




visual inspection, and colony fringes were examined by using a Zeiss Dis-
covery V12 stereoscope.

Guinea pig model of cutaneous candidiasis. Prior to infection, each
guinea pig was anesthetized with a cocktail of xylazine, ketamine, and
acepromazine. The hair was plucked from the left side of each guinea pig’s
back, and using a stencil, a square of 2.5 by 2.5 cm was marked. The
marked skin area was abraded with sterile fine-grit sandpaper. A 100-�l
cell suspension containing 107 blastospores was applied onto the abraded
area. Guinea pigs received 30 mg/kg of body weight of prednisolone, sub-
cutaneously, 1 day prior to infection and 1 day postinfection in order to
induce immunosuppression. Twenty-four hours after inoculation with
Candida, animals were treated daily for a period of 6 days. Drugs were
dissolved in PBS, and treatments were applied topically. The treatment
groups consisted of 0.005% fluconazole (n � 10), 0.005% fluconazole and
2% AC17 (n � 10), 2% AC17 (n � 10), and untreated controls (n � 5).
On day 7, a clinical assessment of local changes of the infected skin area
was performed. In this assessment, each area was scored as follows: 0 for
absent, with no erythema and no evidence of crusting; 1 for mild, with the
lesion appearing pink, with minimal inflammation and evidence of light
crusting; 2 for moderate, with the lesion appearing red with areas of in-
flammation and medium crusting present over the infected area; and 3 for
severe, with the lesion appearing red over the entire infected area and thick
crusting appearing over the infected area. The percent efficacy of each
treatment was determined based on the average clinical score for the un-
treated controls.

After the clinical evaluations, each guinea pig was sacrificed, and the
entire skin from the infected square was removed. The samples were ho-
mogenized in sterile saline, and serial dilutions were made and plated onto
Sabouraud dextrose agar (SDA) supplemented with gentamicin and
chloramphenicol. Plates were incubated at 37°C for 48 h, and CFU were
then counted. Fungal tissue burden was expressed as log CFU per gram of
tissue. The one-way ANOVA with the Bonferroni post hoc test was used to
determine significance. Statistical analyses were performed by using SPSS
for Windows version 19.0 (SPSS, Chicago, IL), and a P value of �0.05 was
considered statistically significant. Animal use was in compliance with the
Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals
(24), and the Office of Laboratory Animal Welfare. The animal care and
use protocol (protocol number 2009-0180) was reviewed and approved
by the Institutional Animal Care and Use Committee at Case Western
Reserve University.

RESULTS
Screen for miconazole potentiators. Azole antifungals are inef-
fective against biofilms of C. albicans. We reasoned that it should
be possible to identify potentiators of antifungals that will eradi-
cate a biofilm. The rationale of the screen is to add compounds
from a chemical library to C. albicans biofilms in the presence of
miconazole (which alone has little or no activity against biofilms)
and measure their combined effect. In order to make the screen

compatible with high-throughput approaches, biofilms were
grown in microtiter plates, and reduction of the viability dye res-
azurin was used as a readout. For the screen, biofilms were grown
in 384-well microtiter plates, spent medium was replaced with
miconazole (100 �g/ml), and compounds from chemical libraries
were pin transferred into wells to give a final concentration of
approximately 17 �g/ml. Biofilms were then incubated for 48 h,
the drug-containing medium was removed, and biofilms were as-
sayed for activity by using resazurin. More than 60,000 small mol-
ecules from various commercial sources were screened, and hits
were categorized as having strong, medium, or weak activity based
on the percent inhibition of resazurin reduction by miconazole
alone (Table 1). The screen was performed in duplicate, produc-
ing 244 total hits, for an overall hit rate of 0.39%.

Of the 244 hits, 198 were available for cherry pick retesting, and
the screening assay was repeated with each of the hits (see Supple-
mental Dataset S1 in the supplemental material). Each compound
was also counterscreened for the ability to inhibit growth of plank-
tonic Candida cells in YPD medium (see Supplemental Dataset S1
in the supplemental material). Among the strong hits that showed
no activity on their own but potentiated miconazole was 2-ada-
mantanamine (AC17), a member of the Enamine 2 library and a
close structural analog of the antivirals amantadine and rimanta-
dine (Fig. 1).

Validation of AC17. AC17 demonstrated a sigmoidal dose-
response curve against C. albicans biofilms when tested in combi-
nation with miconazole (Fig. 2A). AC17 had no activity against
biofilms when it was present alone. Similarly, AC17 did not show
killing activity against biofilm cells (Fig. 2B), and neither did mi-
conazole. However, the combination of AC17 and miconazole
had a strong killing activity, diminishing the number of live bio-
film cells by over 100-fold (Fig. 2B). Amantadine (IC50 � 40 �M)
was 8-fold less potent than AC17 (IC50 � 5 �M), and rimantadine
(IC50 � 185 �M) had over 35-fold-lower activity. AC17 did not
exhibit cytotoxicity when tested against human epithelial cells and
hepatocytes (IC50 � �200 �g/ml).

Since miconazole is primarily a topical treatment and is known
to have multiple mechanisms of action at high concentrations, we

TABLE 1 Summary of hits for miconazole potentiatorsa

Library
No. of compounds
screened

No. of hits

Hit rate (%)S M W Total

Asinex 1 12,378 1 12 13 0.11
ChemBridge 3 8,448 5 42 47 0.56
ChemDiv 3 11,968 1 3 1 5 0.04
ChemDiv 4 1,056 2 2 0.19
Enamine 2 26,224 2 25 148 175 0.67
Maybridge 5 3,212 2 2 0.06

Commercial total 63,286 3 34 207 244 0.39
a Strong (S) hits had �75% inhibition, while medium (M) hits had �50% inhibition and weak (W) hits had �25% inhibition of resazurin reduction in the presence of miconazole.

FIG 1 Structures of AC17, amantadine, and rimantadine.
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needed to know whether synergy with AC17 was specific to mi-
conazole or extended to other azole antifungals, including the
systemically administered triazoles. In agar diffusion assays, AC17
at 10 �g/ml had no effect alone but increased clearing within the
zone of inhibition for voriconazole, fluconazole, and miconazole
(Fig. 3).

Increased clearing within the zone of inhibition was confirmed
in a similar experiment using Etest strips, which contained gradi-

ents of fluconazole or voriconazole. Etest strips were placed onto
RPMI agar or agar containing AC17, which was previously
streaked with C. albicans (Fig. 3). In the Etest assays, potentiation
was detected at very low, clinically achievable concentrations (be-
low 1 and 0.1 �g/ml for fluconazole and voriconazole, respec-
tively). It was apparent in the disk diffusion assays that the addi-
tion of AC17 did not cause the zone of inhibition to increase;
however, the increased clearing that was detected could be indic-
ative of cidal activity. To test this hypothesis, time-kill experi-
ments were performed. Cells were exposed to AC17, voriconazole,
or a combination of both agents. The concentration of each agent
was based on the agar diffusion experiments, and higher concen-
trations of voriconazole and AC17 (1 and 10 �g/ml, respectively)
were used for fluconazole-resistant strain ATCC 96901 than for
wild-type strain SC5314 (0.1 and 5 �g/ml, respectively). At 24, 48,
and 72 h, samples from each treatment were removed, washed,
and plated for colony counts. As expected, exposure to voricona-
zole or AC17 alone did not reduce colony counts, but the combi-
nation of the two was lethal (Fig. 4A and B).

Mechanism of action. In order to determine how AC17 func-
tions, we performed microarray studies on cells treated with AC17
and compared the transcriptional response to that of DSMO con-
trols. Since AC17 lacks direct growth-inhibitory effects at high
concentrations, cells were exposed to high concentrations of AC17
(100 �g/ml) for 3 h. A total of 104 genes were differentially ex-
pressed in response to AC17 (see Supplemental Dataset S2 in the
supplemental material). Functional characterization of these
genes using GO annotations revealed that 22 of them were in-
volved in lipid metabolism (see Supplemental Dataset S2 in the
supplemental material). Among the upregulated genes were
members of the ergosterol biosynthetic pathway, including ERG1,
ERG7, ERG10, ERG11, ERG13, ERG24, ERG27, and ERG251 and
the transcription factor UPC2, which is induced upon ergosterol
depletion (25). The upregulation of the ergosterol pathway was
surprising, since AC17 does not inhibit growth. We decided to test
whether AC17 inhibits ergosterol production in order to validate
the results of the microarray experiments. Sterols were extracted
from cells exposed to AC17 or voriconazole and compared to
untreated samples by using GC/MS. AC17 (5 �g/ml) caused a
68% decrease in ergosterol content compared to DMSO controls,
while voriconazole (1 �g/ml) caused a 95% decrease (Fig. 5A).
While AC17 did not cause a further reduction in ergosterol con-
tent for voriconazole-treated cells, this was probably due to the

FIG 2 Potentiation of miconazole action against C. albicans biofilms by AC17.
(A) Dose response of AC17 in combination with a subinhibitory miconazole
concentration (50 �g/ml). Percent inhibition of resazurin reduction was cal-
culated based on miconazole-alone controls, and the IC50 (3.15 � 1.62 �g/ml)
is an average determined from 25 clinical isolates by using XLFit software. (B)
Survival of C. albicans CAF2-1 biofilms exposed to miconazole (100 �g/ml)
and AC17 (40 �g/ml) alone or in combination. The limit of detection was 10
cells per biofilm.

FIG 3 Agar diffusion growth inhibition assays with AC17 and azole antifungals. For disk diffusion experiments on YPD agar, 20 �g miconazole (mic) or
fluconazole (flu) and AC17 (10 �g) were added to filter disks, while 2 �g voriconazole (vori) was used. For voriconazole and fluconazole Etest strips, 10 �g/ml
of AC17 was added to RPMI medium. C. albicans was added to each plate prior to the addition of filter disks or Etest strips.
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fact that voriconazole caused an almost complete, 95% reduction
in ergosterol under the conditions tested. Voriconazole alone
caused an accumulation of the sterol intermediate lanosterol, and
this effect was abolished in the presence of the combination (Fig.
5B). This finding suggests that AC17 inhibits a point in the ergos-
terol pathway that is upstream of 	-14 lanosterol demethylase, the
target of voriconazole. Thereby, AC17 prevented lanosterol accu-
mulation in voriconazole-treated cells. The microarray studies
also revealed that a number of other pathways were affected by
AC17. Interestingly, 15.4% of the genes differentially regulated by
AC17 were involved in filamentation, even though the cells for the
microarray experiment were grown at 30°C. The ability of C. al-
bicans to form hyphae is an important virulence factor required
for pathogenesis and invasion into tissues (26). We tested the abil-
ity of AC17 to prevent invasion of C. albicans into spider agar.
AC17 completely abolished invasion of wild-type strain SC5314 at
a fairly low concentration of 3 �g/ml (Fig. 6). AC17 also prevented
invasion for a larger panel of 17 clinical isolates of C. albicans.
AC17 was effective in all cases, and 1 �g/ml, which was the lowest
concentration tested, was sufficient to prevent invasion for 15 of
the isolates.

In vivo efficacy. A guinea pig model of cutaneous candidiasis
(27, 28) was used to evaluate the efficacy of AC17 in vivo. Since
fluconazole alone is effective in this model, a subinhibitory dose of
fluconazole was established, which did not decrease the pathogen
burden or lesion size. A fluconazole concentration of 0.005% was
determined to have a suboptimal clinical effect that would be ap-

propriate for combination studies with AC17. Next, a similar
study was conducted to test the effects of AC17 (2%) alone (n �
10) or in combination with 0.005% fluconazole (n � 10). An
infected, untreated control group (n � 5) was also included for
comparison. The combination of AC17 and fluconazole caused a
statistically significant reduction in fungal tissue burden (P value
of �0.001) and demonstrated statistically significant efficacy (P

FIG 4 Effects of voriconazole and AC17 on C. albicans in time-kill assays.
Wild-type SC3514 (A) or fluconazole-resistant ATCC 96901 (B) cells were
diluted in RMPI medium containing voriconazole (0.1 or 1 �g/ml), AC17 (5
or 10 �g/ml), or combinations of each agent. After 24, 48, and 72 h, samples
from each culture tube were washed, diluted, and plated for colony counts.

FIG 5 Ergosterol (A) and lanosterol (B) contents of cells exposed to AC17,
voriconazole, or a combination of the two agents. Lipids were extracted from
cells exposed to AC17 (5 �g/ml), voriconazole (1 �g/ml), or a combination of
the two agents and compared to DMSO controls by using GC/MS quantifica-
tion. Asterisks indicate statistical significance with a P value of �0.05.

FIG 6 Effect of AC17 on invasion by C. albicans into agar. Strain SC5314 was
plated onto spider agar containing various concentrations of AC17. Plates
were incubated for 5 days at 37°C, and invasion was determined by examining
colonies using a stereomicroscope. Shown are representative colonies from
plates containing 0 �g/ml (a), 0.5 �g/ml (b), 1 �g/ml (c), 2 �g/ml (d), 3 �g/ml
(e), and 4 �g/ml (f) of AC17.
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value of 0.001) compared to untreated controls (Table 2). Flu-
conazole or AC17 treatment alone did not produce a statistically
significant effect compared to untreated controls. Importantly,
the combination of fluconazole and AC17 showed significant ef-
ficacy (P value of 0.018) compared to fluconazole given alone
(Table 2).

DISCUSSION

New approaches are needed to overcome antifungal drug resis-
tance and tolerance. Miconazole is used as a standard treatment of
vaginal and oropharyngeal candidiasis and is applied at very high
concentrations. At these levels, miconazole has additional modes
of action, apart from inhibiting ergosterol biosynthesis. This ex-
plains the effectiveness of topical miconazole in the killing of
planktonic cells of C. albicans. However, even miconazole at high
concentrations is ineffective against biofilms, which probably ex-
plains the recurrent nature of these infections. In this study, we
screened for potentiators of miconazole acting against C. albicans
biofilms formed in wells of a microtiter plate. The screen was
based on inhibition of resazurin reduction by cells in a biofilm.

The screen produced a number of hits, including 2-adaman-
tanamine (AC17), which strongly potentiated miconazole. AC17
did not prevent growth of planktonic cells or affect biofilms on its
own. This distinguishes AC17 from many of the other known
potentiators of azoles, such as cyclosporine, amiodarone, HSP90,
or calcineurin inhibitors. AC17 appears to be mechanistically dis-
tinct from other azole potentiators. Synergy between cyclosporine
or radicicol and the azoles occurs through inhibition of calcineu-
rin, but AC17 did not inhibit calcineurin according to a UTR2-
lacZ reporter construct (data not shown) (22). Synergy between
amiodarone, an antiarrhythmic agent, and the azoles occurs
through disruption of calcium homeostasis. However, amioda-
rone also has fungicidal activity on its own and causes pulmonary
fibrosis and thyroid and liver toxicity. Very recently, doxycycline
was found to exhibit fungicidal synergy with the azoles. Synergy
with doxycycline occurred at high concentrations, which are un-
likely to be clinically achievable, and was due to iron chelation
(29). Indeed, the link between iron chelation, membrane fluidity,
and increased azole susceptibility was previously established for C.
albicans (30).

Unlike miconazole, which can be fungicidal against planktonic
cells, other azoles are only fungistatic. Therefore, it was interesting
that fluconazole and voriconazole showed fungicidal activity in
the presence of AC17. Unexpectedly, the combination of vori-
conazole and AC17 was also synergistic against fluconazole-resis-
tant strain ATCC 96901. Fluconazole resistance is a major prob-

lem, and it is unlikely that the combination of fluconazole and
AC17 would be effective if a strain completely extrudes flucona-
zole through efflux. Although the mechanism of fluconazole re-
sistance for ATCC 96901 is unknown, the combination of AC17
and voriconazole was lethal. Additional research is needed to
characterize the effectiveness of AC17 in combination with azoles
against strains with different mechanisms of azole resistance.

Although AC17 was a primary screening hit, this molecule had
been studied since it is a close structural analog of the antiviral
amantadine. In fact, the only difference between amantadine and
AC17 is a shift of the amino group from the tertiary carbon to the
secondary carbon on the adamantane ring. The availability of ad-
ditional amantadine analogs, such as rimantadine, allowed us to
perform a preliminary structure-activity relationship analysis for
antifungal activity on this class of compounds. As mentioned
above, amantadine did synergize with miconazole, although it had
an 8-fold-decreased potency compared to AC17. This indicates
that there is some degree of flexibility for changing the position of
the amine on the adamantyl core. Additional analysis indicated
that the amino group itself was essential for activity, and any ad-
ditional nitrogen substitution was not well tolerated and resulted
in a dramatic reduction in activity. Given that rather minor ex-
pansions around the adamantane core were not tolerated, and
substitutions of the core itself were not optimal, we conclude that
there is a highly specific interaction between AC17 and its fungal
target.

Amantadine inhibits the M2 proton channel of the influenza A
virus, preventing viral uncoating and replication (31). AC17 was
previously evaluated for antiviral activity, and it was found to be
8-fold less potent than amantadine (32). AC17 had low toxicity,
with a 50% lethal dose (LD50) of 250 mg/kg in mice, which is
actually better than amantadine (198 mg/kg) according to the
NLM Toxicology database. Amantadine is also used to treat some
of the symptoms of Parkinson’s disease. For Parkinson’s disease,
daily doses of up to 400 mg are tolerated in humans, and the
therapeutic effect may be due to increases in dopamine levels,
although the exact mechanism is unknown. Apparently, the anti-
viral and neurological mechanisms of amantadine are unrelated.
It is currently unknown whether AC17 also has neurological ef-
fects similar to those of amantadine, and we are investigating this
possibility. To our knowledge, this is the first report of antifungal
properties of AC17, and the increased antifungal potency of AC17
compared to amantadine suggests that there is an opportunity to
repurpose analogs of other FDA-approved medications.

AC17 was found to inhibit ergosterol biosynthesis, provid-
ing insight into the mechanism of synergy with the azoles. In-
hibitors that block different steps of the ergosterol biosynthesis
pathway are known to act synergistically. For example, synergy
between terbinafine, which targets squalene epoxidation
(Erg1p), and the azoles, which target 	-14 lanosterol demeth-
ylase (Erg11p), is well documented (33–36). The antifungal
amorolfine, which inhibits the 
14 reduction and 
7-8
isomerization steps in the ergosterol pathway (37), also syner-
gized with azoles in a murine model of dermatophytosis (38).
While the specific target of AC17 is currently unknown, AC17
probably inhibits a point in the ergosterol pathway distinct
from that of 	-14 lanosterol demethylase, which results in fun-
gicidal synergy. Since the addition of AC17 prevented the ac-
cumulation of lanosterol caused by voriconazole, it is likely
that AC17 inhibits a target in the ergosterol pathway that is

TABLE 2 Effect of AC17 with fluconazole in a guinea pig model of
cutaneous candidiasis

Test compound(s) Dose(s) (%)c Efficacy (%)

Mean tissue burden
(log CFU/g tissue)
� SD

Fluconazole 0.005 26.5 2.24 � 1.11
AC17 2 22.6 3.26 � 0.52
Fluconazole � AC17 0.005 � 2 60.8a,b 1.49 � 0.90a

Untreated control NA 3.58 � 0.73
a P value of �0.05 compared to the untreated control.
b P value of �0.05 compared to fluconazole alone.
c NA, not applicable.
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upstream of 	-14 lanosterol demethylase. Furthermore, AC17
likely targets a nonessential gene, since it does not inhibit
growth. However, we cannot rule out the possibility that AC17
partially inhibits an essential target. Additional experiments to
further characterize the precise target of AC17 are under way.

The ability of AC17 to inhibit invasion by C. albicans into agar
is one of its most striking antifungal phenotypes. Indeed, AC17
was effective at concentrations below 5 �M, which is an excellent
value in a whole-cell assay. Invasion is mediated by the ability of C.
albicans to form hyphae by undergoing a morphological transi-
tion called filamentation. The ability to transition between yeast
and hyphae and invade tissue is a key virulence factor. It was
surprising that AC17 was able to abolish invasion at very low con-
centrations, while growth was not inhibited at much higher levels
(�250 �M). However, AC17-treated cells were found to have
diminished ergosterol levels, and decreased ergosterol levels could
account for prevention of invasion. A number of ergosterol mu-
tants also have defects in filamentation (39, 40), and invasion is
prevented in cells exposed to sub-MICs of azoles (41–43). Hyphal
cells have been reported to contain 10 times more ergosterol than
yeast cells (44), suggesting that a partial block of ergosterol bio-
synthesis may have greater effects on filamentation. Alternatively,
activation of a cell membrane or cell wall compensatory pathway
may allow for yeast cell growth in the presence of AC17 and not
invasion. Taken together, the agar invasion and azole synergy phe-
notypes can both be explained, since AC17 functions through in-
hibition of ergosterol biosynthesis. However, the unique pheno-
typic properties of AC17, such as the disconnect between growth
inhibition and invasion, suggest that AC17 may target a compo-
nent of the ergosterol pathway for which a chemical inhibitor is
unknown.

AC17 was found to improve clinical efficacy compared to flu-
conazole in a guinea pig model of cutaneous candidiasis. In this
model, the combination of AC17 and fluconazole caused signifi-
cantly reduced fungal burden compared to that in untreated con-
trols, while each agent alone was ineffective. Interestingly, flu-
conazole is not typically used as a topical agent, and these data
raise the intriguing possibility of exploring topical formulations of
fluconazole in combination with AC17. Identification of an effec-
tive potentiator of the azoles opens the path toward further devel-
oping AC17 into a therapeutic and for the search for additional
synergistically acting compounds for eradication of fungal bio-
films.
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