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Posaconazole (POS; SCH 56592) is a novel triazole that is active against a wide variety of fungi, including
fluconazole-resistant Candida albicans isolates and fungi that are inherently less susceptible to approved
azoles, such as Candida glabrata. In this study, we compared the effects of POS, itraconazole (ITZ), fluconazole
(FLZ), and voriconazole (VOR) on sterol biosynthesis in strains of C. albicans (both azole-sensitive and
azole-resistant strains), C. glabrata, Aspergillus fumigatus, and Aspergillus flavus. Following exposure to azoles,
nonsaponifiable sterols were extracted and resolved by liquid chromatography and sterol identity was con-
firmed by mass spectroscopy. Ergosterol was the major sterol in all but one of the strains; C. glabrata strain
C110 synthesized an unusual sterol in place of ergosterol. Exposure to POS led to a decrease in the total sterol
content of all the strains tested. The decrease was accompanied by the accumulation of 14a-methylated sterols,
supporting the contention that POS inhibits the cytochrome P450 14a-demethylase enzyme. The degree of
sterol inhibition was dependent on both dose and the susceptibility of the strain tested. POS retained activity
against C. albicans isolates with mutated forms of the 14a-demethylase that rendered these strains resistant
to FLZ, ITZ, and VOR. In addition, POS was a more potent inhibitor of sterol synthesis in 4. fumigatus and

A. flavus than either ITZ or VOR.

Fungal infections are a significant cause of morbidity and
mortality among immunocompromised patients. The mortality
rate for bone marrow transplant patients infected with As-
pergillus fumigatus is approaching 90% (7). Similarly, Candida
species are the fourth most common nosocomial bloodstream
pathogen in the Unites States and in pediatric patients have a
crude mortality rate of 20% (21). The current antifungal ar-
mamentarium, amphotericin B (AMB), fluconazole (FLZ),
and itraconazole (ITZ), and the newer agents, caspofungin and
voriconazole (VOR), have not satisfactorily met therapeutic
needs, particularly in the case of mold infections. Conse-
quently, there is an urgent need to develop new antifungal
drugs.

Posaconazole (POS; SCH 56592) is a potent new triazole
antifungal compound with broad-spectrum activity both in
vitro and in vivo (1, 15). Although POS is fungistatic against
yeasts, it is fungicidal against A. fumigatus (8). Prior work had
determined that triazoles inhibit the lanosterol 14a-demethyl-
ase enzyme, resulting in a block in synthesis of ergosterol, the
major sterol of the fungal cell membrane (3). Ergosterol is
required for both membrane integrity (14) and for the function
of some membrane-associated proteins (20). In addition to its
role in maintaining membrane integrity, trace amounts of er-
gosterol are also thought to be required for the cell to progress
through the cell cycle (5).

Previously, we demonstrated that POS inhibited ergosterol
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synthesis in an azole-susceptible Candida albicans isolate (4).
Here we extend these studies to compare the effect of POS,
FLZ, ITZ, and VOR on sterol synthesis in strains of C. albi-
cans exhibiting reduced susceptibility to FLZ, ITZ, and VOR,
as well as wild-type strains of Candida glabrata, A. fumigatus,
and A. flavus.

MATERIALS AND METHODS

Fungal strains. All Candida strains used in this study were from the Schering-
Plough Research Institute (SPRI; Kenilworth, N.J.) culture collection. A. fumiga-
tus strain ND158 and A. flavus strain ND134 are both clinical isolates from the
SPRI culture collection.

Antifungal agents. POS was prepared at SPRI. ITZ and AMB powders were
obtained from Janssen Pharmaceutica, Inc. (Beerse, Belgium), and Sigma Chem-
ical Co. (St Louis, Mo.), respectively. FLZ and VOR powders were obtained
from Pfizer, Inc. (New York, N.Y.). All drugs were dissolved in dimethyl sulfox-
ide.

Azole susceptibility. The MICs for Aspergillus and Candida strains were de-
termined by the procedures described in National Committee for Clinical Lab-
oratory Standards (NCCLS) documents M38-A (13) and M27-A2 (12), respec-
tively. MICs were also determined as described above, except that RPMI
medium was replaced with either yeast nitrogen base (YNB; Qbiogene, Carlsbad,
Calif.) for testing yeasts or malt extract medium (ME; Becton Dickinson, Sparks,
Md.) for testing molds.

Sterol analysis. Starter cultures of Candida were inoculated from single col-
onies and grown overnight in YNB broth at 30°C. Starter cultures of Aspergillus
were inoculated from conidial suspensions and grown overnight in ME broth at
30°C. Both cultures were diluted 1:500 into 100 ml of fresh medium (YNB or ME
as appropriate) supplemented with 10 wCi of [1-'*Clacetate (specific activity, 50
mCi/mmol; NEN, Boston, Mass.) and where indicated with azole drugs. Candida
and Aspergillus cultures were grown at 30°C for 24 and 48 h, respectively. Cell
pellets were harvested, washed in fresh medium, and then mixed with 10 ml of
15% KOH in 90% ethanol and heated for 90 min at 85°C. Nonsaponifiable lipids
were extracted twice with 2 volumes of n-heptane, dried down under nitrogen at
45°C, and then dissolved in 200 pl of high-performance liquid chromatography
(HPLC)-grade 99.9% n-heptane-0.1% isopropanol (Fisher Scientific, Pittsburgh,
Pa.). Sterols were resolved by HPLC on a Zorbax Nitrile column (Hewlett-
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TABLE 1. Susceptibility testing of the fungal isolates used in this study
MIC (jug/ml)
Strains POS FLZ 1TZ VOR AMB
RPMI YNB or ME* RPMI YNB or ME* RPMI YNB or ME“* RPMI YNB or ME* RPMI
Candida
C. albicans C43 0.016 0.06 0.25 2 0.03 0.03 0.008 0.016 1
C. albicans C72 0.016 0.03 0.25 2 0.03 0.03 0.016 0.03 1
C. albicans C532 0.25 0.5 256 >256 1 1 8 >16 0.5
C. albicans C600 1 2 >256 >256 8 >8 8 >16 0.5
C. albicans C286 0.5 0.5 4 16 0.5 0.25 0.125 0.25 0.5
C. albicans C288 0.125 0.5 16 64 0.125 0.5 0.125 1 0.5
C. glabrata C110 0.25 2 2 64 0.25 1 0.06 0.5 1
C. glabrata C248 1 4 32 128 >8 >8 1 4 0.5
Aspergillus
A. fumigatus ND158 0.03 0.01 NT” NT 0.25 0.3 0.5 0.3 1
A. flavus ND134 0.06 0.04 NT NT 0.06 0.15 0.25 0.3 1

“YNB for Candida isolates and ME for Aspergillus isolates.
> NT, not tested.

Packard, Palo Alto, Calif.) as described previously (4). In later experiments, a
Phenomenex Luna 5p. CN-propyl column (Phenomenex, Torrance, Calif.) was
used; under these conditions, the ergosterol peak shifted from 15 to 20 min. Both
UV detection and '*C detection were used.

The relative amount of ergosterol in the sterol fraction under each treatment
condition was calculated by measuring the area of the peak corresponding to
14C-labeled ergosterol and expressing this value as a percentage of the total area
in the radio-chromatogram. Ergosterol inhibition was plotted versus drug expo-
sure; regression analysis was used to calculate the amount of drug required to
inhibit ergosterol synthesis by 50% (50% inhibitory concentration [ICs]).

For sterol identification, unlabeled cultures were grown and sterols were
extracted as described above. The major peaks were identified by either liquid
chromatography-mass spectroscopy (LC/MS), as described previously (4), or by
gas chromatography-mass spectroscopy (GC/MS). Standards of squalene, lanos-
terol, and ergosterol (Sigma Chemical Co.) were also analyzed for purposes of
comparison.

RESULTS

Strain characterization. Table 1 summarizes the MICs for
the fungal isolates used in this study. All strains were suscep-
tible to AMB. C. albicans strains C72 and C43 were sensitive to
all four azoles (Table 1). Based on a sample size of ~8,800 C.
albicans isolates, the MIC at which 90% of the isolates tested
are inhibited (MIC,,) for POS is 0.25 pg/ml (unpublished
data); compared to this baseline value, C. albicans strain C600
exhibited a fourfold reduction in susceptibility to POS. Strains
(532 and C600 exhibited large reductions in susceptibility to
VOR and under NCCLS guidelines (12) are considered resis-
tant to ITZ and FLZ. Both strains have mutations in ERG1!
resulting in the following amino acid substitutions: in strain
C532, tyrosine 132 and glycine 450 were replaced by histidine
and glutamate, respectively, and in strain C600, tyrosine 132
and serine 405 were replaced by histidine and phenylalanine,
respectively. The ERGI1 alleles from both isolates conferred
reduced susceptibility to POS, VOR, FLZ, and ITZ when
expressed in Saccharomyces cerevisiae (2). POS and VOR were
active against C. albicans strains C286 and C288 (MICs, =0.5
pg/ml). Strain C286 was FLZ susceptible and C288 was sus-
ceptible-dose dependent (SDD) to FLZ, conversely, C286 and
C288 were SDD and susceptible to ITZ, respectively. Both
strains have mutations in ERG11: in strain C286, glutamate at
position 266 and serine at position 279 were replaced by as-

partate and phenylalanine, respectively, and in strain C288,
serine 405 was replaced by phenylalanine (S405F). The S405F
substitution was previously shown to cause a minor decrease in
susceptibility to azoles (18); it remains to be determined
whether the substitutions identified in strain C286 contribute
to the modest change in susceptibility to FLZ seen in this
strain. The MICs of POS and VOR for C. glabrata strains C110
and C248 were =1 pg/ml. Strain C248 was FLZ SDD and
resistant to ITZ. The ERG11 genes from C110 and C248 were
sequenced; when compared to the sequence in GenBank (ac-
cession no. L40389) both had several silent mutations but no
missense mutations. A. fumigatus strain ND158 and A. flavus
strain ND134 are both clinical isolates with demonstrated vir-
ulence in mouse infection studies (1). Against both strains, the
order of in vitro activity was POS = ITZ > VOR (Table 1).
Effect of azoles on sterol composition in azole-susceptible C.
albicans strains. Newly synthesized sterols were visualized by
supplementing the growth media with [1-'*Clacetate. YNB
broth was used because radiolabel incorporation in this me-
dium was more efficient than in complex media (unpublished
data). Since the susceptibility of a strain is often impacted by
the test media, the MICs were repeated by using YNB me-
dium. Compared to the values obtained by using NCCLS-
approved media, the MICs were slightly higher when YNB was
used (Table 1). Sterols were extracted after 24 h of exposure to
the test drug. Figure 1 shows the sterol profile for the azole-
sensitive C. albicans strain C72, with and without POS treat-
ment. Ergosterol accounted for approximately 90% of the la-
beled sterols extracted from the untreated culture (Fig. 1).
Treatment with concentrations of POS around the MIC (0.007
and 0.07 pg/ml) resulted in a reduction in both the overall
amounts of labeled sterols, as recorded on the radio-chromato-
gram, and the almost complete disappearance of the ergosterol
peak. The two new major peaks were identified by LC/MS as
the 4,4’,14-trimethyl-substituted and 4,14-dimethyl-substituted
sterols eburicol and obtusifoliol, respectively. Minor quantities
of lanosterol, which eluted with the leading edge of obstusifo-
liol peak, and 14-methylfecosterol were also detected. Other
minor peaks were also resolved by HPLC but were not iden-
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FIG. 1. HPLC chromatogram of sterols isolated from C. albicans strain C72 before and after exposure to the indicated amounts of POS. The
major peaks were identified by LC/MS and correspond to ergosterol and the pathway intermediates eburicol and obtusifoliol.

tified. Treatment of C. albicans C72 with ITZ and FLZ gave
the same HPLC profiles obtained with POS (data not shown).
Similarly, treatment of C. albicans C43 with POS, ITZ, FLZ,
and VOR resulted in HPLC profiles that were nearly identical
to those obtained with strain C72 (data not shown).

Effect of azoles on sterol composition in C. albicans strains
exhibiting reduced susceptibility to azoles. The effect of POS
and VOR on sterol synthesis in C. albicans strains C532 and
C600 was tested as described above. The sterol profiles were
virtually identical to those seen in strains C43 and C72 (Fig. 2).
POS inhibited ergosterol synthesis in both strains in a dose-
dependent manner. However, consistent with the elevated
MIC:s of these strains, the amount of POS required to achieve
>90% inhibition of ergosterol synthesis was proportionately
higher (also see below). Exposure of strains C532 and C600 to
high levels of VOR failed to completely inhibit ergosterol
synthesis (Fig. 2).

C. albicans strains C286 and C288, which exhibited reduced
susceptibility to FLZ and minor changes in susceptibility to
POS and ITZ (Table 1), were tested as described above. The
HPLC profiles, both with and without azoles (POS, ITZ, and
FLZ), were virtually identical to those obtained for strain C72
(data not shown).

Sterol composition in C. glabrata. The major sterol extracted
from C. glabrata C110 did not appear to migrate at the same
position as ergosterol. (Fig. 3). This was confirmed by running
sterols extracted from C. albicans C43 and C. glabrata C110 on
the same column; there was a clear separation between ergos-
terol and the major sterol from C. glabrata (Fig. 3C). The
unknown sterol had the same molecular mass as ergosterol
(396 Da) but a slightly different MS fragmentation pattern.
The difference in fragmentation spectra was attributed to a
different arrangement of double bonds in the B-ring. Based on
the MS spectrum, the sterol was identified as ergosta-5,8,22-
trien-3-ol. Like ergosterol, ergosta-5,8,22-trien-3-ol is desatu-
rated at the C,, ,; positions and saturated at the C,, ,5 posi-
tion. Minor amounts of other sterols were detected: these
included lanosterol, obtusifoliol, and a third sterol with a mo-
lecular mass of 400 Da that has a methyl at C,, and is saturated
at both C,, and C,,. Exposure of C. glabrata C110 to either
POS, ITZ, or FLZ resulted in a dose-dependent reduction in

the ergosta-5,8,22-trien-3-ol lipid peak. The inhibition prod-
ucts resulting from exposure to sub-MIC amounts of POS (0.25
pg/ml) were characterized by GC/MS, they included lanos-
terol, 14a-methyl-ergosta-8,24-dien-3-ol, and 4, 14-dimethyl-
ergosta-8,24-dien-3-ol.

Three other C. glabrata strains, C202, C248, and C605, were
analyzed: all three were susceptible to POS (MIC, =1 pg/ml).
The main sterol synthesized by all three strains was confirmed
by GC/MS to be ergosterol. C. glabrata C248 was analyzed in
more detail. Treatment with POS resulted in a dose-dependent
inhibition of ergosterol synthesis, and the accumulation prod-
ucts were identified by GC/MS as lanosterol, obstusifoliol, and
4,14-dimethylzymosterol.

Sterol composition in A. fumigatus and A. flavus. The effect
of POS, ITZ, and VOR on sterol synthesis in A. fumigatus and
A. flavus was tested as described above. Initial experiments
employing YNB did not give reproducible results, possibly
because the hyphae aggregated to form large mycelial mats
which may have resulted in uneven exposure of the cells to the
test drugs. ME gave more reproducible results; the tendency of
the germinated conidia to aggregate was greatly diminished in
this medium (data not shown). The MIC determinations were
repeated with ME; the values were similar to those obtained
with RPMI (Table 1).

Using GC/MS, ergosterol was found to be the predominant
sterol in both A. fumigatus and A. flavus (data not shown).
Treatment of both species with POS resulted in the inhibition
of ergosterol synthesis and the accumulation of C, ,-methylated
sterols; the major sterols identified in both species were eburi-
col and obtusifoliol (data not shown). Exposure of both species
to ITZ and VOR resulted in HPLC profiles that were indis-
tinguishable from those generated by treatment with POS
(data not shown).

Azole inhibition of ergosterol synthesis is dose dependent.
The changes in sterol composition detailed above appeared to
be dose dependent and proportional to the susceptibility of the
individual strains. To directly compare the four test drugs, we
performed IC;, determinations using YNB and ME media for
yeasts and molds, respectively. For each organism, the concen-
tration range of test drugs over which there was a linear re-
sponse between the amount of drug and the reduction in the
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FIG. 2. HPLC chromatogram of sterols isolated from C. albicans strains C532 (A) and C600 (B) after exposure to the indicated amounts of
POS and VOR. The major peaks were identified by LC/MS and correspond to ergosterol and the pathway intermediates eburicol and obtusifoliol.
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FIG. 3. HPLC chromatogram of sterols isolated from C. glabrata C110 and C. albicans C43 run separately (A and B, respectively) and together
on the same column (C). The major peaks were identified by LC/MS as ergosta-5,8,22-trien-3-ol (A) and ergosterol (B).

ergosterol peak was determined (Fig. 4). Subsequent measure-
ments focused on the linear portion of the inhibition curve
(Fig. 4, circled data points). For each organism, three indepen-
dent determinations were made, each using a minimum of
three different concentrations of test drug.

Against three strains of C. albicans and one strain of C.
glabrata, POS and ITZ demonstrated similar activities and
were more active than either FLZ or VOR (Table 2). Against
representative clinical A. fumigatus and A. flavus isolates, POS
was more active than ITZ and VOR.

DISCUSSION

The sterol patterns in azole-susceptible and -resistant C.
albicans do not appear to differ significantly. Under the label-
ing conditions employed here, approximately 90% of the non-
saponifiable lipids extracted from the various C. albicans
strains tested were identified as ergosterol. Similarly, ergos-

100

Ergosterol peak as a
percentage of no-drug control
E

0.0007 0.007 0.07
Itraconazole (ug/ml)

FIG. 4. Dose-response curve for ergosterol inhibition in C. albicans
C288 by ITZ. The relative amount of ergosterol in the sterol fraction
under each treatment condition (calculated as described in Materials
and Methods) is plotted versus drug concentration. Subsequent egos-
terol ICs, determinations (the amount of drug resulting in a 50%
reduction in ergosterol; indicated by the dashed lines) were performed
with drug concentrations that encompassed the linear portion of the
inhibition curve (circled data points).

terol was the major sterol detected in both A. fumigatus and A.
flavus. In contrast, the major sterol synthesized by C. glabrata
strain C110 was identified as ergosta-5,8,22-trien-3-ol. This
sterol appeared to be unique to this strain, since an analysis of
three additional isolates and two previous studies (6, 11) all
identified ergosterol as the major sterol in C. glabrata.

Within the limits of detection of our assay, POS completely
blocked ergosterol (or ergosta-5,8,22-trien-3-ol in the case of
C. glabrata C110) synthesis in strains of C. albicans, C. glabrata,
A. fumigatus, and A. flavus. In the yeasts, inhibition occurred at
sub-MIC concentrations of POS, suggesting that the inhibition
of sterol synthesis was the cause of growth arrest rather than an
indirect effect. Similar findings were reported for ITZ and
VOR (10, 17). However, for A. fumigatus and A. flavus the
amount of drug required to inhibit sterol synthesis by 50%
(ICsy) was comparable to the MIC. It remains to be deter-
mined if these differences relate to the differences in the over-
all effect azoles have on the growth of yeasts and molds. Spe-
cifically, azoles are generally fungistatic against Candida spp.
but cidal against A. fumigatus.

The dose-dependent inhibition of ergosterol synthesis in
both yeasts and molds was accompanied by the accumulation
of the ergosterol pathway intermediates eburicol and obtusi-
foliol (the inhibition products seen after treatment of C. gla-
brata C110 also retained a methyl group at C,,). Both of these
sterols retain a methyl group at the C,, position, supporting
the contention that POS inhibits the 14a-demethylase enzyme.
The same inhibition products were identified by Marichal and
coworkers following exposure of A. furmigatus to ITZ (9). How-
ever, various analyses of C. albicans and C. glabrata have iden-
tified additional sterol intermediates. For example, Marichal
and coworkers reported that eburicol and obtusifoliol ac-
counted for only 30% of total sterols following treatment of C.
albicans with ITZ; the bulk of the remainder (50%) was iden-
tified as 14a-methyl-ergosta-8,24(28)-diene-33,6a-diol (3,6
diol) (10). Sanati and coworkers reported that VOR treatment
of C. albicans blocked the synthesis of both ergosterol and
obtusifoliol and resulted in the accumulation of squalene,
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TABLE 2. Comparison of 1C5ys and MICs
POS FLZ 1TZ VOR
Strain IC50 (pg/ml) MIC IC50 (ng/ MIC IC50 (pg/ml) MIC IC50 (ug/ml) MIC
(SD)* (ng/ml) ml) (SD') (mg/ml) (SDY) (ng/ml) (SDY) (mg/ml)
Candida
C. albicans C43 0.007 (0.0007) 0.06 1.5(0.12) 2 0.007 (0.002) 0.03 0.03 (0.006) 0.016
C. albicans C288 0.06 (0.005) 0.5 55 (15) 64 0.04 (0.002) 0.5 1(0.07) 1
C. albicans C600 0.2 (0.05) 2 >256 >256 0.3 (0.014) >8 28 (2.8) >16
C. glabrata C248 0.3 (0.007) 4 50 (15) 128 0.3 (0.06) >8 1(0.1) 4
Aspergillus
A. fumigatus ND158 0.03 (0.0007) 0.01 NT? NT 0.2 (0) 0.3 0.4 (0.07) 0.3
A. flavus ND134 0.03 (0.0007) 0.04 NT NT 0.06 (0.008) 0.15 0.4 (0.005) 0.3
¢ SD, standard deviation calculated from three independent determinations.
P NT, not tested.
lanosterol, and 24-methylenedihydrolanosterol (17). The ab- 2. Chau, A. S., C. A. Mendrick, F. J. Sabatelli, D. Loebenberg, and P. M.

sence of obtusifoliol led the authors to postulate that VOR
may inhibit other enzymes (in addition to the 14a-demethyl-
ase) involved in ergosterol synthesis. However, in the experi-
ments detailed in this paper, exposure of C. albicans to either
VOR or POS resulted in the accumulation of significant levels
of eburicol and obtusifoliol. It therefore remains to be deter-
mined if the variations in the accumulation products detailed
above resulted from differences in the way the experiments
were performed (e.g., differences in growth media), differences
in the strains used, or whether they genuinely reflect subtle
differences in the way the azole drugs interact with either the
14a-demethylase and/or other enzymes involved in ergosterol
synthesis.

As detailed above, POS at concentrations equivalent to or
below the MIC appeared to completely inhibit ergosterol syn-
thesis in several C. albicans strains, including strains that ex-
hibited large decreases in susceptibility to FLZ, ITZ, and
VOR. Paradoxically, in the MIC test there were significant
levels of cell growth detected at concentrations of drug well
above the MIC. This phenomenon, termed trailing growth, has
been seen with all members of the azole class of drugs (16).
The molecular basis for trailing growth is unknown, although a
recent publication suggested that it may, in part, result from
the azole-induced increase in expression of ERGII and the
CDRI and CDR?2 efflux pump genes (19).

In summary, this study demonstrated that POS, like other
azoles, inhibits growth of C. albicans, C. glabrata, A. fumigatus,
and A. flavus by inhibiting the 14a-demethylase enzyme. How-
ever, POS appears to be more active than FLZ against wild-
type yeast isolates. POS also retained activity against isolates
with specific substitutions in the 14a-demethylase that render
them resistant to inhibition by FLZ, ITZ, and VOR. Finally,
against A. fumigatus and A. flavus, POS was more active than
ITZ and VOR.
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