 7, 11, 13, 19–21, 27, 38). Recent in vitro reports have
demonstrated that TRB in combination with several azoles
exerts a synergistic effect against C. albicans (7, 38). Data from
in vivo studies also support the use of these combinations for
the treatment of infections due to Scedosporium prolificans (11,
13). Our checkerboard assay results confirmed previous find-
ings presented by Perea et al. (27). Like those investigators, we
found that synergism was the most frequent interaction en-
countered (75%) when the allylamine was combined with
VOR. On the other hand, neither the halo assay nor the killing
curve assay showed any interactions between these two drugs,
although use of the combination gave a 0.9 log10 reduction in
growth compared to that achieved with each agent alone at
24 h in killing experiments conducted with replicating cells.

Recently, AMB has been tested in combination with many
other drugs to determine whether it possibly has enhanced
activity when it is used in combinations (1, 4, 6, 16, 17, 21, 31,
32, 34, 35). In vitro and in vivo studies have shown wide vari-
ations in effects when the polyene is combined with fluconazole
or itraconazole (4, 16, 17, 32, 34). A recent clinical trial com-
paring fluconazole alone or combined with AMB for the treat-
ment of candidemia showed that the latter regimen tended to
improve the treatment success rate and achieved a more rapid
clearance of the organism from the bloodstream (31). Our
investigations showed that synergism between VOR and AMB,
measured by both the classical broth dilution method and the
disk diffusion method, occurred rarely. However, it is interest-
ing that the AMB MIC dropped to �1.0 �g/ml for all strains
for which baseline AMB MICs were �2.0 �g/ml when AMB
was combined with the triazole. Moreover, killing experiments
conducted with replicating cells demonstrated that this combi-
nation exerted synergistic activity. This finding suggests the
potential utility of such an approach.

Similar to the findings for VOR-AMB, the testing of VOR-
5FC by the checkerboard dilution method showed that syner-
gism occurred rarely. On the other hand, both the halo assay
and the killing curve assay yielded very promising results. The
halo assay showed a significant enhancement of growth inhi-
bition with this combination regimen, while the killing exper-
iments demonstrated that this combination regimen could be
used to achieve fungicidal activity and to maintain that fungi-
cidal activity against C. glabrata. Due to its unique mode of
action, 5FC is quite suitable for study in combination with
other antifungal drugs (3, 5, 8, 21, 23, 35). Classically, the
pyrimidine derivative has been shown to increase the activity of
AMB or fluconazole against infections due to Cryptococcus
neoformans by both in vitro and in vivo experiments (3, 5, 23).

Our results also demonstrated that the type of interaction is
method dependent. The reason for the discrepancies in the
results among the different techniques is difficult to explain.
We can hypothesize that the nature of a static system (i.e., the
checkerboard dilution or halo assay) or a dynamic system (i.e.,
the killing curve assay) might influence the pharmacodynamics
of drug interactions. The major drawback in the testing of
AMB by the checkerboard dilution method is the problem with
the medium. Tests performed with RPMI 1640 medium for

AMB give MICs which cluster in a very narrow range, thereby
reducing the possibility of detecting even a slight change in
susceptibility (39). Therefore, a dynamic model, such as the
killing curve assay, is necessary to effectively evaluate combi-
nation regimens containing the polyene derivative.

Also, because all isolates were already highly susceptible to
5FC, the checkerboard method was not able to detect any
significant decrease in MICs due to the combination.

In conclusion, we demonstrated that VOR combined with
TRB, AMB, or 5FC yielded several types of interactions in
vitro, ranging from indifference to synergism. The results were
greatly influenced by the method used, but it is encouraging
that none of the methods showed antagonism. Although the
killing experiments were performed with only one isolate, they
gave promising results that showed that VOR and AMB can
interact synergistically, while VOR and 5FC can yield sus-
tained fungicidal activity against C. glabrata.

Therefore, these combination approaches merit further in-
vestigation in animal models of infections caused by this
emerging and difficult-to-treat fungal pathogen.
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