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Fluconazole (UK 49,858), a new orally administered bis-triazole, was compared with ketoconazole for
activity in synthetic broth dilution susceptibility tests against Candida albicans and also in treatment of
experimental systemic candidal infections in rats. In vitro studies indicated that fluconazole activity is less
sensitive to acidic medium than is that of ketoconazole. At physiologic pH, fluconazole was approximately
16-fold less active than ketoconazole against 35 representative isolates of C. albicans. Two additional isolates
(K-1 and K-3) recovered from patients who had failed ketoconazole therapy were 32- to 64-fold more resistant
than the median of each drug for other isolates. In animal studies, fluconazole was very effective in prolonging
survival of rats infected with a representative candidal strain. With an inoculum sufficient to kill 29 of 38
sham-treated animals, only 1 of 18 animals treated with 0.5 mg of fluconazole per kg per day died compared
with 13 of 20 animals treated with 10.0 mg of ketoconazole per kg per day. However, when similar fluconazole
treatment was administered to rats infected with the more resistant strain, K-1, no prolongation of survival was
found. Thus, in vivo and in vitro results between strains correlated well for fluconazole. However, in comparing
results between drugs, ketoconazole was 16-fold more active in vitro and fluconazole was 20-fold more active
in vivo. This discrepancy may be due to drug distribution, modes of drug metabolism, or other pharmacologic

differences between the two agents.

Systemic candidiasis is a significant complication of im-
munosuppressive diseases, surgical procedures, and im-
munosuppressive medical therapies. Standard treatment of
systemic candidiasis involves intravenous amphotericin B,
which commonly engenders a variety of untoward effects.
Other agents have been proposed as also of value in treating
or preventing systemic candidiasis (6, 15, 31). However,
their use is more controversial.

Fluconazole (UK 49,858) is a new bis-triazole antifungal
agent. Because its absorption after oral administration is
good (14), fluconazole may be effective as an orally admin-
istered therapy. Furthermore, its pharmacologic character-
istics differ markedly from those of the related commercially
available drug ketoconazole in that fluconazole is renally
excreted, readily penetrates cerebrospinal fluid, and has a
serum half-life that is sufficiently long to result in high drug
levels in plasma with a single daily dose. These differences
make fluconazole an interesting possible alternative to cur-
rently available therapies.

In this report, we present our findings of the activity of
fluconazole compared with that of ketoconazole against
Candida albicans both in broth dilution susceptibility tests
and in experimental systemic infection. Because in vitro test
conditions have been found to influence results with other
imidazole agents significantly (2, 7, 8, 11, 12, 19, 21, 27), we
considered it of importance to examine some of the likely
variables in our in vitro comparisons.

(This work was presented at the Ninth International
Congress of the International Society for Human and Animal
Mycology, Atlanta, Ga., 19-24 May 1985.)

* Corresponding author.

MATERIALS AND METHODS

Antifungal agents and media. Fluconazole (UK 49,858) and
ketoconazole were supplied as powders by the respective
drug manufacturers (Pfizer Inc., Groton, Conn.; Janssen
Pharmaceutica, Inc., New Brunswick, N.J.). Synthetic
amino acid medium-fungal (SAAMF) was prepared as de-
scribed previously (3). For most studies, SAAMF was
constituted with N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) buffer adjusted to a pH of 7.4. In
selected studies, morpholinepropanesulfonic acid (MOPS),
Tris, and sodium phosphate buffers (Sigma Chemical Co.,
St. Louis, Mo.) were substituted for HEPES and, the pH
was varied between 3.0 and 7.4. In some studies, the
medium was supplemented with 1 or 10% bovine serum
albumin or fresh rat serum.

Organisms. Thirty-seven isolates of C. albicans were used
in these experiments. Thirty-two isolates (kindly furnished
by John E. Bennett, Bethesda, Md.) had been selected from
a panel collected from several sources within th¢ United
States for their different susceptibilities to an unrelated
antifungal agent, flucytosine (28, 29). Each of these isolates
was stored at —70°C in yeast nitrogen base broth with 10%
glycerol prior to these studies. Two other isolates were
obtained from the Veterans Administration Medical Center,
Tucson, Ariz. Strain B113, which had been used previously
in animal studies (9, 32), was provided by Edward Balish of
Madison, Wis. Two strains, also used by others, were
isolated by Charles Kirkpatrick of Denver, Colo., from
patients with chronic mucocutaneous candidiasis whose
candidal lesions had relapsed during prolonged therapy with
ketoconazole (13, 26). The day before they were to be tested,
isolates were inoculated into SAAMF broth for in vitro
studies or yeast nitrogen base broth for in vivo studies.

Broth dilution testing. MICs and 50% inhibitory concen-
trations (1C;»s) were determined as previously described (3,
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TABLE 1. Effect of pH and medium on results of broth dilution tests of the susceptibility of C. albicans to fluconazole or ketoconazole

Mean MIC/IC,» (ng/ml)* with an initial medium pH of:

Drug Buffer
3.0 5.0 6.0 7.4
Fluconazole MOPS-Tris 1.0/0.5 1.0/0.5 1.0/0.25 0.25/0.25
HEPES 2.0/0.5 1.0/0.5 1.0/0.25 0.5/0.125
Ketoconazole MOPS-Tris 4.012.0 0.125/0.031 0.031/0.016 0.031/0.031

¢ Geometric mean from two strains.

7) with test conditions modified for some specific experi-
ments as detailed in the text. Briefly, twofold dilutions of the
antifungal agents were prepared in media to final concentra-
tions of 0.004 to 32.0 pg/ml. Yeast inocula were adjusted to
2 x 10 yeast cells per ml by hemacytometer cotinting. Equal
volumes of the inocula and diluted drug were mixed (final
volume, 2.0 ml) in plastic tubes and incubated at 37°C
without agitation. Both MIC and IC,,; readings were deter-
mined by a single observer after 22 h while growth in a
drug-free control was still active. The 1Cy; was calculated,
by using turbidimetric data, as the lowest drug concentration
satisfying the criterion %T = [%Tconwor + 0.5(100 —
%T conror)), In Which %T equals percent transmission and
control equals the turbidity of the drug-free tube.

In vivo studies. Systemic candidiasis was produced as
previously described (9) by using anesthetized, outbred,
cesarean-delivered, adult (180 to 200 g) male Sprague-
Dawley rats. After centrifuging and suspending the yeast
three times in pyrogen-free sterile saline, we diluted over-
night growths of the infecting inocula in sterile nonbac-
teriostatic saline so that each animal received 1.5 X 10°t0 3.0
x 10 CFU in 0.5 ml by a single intravenous injection. Six
hours after injection of the candida suspension and then
daily thereafter, the rats received various doses of
fluconazole, ketoconazole, or diluent alone (sham treatment)
in 1.0-ml amounts by oral gavage. The rats were examined
and deaths were recorded twice daily for 21 days. Results
were analyzed by censored-survival data statistics (23, 24).

In separate studies, serum was obtained from rats 0, 1, 2,
3, 6, and 22 h after a single dose of 2.0 mg of fluconazole or
10 mg of ketoconazole per kg. Sera were assayed for drug
levels by a plate assay (18) with SAAMF and Candida
pseudotropicalis ATCC 28838 as the indicator organism. The
sensitivity of these studies was 0.3 pg/ml. The results were
used to estimate peak levels and half-lives of the drugs in
serum.

RESULTS

Effects of inoculum size, pH, buffers, and protein supple-
mentation on broth dilution susceptibility results. Two strains
(C-17 and B113) were used to explore the effects of various
test conditions on susceptibility results with fluconazole and,
in some studies, keétoconazole for comparison. Strain C-17
has been used for several years in our laboratory for in vitro
testing with other antifungal agents, and strain B113 has
been used by several other investigators for animal studies of
systemic candidiasis.

For both strains, increasing the inocula from 10? to 10°
yeast cells per ml increased the MIC of fluconazole from 0.25
to 2.0 png/mi. ICy; results varied no more than twofold (from
0.125 to 0.25 pg/ml) and agreed most closely with MICs at
inocula of 102 and 10* yeast cells per ml. Subsequent studies
were performed with inocula adjusted to 10° yeast cells per
ml.

Certain buffers have previously been shown to antagonize
other antifungal agents (3). For this reason, we compared
susceptibility results obtained with SAAMF constituted with
HEPES, MOPS-Tris, or sodium phosphate buffer, each at
the same molarity and adjusted to an initial pH of 7.4, for
two strains of candida. Drug activity was unaffected by the
choice of buffer system.

Reducing the pH in either HEPES- or MOPS-Tris-
buffered SAAMF from 7.4 to 3.0 resulted in two- to fourfold
increases in MIC or IC,); results with fluconazole (Table 1).
In marked contrast, ketoconazole results were 64- to 128-
fold higher at a pH of 3.0 than at 7.4, findings that agree with
those of previous reports (19). Up to 10% supplementation
with either bovine serum albumin or fresh rat serum resulted
in no change in MIC or IC,), results for either drug against
strain C-17. Because of these findings and those of our
previously published study, we chose to perform subsequent
in vitro tests at a pH of 7.4 and to use HEPES as the buffer.

MIC and IC,); results for the 37 C. albicans isolates used
in these studies are summarized in Table 2. For 32 of the 35
representative isolates (not selected for clinical failure of
ketoconazole therapy), MICs for fluconazole ranged be-
tween 0.125 and 0.5 pg/ml. An equally narrow modal distri-
bution was obtained in ICy/, results. For ketoconazole, MICs
for the 32 strains were between 0.008 and 0.031 pg/ml,
approximately 16-fold lower than those for fluiconazole. For
both drugs, few isolates were more resistant than the others.
Indeed, depending on the specific drug examined and the
endpoint used, one to three of the isolates were only fourfold
more sensitive than strains K-1 and K-3, the strains collected
from patients who had relapsed while receiving ketocona-
zole therapy. Strains K-1 and K-3 had MICs of 16.0 pg/ml
with fluconazole and 0.5 to 0.25 pg/ml with ketoconazole.

In vivo studies. C. albicans B113 was selected for these
studies because it had been used previously and because its
in vitro susceptibility was found to equal the median for
fluconazole and ketoconazole. On the other hand, strain K-1
was selected because previous studies (26) and our own in
vitro results indicated this strain to be more resistant to
imidazoles. Results of our in vivo efficacy studies are sum-
marized in Table 3.

TABLE 2. Susceptibility to fluconazole and ketoconazole of 37
strains of C. albicans, including 2 strains (K-1 and K-3) from
patients who had failed ketoconazole therapy

MIC (ng/ml)
Drug Strain(s) For 50%  For %0%
Range of strains of strains
Fluconazole 35 Strains 0.063—4.0 0.25 0.25
Strain K-1 16.0
Strain K-3 16.0
Ketoconazole 35 Strains 0.008-0.125 0.016 0.031
Strain K-1 0.5
Strain K-3 0.25
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TABLE 3. Survival of rats infected intravenously with either
strain B113 (susceptible) or strain K-1 (resistant) of C. albicans in
relation to treatment with fluconazole or ketoconazole

No. of Median
Infecting  Agent and dose Days of 21-day survival (days)
strain (mg/kg per day) treatment survivors/ of rats that
no. treated died (range)
B311 Sham 3-6 9/38 5.4 (3-13)
Fluconazole
0.1 3 2/10 5.0 3-9)
0.3 3 4/10 5.0 (4-7)
0.3 6 2/10 5.0 (4-8)
0.5 3 17/18¢ 11.0 (11)
Ketoconazole
2.0 3 520 5.5(3-9
10.0 3 5/10 5.5 4-11)
10.0 6 2/10 5.0 (4-11)
K-1 Sham 3 1/8 6.0 (5-7)
Fluconazole
0.5 3 0/8 6.0 (6-7)

“ Significantly different from sham treatment (P < 0.01).

With strain B113, a sharp dose response was observed
between 0.3 and 0.5 mg of fluconazole per kg per day. In the
combined results of two separate studies, death occurred in
only 1 of 18 animals receiving 0.5 mg/kg on each of three
consecutive days. Animals receiving 0.3 mg/kg for 3 or 6
days appeared to obtain no benefit. In fact, results with 6
days of treatment were slightly worse than with 3 days of
treatment. Whether this pattern is due to drug toxicity could
not be determined from our studies since treatment of
uninfected animals was not included as a control. However,
results from other studies indicate that fluconazole is very
well tolerated (16).

With ketoconazole, considerably higher doses were re-
quired to produce any evidence of a therapeutic effect. With
the highest drug dose studied (10 mg/kg) for 3 to 6 days of
treatment, 7 of 20 animals survived compared with 3 of 20
sham-treated animals (the paired subset of the 38 sham-
treated controls shown in Table 3). However, this trend did
not constitute a statistically significant difference. In con-
trast to these studies, substituting strain K-1 for B113 and
treating rats with fluconazole at a dosage of 0.5 mg/kg per
day for 3 consecutive days resulted in no indication of
protection.

Measurements of drug levels in serum at 1.0, 2.0, 3.0, 6.1,
and 22.0 h after 10 mg of ketoconazole per kg demonstrated
1.52,1.23,0.73, <0.3, and <0.3 p.g/ml. These measurements
suggest the serum half-life to be approximately 3 h. Similar
studies 1.1, 2.3, 3.8, 6.7, and 22.7 h after 2.0 mg of
fluconazole per kg demonstrated 1.14, 1.11, 1.46, 0.89, and
=0.3 pug/ml. Fluconazole half-life in serum appears to be at
least 6 h. However, this estimate is less precise because of
the prolonged peak which may be due to somewhat delayed
absorption. The areas under the curves derived from these
measurements were 2.9 and 8.9 pg - h for ketoconazole and
fluconazole, respectively. All fluconazole levels measured in
serum after 0.5 mg/kg were below the sensitivity of our
assay. However, if fluconazole levels after 2.0 or 0.5 mg/kg
are proportional to the dose, extrapolations from the mea-
sured results suggest that mean drug concentrations during
treatment with 0.5 mg of fluconazole or 10 mg of ketocona-
zole per kg would be similar.
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DISCUSSION

A striking feature of our in vitro studies with fluconazole
and ketoconazole was the uniform activity of each drug
against the representative strains of C. albicans. MIC results
for each drug were within a fourfold range for at least 32 of
the 35 representative strains. This uniformity differs from
reports of studies with ketoconazole in which unbuffered
medium was used (22; S. Shadomy, H. P. Yu, S. C. White,
W. E. Dismukes, and the CMCS Group, Program Abstr.
21st Intersci. Conf. Antimicrob. Agents Chemother., abstr.
no. 275, 1981) but are in excellent agreement with the results
of Minagawa et al. (19). In the latter studies, in which acidic
media antagonized ketoconazole activity, the range of MIC
results was very broad, conveying the impression that vari-
ous isolates of C. albicans differed markedly in in vitro
sensitivity. However, when the pH was nearly physiologic,
MIC results for the same isolates were very low and nearly
identical. These findings suggest that the diverse MICs for
ketoconazole seen in unbuffered medium may be due to
differences in acid production and those seen in acid medium
may be due to differences among isolates in their growth
rates at low pH. Neither of these characteristics are directly
related to the actual ability of the drug tested to inhibit yeast
growth. Fluconazole was not appreciably influenced by
differences in medium pH, and therefore the pH of media
may not be as important a variable in testing this drug.

On average, the isolates that we studied were inhibited by
16-fold less ketoconazole than fluconazole. This difference
appeared to exist over a 3-log range of starting inocula and
with each of three different buffer systems. Since ketocona-
zole, but not fluconazole, is antagonized by acidity, the
difference between the two drugs was lost with low pH.
SAAMEF is a defined medium the constituents of which are
relatively simple compounds. Nonetheless, our studies do
not exclude the possibility that one or more of its constitu-
ents antagonize fluconazole more than ketoconazole as a
possible reason for the systematic difference between the in
vitro activities of these two drugs.

In comparing fluconazole and ketoconazole treatments of
systemic candidal infection in rats, the relative efficacy of
the two drugs was found to be the reverse of their ranking by
in vitro tests. Whereas fluconazole at doses of 0.5 mg/kg per
day for 3 days of treatment resulted in survival of nearly all
animals, ketoconazole at a dose of 10 mg/kg per day given
for 3 to 6 days was not significantly effective. Others, using
larger doses in similar studies, have been able to demon-
strate therapeutic efficacy of ketoconazole (17, 22, 25, 30). In
our studies, we neither examined histology nor performed
quantitative cultures, procedures which might have been
more sensitive at detecting antifungal effects of ketocona-
zole. Nonetheless, our results in animals indicate at least
20-fold greater efficacy of fluconazole in vivo despite the
finding of 16-fold lesser activity in vitro.

Several pharmacologic differences between the two drugs
may account for the discrepancies between in vitro activity
and in vivo efficacy. First, absorption of the dose could vary
between the two drugs. Of fluconazole orally administered to
rats, 82% has been recovered in the urine, indicating that
absorption is nearly complete (14). Approximately 5% of
ketoconazole is recovered from rat feces as unchanged drug,
suggesting that this drug may also be well absorbed (10).
However, a more precise estimate of ketoconazole absorp-
tion would require comparative studies with intravenously
administered drug. Second, the modes of clearance of keto-
conazole and fluconazole are different. Very little ketocon-
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azole is recovered from the urine and presumably is not
concentrated in the kidney (10). In contrast, fluconazole is
predominantly eliminated by the kidneys. Since the kidney is
the primary target organ in this experimental model (32), the
differences in route of excretion between the two drugs
could be important. A third difference may be the lower
percentage of serum protein binding of fluconazole com-
pared with that of ketoconazole (5, 14). We were unable to
demonstrate an effect of protein supplements on ketocona-
zole or fluconazole results, and previous studies reported
that the addition of horse serum resulted in either no
difference or greater ketoconazole activity (1, 21). Nonethe-
less, in vivo effects of serum protein binding have not been
evaluated for either antifungal agent. A fourth difference
between the drugs is their rates of clearance from serum.
Since fluconazole has a longer half-life, the effective dose
may be greater compared with an equivalent milligram-per-
kilogram dose of ketoconazole. Our studies do not exclude
this difference as a contributing factor since our assay was
not sufficiently sensitive to measure serum levels after the
fluconazole dose that was effective in vivo. However, ex-
trapolating from serum measurements obtained after a four-
fold higher fluconazole dose, our results suggest that the
areas under the curves after 0.5 mg of fluconazole or 10.0 mg
of ketoconazole per kg were similar.

Despite the discrepancies discussed above, for each drug
viewed separately the in vitro resistance of strains K-1 and
K-3 appears to correlate with the previously reported clinical
failure (13). Ryley et al. (26) reported that murine candidiasis
produced by these same isolates was resistant to treatment
by ketoconazole and another imidazole. Our studies demon-
strated significantly less fluconazole efficacy also against
strain K-1 compared with our standard strain, B113. Our
studies, along with those of Ryley et al., indicate that
resistance which develops to one imidazole antifungal agent
may extend to other members of this class of drugs.

Very few strains of C. albicans have been identified as
resistant to ketoconazole or other imidazoles. Our studies
suggest that most strains collected prior to the wide use of
imidazoles in general practice appear more sensitive than
strains K-1 and K-3. However, the lack of standardized
methods of antifungal susceptibility testing hinders reliable
detection of imidazole resistance (4, 20). It is of interest that
our relatively small study identified one to three strains
whose susceptibilities are only fourfold greater than those of
isolates from patients with clinical relapse. This finding
raises some concern that primary imidazole resistance in C.
albicans may not be rare.
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