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Nikkomycins X and Z (NZ), competitive inhibitors of fungal chitin synthetase, were combined with azoles in
a series of in vitro checkerboard assays to test for synergism against Candida spp. All combinations of
nikkomycins and azoles tested resulted in marked synergistic activity against an isolate of Candida albicans,
with fractional inhibitory concentration indices ranging from 0.016 to 0.28. No synergistic effect was

demonstrable with isolates of C. tropicalis, C. parapsilosis, or C. krusei, though results for the latter two were

suggestive of an additive effect. In survival models of mice infected intravenously with C. albicans, NZ
administered singly in doses ranging from 5 to 50 mg/kg of body weight twice a day was able to delay the onset
of mortality but showed no dose-response effect. The combination of NZ and the azole R 3783 administered
orally in a ratio of 8:1 to 40:1 or greater (wt/wt) enhanced survival better than did the drugs given individually,
but this effect was less evident for combinations involving fluconazole. In short-term organ load assays with
outbred mice infected intravenously with C. albicans, high ratios of NZ to R 3783 reduced the CFU per gram

in kidneys more significantly than did the drugs individually. Statistically significant reductions were not seen

for short-term fungal burden assays using combinations of NZ and fluconazole in outbred mice or in inbred
mice more susceptible to candidiasis. In a model of rat vaginal candidiasis, the combination of NZ and R 3783
administered either orally or vaginally was more effective than the drugs used singly. Thus, under certain
conditions, combination therapy with nikkomycin and select azoles may offer promise for an increased
therapeutic effect in candidiasis.

With the increase in the number of immunocompromised
patients in the last decade, there has been a concomitant
increase in the numbers of life-threatening mycoses (17, 20).
Unfortunately, antifungal drugs released for clinical use over
the last decade have not offered substantive improvements
in efficacy over amphotericin B. Recently, several new
compounds active against the cell walls of fungi have been
evaluated. These compounds include derivatives of echino-
candin B, which inhibit beta-glucan synthesis (6, 22), and the
nikkomycins, which inhibit chitin synthesis (4). While these
drugs show promise, their spectrum of activity appears to be
limited in comparison to those of the azoles and amphoter-
icin B (6, 12). Previous data obtained with nikkomycin used
as therapy in a mouse model of candidiasis showed only
modest efficacy (1).
One approach to increasing the therapeutic index of

anti-infective drugs is to test them in combinations for
synergistic interactions. While there have been a number of
reports concerning positive interactions of antifungal drugs
or antifungal and antibacterial drugs, few combinations have
shown substantial improvements over the effects of the
single drugs; many have shown antagonism (2, 3, 5, 13, 16,
19, 23).
Because of previous reports that azole compounds inter-

fered with the normal synthesis of chitin in the cell wall of
Candida albicans (9, 18, 21) and the recent report describing
synergy between the nikkomycin complex and three azoles,
it seemed appropriate to try various combinations of azoles
and purified nikkomycins X (NX) and Z (NZ) against this
yeast. This report describes the results of in vitro tests and
subsequent therapy experiments with mouse models of
candidiasis.

* Corresponding author.

MATERIALS AND METHODS

Drugs. NX and NZ, clotrimazole, and the triazole R 3783
were received as powders from Bayer AG (Wuppertal,
Germany); fluconazole was received as a powder from
Pfizer, Inc. (Groton, Conn.); miconazole and itraconazole
were received as powders from Janssen Pharmaceutica
(Piscataway, N.J.); and ketoconazole was purchased as
Nizoral (200-mg tablets). For use in susceptibility tests, the
nikkomycins and fluconazole were dissolved directly into
the test medium, ketoconazole was dissolved in 0.2 N HCI,
and all other azoles were dissolved in 95% ethanol prior to
dilution in the test medium. For administration to animals,
the nikkomycins and fluconazole were prepared as solutions
in 0.1% agar (Difco, Detroit, Mich.) with 0.5% glucose. R
3783 was prepared as a suspension in the same material. The
concentrations of nikkomycins and azoles were adjusted for
oral delivery in 0.1-ml volumes. Azoles and nikkomycins
were administered as combinations in 0.1-ml volumes in agar
only.
Organisms and conditions of culture. All strains used in this

study, C. albicans B311 (originally obtained from H. Hasen-
clever, National Institutes of Health) and H12 (Bayer AG),
C. tropicalis 1525 and 53 (obtained from J. Domer, Tulane
School of Medicine, New Orleans, La.), C. parapsilosis
CDC-60 (J. Domer), and C. krusei 351 (J. Domer), except
H12, were stored at -70°C until needed, and inocula were
propagated in broth containing 2% glucose and 1% yeast
extract (Difco, Detroit, Mich.) at 37°C overnight. The C.
albicans H12 was propagated on Kimmig agar at 28°C
overnight.

Animals. CFW female mice (average weight, 20 to 24 g)
(Charles River Breeding Laboratories, Inc., Wilmington,
Mass.) and DBA/2N male mice (average weight, 20 to 22 g)
(Simonsen Laboratories, Gilroy, Calif.) were used for organ
load and survival experiments, while male CF1 mice (aver-
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age weight, 20 to 22 g) (F. Winkelmann, Bersuchstierzucht
GmbH and Co. KG, Borchen, Germany) were used for the
drug-combination survival experiments.

In vitro testing. All tests were performed with broth by
using microtiter plates. Isolates were tested in yeast-nitrogen
base with glucose and 0.15% asparagine at room temperature
at a final inoculum concentration of 104 CFU/ml. MICs were
read at 48 h and defined as the lowest concentration showing
the complete inhibition of growth. For wells with combina-
tions of drugs, endpoints were determined on a row-by-row
basis. The fractional inhibitory concentration (FIC) indices
were calculated as described by Hallander et al. (7).

Experimental design for in vivo testing. The therapeutic
efficacies of the compounds, as indicated by their effects on
the survival of infected mice and on the number of viable
fungi in the target organs, were examined.

(i) Survival experiments. All survival experiments were
designed so that a course of acute infection could be moni-
tored, with deaths generally starting within 5 to 12 days of
infection. The purpose of this approach was to provide a
rigorous test of the antifungal agent, with the outcome
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largely determined before an active immune response could
influence the results. Infection was by the intravenous route,
and therapy was begun at 24 h after infection. NZ was given
twice a day and azoles were given once daily, starting at 24
h after infection for various periods as indicated in the
figures. All animals were held at least 28 days and monitored
daily for mortalities. There were 15 to 20 mice per group in
the treatment groups and 15 to 80 mice in the control groups.

(ii) Short-term organ load experiments. Experiments to
determine the fungal burden in the kidneys (organ load) of
infected and control animals were conducted as previously
described (10), except that azoles were administered once
daily only and NZ was given twice daily.

Statistical analyses. Results from short-term organ loads
were analyzed by Duncan's multiple range test, with signif-
icance determined at the P = 0.05 level. Survival data
were analyzed in a pairwise fashion by the log-rank test,
with significance determined at the P = 0.05 level. All
analyses were performed with Systat software (Evanston,
Ill.).
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FIG. 1. Results of 96-well checkerboard synergy study with R 3783 and either NZ (top) or NX (bottom) against C. albicans B311
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TABLE 1. FIC indices for combinations of azoles and NX and
NZ against C. albicans

Azole MIC of azole FIC value'(Ig/ml) NX NZ

Bifonazole 8 0.190 0.190
Clotrimazole 2 0.076 0.023
Fluconazole >64 0.281 0.188
Itraconazole >64 0.133 0.008
Ketoconazole 64 0.063 0.031
Miconazole 4 0.047 0.047
R 3783 16 0.020 0.016

a FIC value of <0.5 indicates synergy.

RESULTS

MIC checkerboard testing. NX and NZ were tested in
combination with several azoles by the checkerboard
method against C. albicans B311. NZ and the azole R 3783
were tested against single isolates of C. parapsilosis and C.
krusei and two isolates of C. tropicalis. As can be seen from
the representative isobologram in Fig. 1 and the summary of
all results from Table 1, all of the combinations resulted in
pronounced synergy versus C. albicans, with FIC indices (7)
ranging from 0.016 to 0.28 (synergy, c0.5). In most cases,
MICs were lower with NX than with NZ, resulting in slightly
higher FIC values for the NX combinations. In contrast, no
synergy was demonstrable with the non-C. albicans isolates,
likely because of the high resistance of these isolates to NZ
alone (Table 2). However, the data suggest an additive effect
in the case of C. parapsilosis and C. krusei. Also, because no
endpoint was reached with NZ, the FIC indices represent
maximum values but in no case could they be less than 0.5.
The combinations tested against the various isolates resulted
in trailing endpoints similar to those seen with the azoles
alone.

In vivo experiments. In an initial experiment, it was
determined that NZ used alone in a systemic candidiasis
survival experiment did result in a delay in the onset of
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FIG. 2. Survival study of DBA/2N mice infected intravenously
with 3.1 x 104 CFU of C. albicans B311 and treated orally with NZ
or R 3783. The period of treatment is indicated under the x axis.
Q.D., once daily.

TABLE 2. Susceptibility results for combinations of R 3783 and
NZ against non-C. albicans isolates of Candida

Isolate MIC of azole MIC of NZ FIC(pig/ml) (Lg/ml) value'

C. krusei 4 >500 0.750
C. parapsilosis 4 >500 0.625
C. tropicalis 1525 1 >500 2
C. tropicalis 53 1 >500 1

a FIC value of O.5 indicates synergy.

mortalities (Fig. 2). However, with three-drug concentra-
tions ranging from 5 to 50 mg/kg of body weight, no
dose-response effect was seen, and the results were statisti-
cally inferior to those obtained with 10 mg of R 3783 per kg.
Using combinations of NZ and azoles, two experiments

were conducted with a survival model of systemic candidi-
asis by using 0.5 mg of either R 3783 or fluconazole per kg of
body weight in combination with 10 mg of NZ per kg. At
these concentrations, R 3783 used alone had little effect on
survival, while the combination of NZ and R 3783 increased
survival to a statistically significant level in comparison to
NZ alone (Fig. 3). In an experiment with a lower infecting
dose, 0.5 mg of fluconazole per kg and 10 mg of NZ per kg
had a statistically significant effect on survival under these
conditions, while no additional benefit was seen with the
combination of fluconazole and NZ (Fig. 4). An additional
experiment in which the concentrations of both NZ and R
3783 were increased (with a final ratio of 8.3:1) again showed
statistically significant interaction between the two com-
pounds (Fig. 5).

In an experiment to determine the effects of the combina-
tion of NZ and R 3783 on short-term organ loads, four
different groups with drug concentrations spanning ratios
from 2.5:1 to 40:1 were compared with controls and single-
drug treatment groups. The results, shown in Table 3,
demonstrated that kidney organ loads in groups treated with
a 10:1 ratio of NZ to azole were not statistically different
from those in animals treated with the same concentration of
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FIG. 3. Survival study of CF1 mice infected intravenously with 5
x 105 CFU of C. albicans H12 and treated orally with R 3783, NZ,
the combination of these drugs, or an agar vehicle. The period of
treatment is indicated under the x axis.
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FIG. 4. Survival study of CF1 mice infected intravenously with 2
x 105 CFU of C. albicans H12 and treated orally with fluconazole,
NZ, the combination of these drugs, or an agar vehicle. The period
of treatment is indicated under the x axis.

azole alone. Only the group treated with a 40:1 ratio had
results statistically different from those of the groups treated
with a single drug at the same concentrations of NZ and
azole, respectively. In an experiment using a 40:1 ratio of
NZ to fluconazole and a similar infection inoculum, how-
ever, the combination did not result in a statistical improve-
ment over that seen with fluconazole alone (Table 4). Simi-
larly, with inbred DBA/2N mice, a strain more susceptible to
candidiasis (10), and 40:1 and 100:1 ratios of NZ to flucon-
azole, the combinations did not result in a statistical im-
provement over that obtained with fluconazole alone (Tables
5 and 6).

Lastly, a model of vaginal candidiasis in rats was used to
evaluate the combination of NZ and R 3783 in comparison to
the latter compound and fluconazole used alone. The com-
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FIG. 5. Survival study of mice infected intravenously with x

105 CFU of C. albicans H12 and treated orally with R 3783, NZ, the

combination of these drugs, or an agar vehicle. The period of
treatment is indicated under the x axis.

TABLE 3. Short-term organ loads in kidneys of mice infected
with C. albicans B311a

Treatment Dose Mean log Statistical
group (mg/kg) CFU ± SEM group(s)"

Control None 4.56 ± 0.26 A
NZ 5 4.31 ± 0.25 A
NZ 20 4.15 ± 0.21 A
NZ + R 3783 5 + 0.5 4.19 + 0.32 A
R 3783 0.5 4.02 + 0.15 A, B
R 3783 2 3.67 0.18 B, C
NZ + R 3783 20 + 0.5 3.39 ± 0.31 C
NZ+R3783 20+2 3.31±0.10 C
NZ + R 378 5 + 2 3.08 0.09 C

"Animals were infected with 50,000 CFU of C. albicans B311.
h Groups with the same letter are not statistically different.

bination was administered orally in one group and was used
to irrigate the vaginas of a second group, while the azoles
used singly were given orally. The results, presented in
Table 7, suggest that the combination given by either route
was more effective than both azoles given singly. The
combination was also more rapidly active, with the oral
administration resulting in the only negative culture at 24 h
posttherapy, while 50% were culture negative at 72 h.

DISCUSSION

The results of the in vitro tests described herein indicate
that combinations of azoles and nikkomycins can result in
consistent and substantial reductions in the MICs for C.
albicans. Although there have been numerous reports for
various combinations of azoles, polyenes, and 5-fluorocy-
tosine, improvements in susceptibility were variable in na-
ture and rarely resulted in more than a fourfold decrease in
the MIC from that seen with individual drugs (3, 5, 16, 23).
While the mechanism by which the combination of nikko-

mycin and azole can increase susceptibility is unknown, it
has been reported previously that several agents that inter-
fere with normal cytoplasmic membrane synthesis or archi-
tecture can cause aberrant synthesis of chitin (8, 9, 18, 21).
With the azoles and inhibitors of beta-glucan synthesis, i.e.,
papulacandin B or cilofungin, the effect is demonstrable at
subinhibitory concentrations of these agents. Given that the
active form of chitin synthetase is embedded in the cytoplas-
mic membrane, it is a reasonable assumption that changes in
the normal composition of the membrane might affect the
activity of this enzyme. Milewski et al. (15) postulate that
subinhibitory concentrations of azoles may preferentially
affect the ergosterol content of chitosomes, leading to a
reduced capability of the cell to synthesize chitin. Reasons
for the lack of activity against other species of Candida have

TABLE 4. Short-term organ loads in kidneys of outbred mice
infected with C. albicans B31 la

Treatment group Dose Mean log Statistical
(mg/kg) CFU ± SEM group"

Control None 4.24 ± 0.14 A
NZ 20 4.16 0.23 A
NZ + fluconazole 20 + 0.5 3.97 ± 0.32 A
Fluconazole 0.5 3.63 ± 0.07 B
Fluconazole 25 3.27 + 0.05 B

"Animals were infected with 52,000 CFU of C. albicans B311.
"Groups with the same letter are not statistically different.
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TABLE 5. Short-term organ loads in kidneys of inbred mice
infected with C. albicans B311a

Treatment Dose Mean log Statistical
group (mg/kg) CFU ± SEM groupb

Control None 6.53 ± 0.20 A
NZ 20 5.90 0.10 B
Fluconazole 0.5 5.01 ± 0.15 C
NZ + fluconazole 20 + 0.5 4.78 ± 0.12 C
NZ + fluconazole 25 4.20 + 0.09 D

a Animals were infected with 26,000 CFU of C. albicans B311.
b Groups with the same letter are not statistically different.

not been determined but may involve reduced transport of
NZ intracellularly (24).
While the criteria for determining synergy in in vitro tests

are well established, no such guidelines exist for in vivo
experimentation. In general, the term implies a combination
effect greater than the sum of the effects of the individual
drugs (14). The term has been applied to combinations of two
active agents or in situations where an active agent was used
with a second agent that, by itself, was inactive against the
target organism but which in combination caused an increase
in efficacy. An example of the latter situation would be the
combination of amphotericin B with rifampin, which, in
certain situations, has been shown to be synergistic in vitro
and in animal models of mycoses (13, 19). In this case,

rifampin has no activity alone but potentiates the activity of
the antifungal agent, amphotericin B.

Despite the dramatic increases in susceptibility obtained
with the nikkomycins and azoles, the in vivo results did not
match the findings of the in vitro tests; the effect was

restricted to certain azoles and to certain ratios of nikkomy-
cin to azole. Given that the in vitro results show a 10-fold
difference in the FIC values for R 3783 and fluconazole, it is
not surprising that the in vivo data were more favorable for
combinations of R 3783 and NZ. These results may, in part,
be explainable by the different pharmacokinetic behavior of
these compounds in the hosts or even within the target
organs. As mentioned, aberrant chitin synthesis in azole-
treated fungal cells was found to be most pronounced in cells
treated within a narrow range of concentrations (9, 18).
Thus, there may be a narrow tolerance with respect to
dosing for reproducing this phenomenon in vivo. If, indeed,
precise ratios and absolute concentrations of each compo-
nent are required for increased inhibition of the yeast cells,
it is also likely that the conditions would be different for
lipophilic azoles like R 3783 and hydrophilic compounds like
fluconazole, compounds which show differences in pharma-
cokinetic behavior and which are metabolized differently.
Thus, it follows that before this concept could be applied in

TABLE 6. Short-term organ loads in kidneys of inbred mice
infected with C. albicans B311'

Treatment Dose Mean log Statistical
group (mg/kg) CFU + SEM group

Control None 5.90 0.14 A
Fluconazole 0.2 5.21 0.14 B
NZ 20 5.19 0.13 B
NZ + fluconazole 20 + 0.2 4.86 0.19 B
Fluconazole 10 3.92 0.09 C

aAnimals were infected with 26,000 CFU of C. albicans B311.
Groups with the same letter are not statistically different.

TABLE 7. Semiquantitative culture results in a rat model of
vaginal candidiasis

No. of cultures with indicated result'
(n = 4)

Treatment Dose
group (mg/kg) 24 h posttherapy 72 h posttherapy

- + 1+ 2+ 3+ 4+ - ± 1+ 2+ 3+ 4+

Control None 4 4
R 3783 5 2 1 1 1 1 2
Fluconazole 5 1 2 1 3 1
NZ 20 1 3 1 3
NZ + R 3783 5 + 20 1 1 1 1 2 1 1
Topical NZ + 3 + 15 1 3 2 1 1
R 3783

-, no colonies; ±, 1 to 5 colonies; 1+ to 3+, between 5 and 200 colonies;
4+, >200 colonies.

clinical medicine, additional preclinical work would have to
be performed to better evaluate the critical requirements for
each mycotic syndrome or combination of specific agents.
Alternatively, evaluation of these combinations in superficial
infections in which set concentrations could be controlled
through localized applications may provide useful informa-
tion to validate this approach in non-life-threatening situa-
tions.
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